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Kurzfassung

Um aktuellen und zukiinftigen Herausforderungen gerecht zu werden, stei-
gen die Anforderungen an Effizienz, Leichtigkeit und Umweltfreundlichkeit
industrieller Bauteile. Neue Bauteile bestehen immer ofter aus komplexen
Werkstoffen wie Legierungen, Verbundwerkstoffe oder Werkstoffverbunde.
Diese komplexen Werkstoffe miissen charakterisiert werden, unter anderem
auf der Ebene der Heterogenitit. Auch bestehende Werkstoffe miissen ge-
nauer untersucht werden, damit sie effizienter eingesetzt werden konnen. Die
Struktur heterogener Werkstoffe und ihrer mechanischen Eigenschaften auf
unterschiedlichen Lingenskalen miissen immer genauer verstanden werden.
Die registrierende Hirtemessung (die sog. Nanoindentation) ist eine gingi-
ge Methode fiir die mechanische Charakterisierung von Werkstoffen auf der
Mikrometer- bis Nanometer-Skala. Gekoppelt mit einer statistischen Analy-
se kann die Nanoindentation wertvolle Informationen iiber die Mikrostruktur
und Eigenschaften heterogener Werkstoffe liefern, beispielsweise die Anzahl
der Phasen in hydrierter Zementpaste, die Eigenschaften der Phasen sowie
die Phasenanteile.

In dieser Arbeit werden verschiedene heterogene Werkstoffe untersucht, die
zu unterschiedlichen Materialklassen gehoren: Haftpads der Kletterpflanze
Fassiflora discophora, Metallverbunde aus Kupfer und Chrom sowie ver-
schiedene Mischungen von Polymer und Zementpasten (kurz: Mortel und
polymer-modifizierter Zement).

Diese Arbeit soll die Anwendbarkeit einer statistischen Methode auf Nano-
indentationsergebnisse verschiedener Werkstoffklassen untersuchen. Sie soll

auch bestimmen helfen, unter welcher Bedingungen Fits einer grolen An-
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zahl experimenteller Datenpunkte aus der Nanoindentation (mit z.B. bis zu
10°~10* Indents) Auskunft iiber die Werkstoffphasen und ihrer Eigenschaf-
ten geben konnen.

Es werden zuerst zwei Metallverbunde aus Kupfer und Chrom untersucht,
um die Anwendbarkeit der statistische Analysemethode von Nanoindentati-
onsdaten heterogener Werkstoffe anhand eines Modellwerkstoffes zu iiber-
priifen. Dann wird diese statistische Methode auf verschiedene Werkstof-
fe angewendet. Dabei werden die Rolle der heterogenen Mikrostruktur des
Haftpads fiir seine Hafteigenschaften diskutiert, die mechanische Alterung
von verschiedenen Morteln sowie der Einfluss der Polymerart und seinem
Anteil auf die gesamte Elastizitét verschiedener polymer-modifizierten Ze-
mentpasten.

Zum Schluss werden einige Empfehlungen zur Anwendung der untersuchten
statistischen Analyse von Nanoindentationsdaten geduBert. Ein kritischer Pa-
rameter ist die Eindringtiefe, weil sie sowohl von der Materialmikrostruktur,
als auch von den Phaseneigenschaften und von der Qualitit der Oberfliche
abhingt. Dariiber hinaus sollen die einzelnen Phasen ausreichend vertreten
sein, sodass in der nachfolgenden statistischen Analyse die Eigenschaften
jeder Phase mit hoher Genauigkeit aufgelost werden konnen. Auch der Ein-
fluss der ausgewihlten Modelle soll iiberpriift werden, wobei das Bayes-
Informationskriterium (BIC) empfohlen wird, um nicht nur Fits, sondern

auch Fit-Modelle, miteinander zu vergleichen.
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Abstract

To meet current and future challenges, industrial components are aiming
for more efficiency and more environmental friendliness. Thus, new com-
ponents increasingly consist of heterogeneous materials at microscopic to
mesoscopic scales, such as complex alloys, composites or combinations of
materials. These materials must be characterized, also at the scale of the
heterogeneity, to improve the understanding of their structure on different
length scales and use them more efficiently.

Instrumented indentation (or nanoindentation) is a testing method widely
used for the mechanical characterization of materials from the microme-
ter to the nanometer scale. Nanoindentation in combination with statistical
methods can provide valuable information regarding the microstructure and
properties of heterogeneous materials, for example the number of phases in
hydrated cement paste, as well as the phase properties and the phase frac-
tions.

This work aims to determine the best conditions under which fits of large
numbers of nanoindentation data points (typ. up to 10°-10* indents) can
provide information about the material phases and their properties.

Selected heterogeneous materials of various material classes are investigated:
two copper-chromium composites, attachment pads of the climbing passion-
flower Passiflora discophora and different combinations of polymer and ce-
ment pastes, i.e. mortars and polymer-modified cement pastes.

First, the copper-chromium samples are used as a model material to inves-
tigate the applicability of the statistical analysis methods for nanoindenta-

tion data of heterogeneous materials. Then, the role of the heterogeneous
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microstructure of the attachment pads on their attachment properties are dis-
cussed, as well as the mechanical aging of a mortar paste and the influence
of the polymer’s type and concentration on the phases of polymer-modified
cement pastes.

Finally, some recommendations for using statistical methods on nanoinden-
tation data are made. For such experiments, the indentation depth must be
chosen carefully in order to distinguish between the properties of the differ-
ent phases and minimize the influence of the surface roughness. Also, the
total number of data points must be large enough so that each phase is suf-
ficiently represented in the experimental distribution, and its properties can
be accurately resolved in the following statistical analysis. Last but not least,
the influence of the selected fitting model must be analyzed. The Bayes In-
formation Criterion (BIC) is recommended to compare fitting models and fit

results with each other.
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1 Introduction

Heterogeneous materials are of major importance in technological applica-
tions nowadays. Well-known examples of heterogeneous materials are com-
posites, which typically exhibit high stiffness-to-weight ratios. Also, biolog-
ical materials and living organisms consist of complex, hierarchical struc-
tures, which represent evolutionary advantages regarding their mechanical
properties. In general, interfaces and interphases play a key role in various
mechanical systems.

The instrumented indentation testing, at the smallest scale also called nanoin-
dentation, has been proven a suitable tool for the micromechanical charac-
terization of various materials. Typically, a series of tests are performed on a
material, and a mean value and standard deviation of the property of interest
are calculated. For heterogeneous materials, however, one mean value and
standard deviation are not enough to describe the material with sufficient res-
olution. A statistical analysis of the distribution of the measured property can
lead to a more accurate and realistic description of the material’s mechani-
cal properties. Probabilistic methods enable the calculation of the different
phase proportions and a material’s mechanical characterization.

The goal of this research is to evaluate the applicability of the statistical
nanoindentation technique to the different classes of materials. Further-
more, a method for the characterization of the mechanical properties of
heterogeneous materials at the micrometer scale using nanoindentation and
probabilistics-based criteria has been developed and its applicability to a
heterogeneous sample with simple two-phase microstructure has been in-

vestigated, based on the example of Cu-Cr composites of different weight
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ratios. The method has been applied to understand the effect of the internal
structure on the mechanical function of attachment pads of a climbing plant,
to describe the aging of mortar, and to quantify the role of polymer addi-
tions in cement pastes. Finally, the capabilities of the method in particular in
application to the different material classes will be discussed.

After a literature review part, which gives insight into heterogeneous materi-
als, their mechanical testing via nanoindentation, and the Statistical Nanoin-
dentation Technique, the applicability of the method to Cu-Cr composites is
discussed.

Then, three application parts follow, each focusing on a different type of
material. In the first part, attachment pads of the passionflower Passiflora
discophora are studied, in order to understand the role of the microstructure
on their attachment properties. The second part aims at determining the role
of different microscopic phases of a commercially available mortar used in
building anchors. The third part evaluates the role of the polymer for the
mechanical properties of polymer-modified cement-based materials.

To conclude, the applicability of the statistical nanoindentation method to the
different material classes is discussed and some open questions are raised.
For more details on the statistical nanoindentation technique, a study in the
appendix compares different variations of the methods, such as the fitting
procedures or the influence of fundamental parameters, to identify the critical

parameters.



2 State of the art

2.1 Heterogeneous materials

Heterogeneous derives from Greek heterogenes, itself coming from heteros,
the other of two, the other, the different, and -genes, which means “born,
kind”. The final -ous, means “full of”. Thus heterogeneous materials are,
literally, “full of, per nature different, components”. Heterogeneity is often
defined as the contrary of homogeneity. In physics, heterogeneity character-
izes media having properties that vary with the investigated location, as the
medium is being made of “dissimilar or diverse ingredients or constituents™!.
Engineering composites are well-known examples of heterogeneous materi-
als and typically possess a well-defined microstructure. Other heterogeneous
materials used on a daily basis, such as concrete and mortars, however, do
not possess a well-defined microstructure, i.e. the location of the different
constituents within the material is random and varies with the sample and
possibly also the age or the environmental conditions.

A heterogeneous microstructure complexifies the characterization of a ma-
terial’s mechanical behavior at the different length scales. Indeed, the com-
plexity of mechanical testing depends on the testing length scale / with re-
spect to the characteristic size of the heterogeneity D. When the heterogene-
ity is much smaller than the testing length scale, i.e. / > D, the material
is then characterized in the same way as a homogeneous material and the
role of the heterogeneities is neglected. However, some applications and

simulations require the knowledge of the mechanical properties at a much

I'See Merriam-Webster, Heterogeneous, https://www.merriam-webster.com/diction
ary/heterogeneous, visited on 10th March 2018.
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smaller scale, which may be similar or even smaller than the typical size
of the heterogeneity, i.e. [ ~ D, [ <D oreven ! < D [1]. At these length
scales, the mechanical properties determination is influenced by the local
microstructure, and the local variations in the composition, microstructure
or mechanical properties cannot be neglected.

In the following, the characteristics of the different classes of heterogeneous
materials are presented, with focus on properties relevant for their mechan-
ical behavior. Among them, attention is focused on heterogeneous metal-
based materials and composites, then biological materials, and finally hy-

drated cement-based materials, also mixed with various polymers.

2.1.1 Metal-based materials and composites

Composites are a combination of two or more materials designed to fulfill
certain requirements, which monolithic, bulk materials cannot fulfill. In case
of metal-matrix composites (MMC), the second material is often a ceramic
or a polymer. The material combination differs according to the purpose and
the use case of the composite component. The mechanical reinforcing phase
can be shaped as fibers, particles, or filaments, and is selected to improve a
certain mechanical property, such as the yield strength, tensile strength, creep
or fatigue resistance. The reinforcing phase should also enable the composite
to maintain a minimum ductility or toughness. The aim of using composites
may be to decrease the total weight of materials used in the engineered sys-
tem [2]. Typical reinforcement materials, for example, for aluminum and
magnesium-based matrices are Al,O3, SiC, C, B4C and B, all of them hav-
ing different crystal structures and shapes [2, 3]. Some applications include
turbine blades, brake discs, piston and frames in the automotive, aeronautical
and aerospace industries, as well as carbon brushes, electrical contacts and
electrodes in the electrical industry [2].

Composites can also be used to take advantage of mechanical size effects.

In particular, ceramics are known to be tougher when micrometer-sized than
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as bulk component [3], or “the flow stress of a ceramic particle-reinforced
metal-matrix composite is observed to increase with decreasing particle size
for particles in the micron size range, all other factors such as particle vol-
ume fraction being held constant” [4]. Thus, new MMCs tend to contain
sub-micrometer to nanosized particles instead of large, long fibers. How-
ever, the decrease in size of one or more material phases in the composites
leads to some challenges. First, the mechanical properties of each individual
phase must be known to design the composites according to the require-
ments. Thus, the sub-micrometer to nanosized materials must be tested. It
may also be interesting to test each composite phase individually within the
composite. Therefore, mechanical testing methods with an adequate resolu-
tion in stress and strain as well as positioning resolution are needed.
Besides composites, heterogeneous metal-based materials also include thin
films, metallic multi-layers, and Functionally Graded Materials (FGM). Thin
films are primarily used in electronics to shrink “the feature size in inte-
grated circuit technology”, and thus improve the overall capacity of elec-
tronics components [5]. Besides electrical properties, stress and deformation
processes in thin films on substrates have to be investigated. Decreasing film
thickness leads to changes in the mechanical properties of the film compared
to the those of the bulk material, which is known as mechanical size effect.
For example, the deformation mechanisms may change with the decreasing
device size [6], which is accompanied by a growing influence of residual,
thermal and surface stresses on the mechanical behavior.

Furthermore, the strength of a metal is known to increase with a decreasing
grain size or layer thickness [7]. In general, the Hall-Petch model [8, 9] de-
scribes the strength increase with decreasing microstructural length scale. It
is based on the principle that both grain or interface boundaries act as barriers
for the dislocations, i.e. dislocations pile-up at the interfaces and at the grain
boundaries. Dislocations move into adjacent grains, when the shear stress
at the head of a pile-up reaches some threshold value. The applied stress is

proportional to 4~/2 with A as the layer thickness in case of a polycrystalline
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thin film [7] and to d~'/2 with d as the mean grain size diameter [10]. Thus,
the measured hardness also increases with decreasing grain size diameter.

The small dimensions of thin films require high resolution mechanical testing
methods to obtain an adequate understanding of a film’s mechanical behav-
ior. Two special cases of thin films are multi-layers, which are stacks of two
different metals, and Functionally Graded Materials (FGM). Multi-layers
are studied because of their high strength as well as their electrical, mag-
netic and optical properties [7]. FGM are similar to thin films, but exhibit a
smooth transition of the film and substrate properties instead of the typically
abrupt change at the interface between film and substrate [11]. A gradient
in properties aims at reducing, e.g., the residual stresses of a film/substrate
system, when the thermo-physical properties have a large mismatch, as in a
W/Fe FGM. In this particular FGM, the hardness H varies with the testing
position along the material gradient and is reduced for smaller W contents
[11]. Indentation testing with high resolution to characterize the elastic and
elasto-plastic properties of the graded material could help to understand the

advantages of FGM, and to further improve their design [12].

2.1.2 Heterogeneity of biological materials and
attachment systems

Heterogeneity plays a major role in biological materials. Indeed, only a few
constituents are available as building blocks in biological systems. However,
the diversity of combinations of these constituents at different length scales
enables the natural diversity of biological materials and is a great source of
inspiration for the design of new materials and structures [13]. Prominent
examples of heterogeneous biological materials are teeth and bone [14—16],
shells, nacre and carapaces [13, 15, 17], butterfly wings [15], as well as wood
and plant tissues [16, 18].

Biological attachment systems are of great interest to researchers and engi-
neers, as they have significant potential for biomimetics and bioinspiration.
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For example, the adhesion principles of barnacles, which can adhere under
water [19], or gecko toes with their hierarchical setae structure [20], were
investigated with the goal of developing new adhesives and attachment de-
vices. The attachment strategies found in nature can be divided based on
their physical principles, their functionalities, and their contact timescales
[21].

Climbing plants exhibit a variety of techniques facilitating permanent attach-
ment. The development of specialized organs, as for example in English ivy
(Hedera helix), enables the plant to grow and climb on flat, vertical surfaces
[22]. Thus they are independent of the support diameter, which limits the
growth of twining plants and lianas [23]. The attachment pad of the climbing
passionflower P. discophora exhibits a heterogeneous microstructure with at
least three different tissue types [24]. Also in Boston ivy (Parthenocissus
tricuspidata), different tissues, some being lignified, others unlignified, were
found [25].

First attempts to understand the structure-property relationship of Boston ivy
attachment pads used tensile tests on the whole attachment organ [26]. It was
found that dry, lignified pads of P. tricuspidata have an attachment strength
more than four times as large as the one of young, fresh attachment pads.
More recently, lignified attachment pads of Passiflora discophora were tested
with a micro-tensile apparatus, which revealed the strong attachment of the
pad to the substrate [27]. Characterizing the mechanical properties of attach-
ment pads, and more generally, biological materials, at a microscopic length
scale may enable a deeper understanding of the microstructure-function re-

lationship.

2.1.3 Hardened cement paste

Hardened cement paste can be described as “a 3D disordered material com-
posed of a number of different phases” [28]. Also, “the microstructure of

hydrated Portland cement pastes varies considerably with such factors as the
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chemistry and fineness of the cement used, the water-to-cement ratio, the use
of chemical admixtures, variations in mixing procedures, differences in early
curing temperatures, and variations in hydration conditions. Nevertheless,
most cement pastes show common features” [29]. With the development
of new investigative methods, such as Transmission Electron Microscopy
(TEM), Scanning Electron Microscopy (SEM) or Focused Ion Beam (FIB)
nanotomography, the possibilities of microstructure investigation of cement-
based materials have improved during the late 20th century [30, 31]. In
the beginning of the 21st century, Diamond [29] qualitatively analyzed the
microstructure of hardened cement paste with SEM and energy-dispersive
X-ray spectroscopy (EDX) analysis. Numerous phases were identified, the
most significant ones being unhydrated cement paste particles, calcium sili-
cate hydrates (C-S-H) gel, itself being composed of two phases of different
densities, and calcium hydroxide (CH). Large pores (>200nm) were also
observed [29], which influence the strength of the cement-based material
[32]. The smaller pores are of great importance for the material’s properties,
as they can be related to the paste’s degree of hydration and creep proper-
ties [32]. In particular, the C-S-H phase exhibits a complex structure at the
nanometer scale [31]. “C-S-H has porosity at length scales down to about 1
nm” [32]. However, there is no consensus on the cement paste microstruc-
ture and in particular the microstructure of the C-S-H gel [28, 29, 33-36],
but on the presence of at least two different C-S-H phases, a low density (LD
C-S-H) and a high density (HD C-S-H) phase [37].

Cement pastes harden through kinetically controlled hydration reactions.
Thus the material and its mechanical properties not only change with the
investigated location, but also change with time and the environmental con-
dition: the material ages. Studying Young’s modulus and strength of cement
pastes during setting and hardening has shown that Young’s modulus is more
sensitive to “the connection between particles, whereas strength is more sen-

sitive to the pore filling” [38].
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2.1.4 Polymer-modified cement-based materials

Besides hydrated cement pastes, also cement-based materials with polymer
additives show a heterogeneous microstructure. Among them, polymer-
modified concrete and mortar were developed ‘““as repair materials for de-
teriorated reinforced concrete structure” [39]. Their development aimed in
particular at improving or modifying the duration of the hardening reac-
tion, mechanical properties, chemical resistance, durability and waterproof
performance [40]. An adhesion increase or a reduction of the drying shrink-
age compared to that of the unmodified materials were sought [39, 41, 42].
Applications include repair and overlays [43]. But the field of applications
seems to be still not fully explored [43—45]. Polymer-modified cement pastes
(PMC) should be distinguished from polymer-cement composites, in which
the polymer is used as fiber or mesh to reinforce the cementitious, inorganic
matrix [46]. The PMCs rather consist of “two interpenetrating matrices”
[46], as the polymerization of the dispersed monomer and the hydration
reaction of the cement paste happen in parallel and potentially interact.

Various polymers can be used, which are classified by chemical composition,
water-solubility properties and condition (powder or solution/emulsion) [41,
47]. Two different composite mechanisms are brought up by Sakai et al. [47]
in the early stages of microstructural characterization of PMC, “the parti-
cle dispersion of polymer and the formation of polymer films”. Considering
the microstructure of PMC, the delivery form of the polymer, the polymer
additives and the polymer-to-cement ratio (P:C) seem to play a major role
in the polymer adsorption by the inorganic matrix, in the polymer film for-
mation around the cement particles, in the delay of the hydration reactions
and for the resulting properties [42, 48]. Concerning the modification of
the mechanical properties due to the polymer, a decrease in the compressive
strength and Young’s modulus has been observed in PMCs, in particular for
P:C ratio larger than 2 % [42, 49-51]. This is assumed to be due to the sam-

ple’s porosity being increased by the polymer modification. However, the
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polymer modification improves the flexural and tensile strengths as well as
the toughness due to an improved cohesion of the polymer-modified cemen-
titious matrix [42, 50-52]. Creep is also increased [50].

Besides PMC and polymer-modified concrete, cement reinforced polymers
were developed from fischerwerke GmbH? to serve as glue material for
threaded steel rods anchoring in concrete structures [53]. The main differ-
ence to PMC is their larger polymer content (up to 75 %). While composite
anchors seem to be of interest for researchers [54-56], to the best of our
knowledge, no scientific literature is available for such materials. The pos-
sibility of using a polymer-cement composite as adhesive in bonded anchors
was noted, as in passing, by Cook et al. [56]. However, on the European mar-
ket, such composites are already sold by two companies, e.g. epoxy based
mortars FIS EM? and HIT HY-10 PLUS*. One explanation may be that the
material used as anchor is not the major parameter for reliability. Indeed, fo-
cus lies on the geometrical parameters, such as numbers and position of ad-
hesive anchors or embedding depth and shape of the cylindrical bore holes,
in particular in the most recent literature [57-60]. To investigate the reli-
ability of polymer-cement composite anchor materials, the microstructure,
mechanical properties, and aging of such new materials must be addressed.

2.2 Nanoindentation of heterogeneous materials

2.2.1 Principles of nanoindentation

The hardness testing technique at the microscale, namely microindentation,
does not perform well at sub-micron length scales. The reason lies in the
difficulty to optically measure the deformed area in the material after removal
of the tip. Depth-sensing indentation instruments, which require both the

load and the penetration into a sample during tests, were developed over time

2 fischerwerke GmbH & Co. KG, Germany
3 from fischerwerke GmbH
4 from Hilti Corporation, Liechtenstein
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[61, 62]. The analysis of the load-indenter displacement semistatic unloading
curve gives information on the contact stiffness.

The Continuous Stiffness Measurement (CSM) method allows determining
the contact stiffness during loading [63]. Thus, the CSM also enables to
test materials with viscoelastic or viscoplastic behavior. Indeed, the load-
indenter displacement semistatic unloading curve of materials with vis-
coelastic or viscoplastic behavior is strongly influenced by their viscosity
and thus cannot be modeled as linear [64]. Moreover, the short time con-
stant and the high measurement frequencies of the CSM make the testing of
time-sensitive or thermal drift-sensitive materials more accurate [65]. The
application range of nanoindentation, using in particular the CSM method,
also includes elastic-plastic solids with power-law work-hardening, power-
law creep solids, and linear viscoelastic materials [66—68].

The nanoindentation analysis is based on elastic contact theory, in particular
on the analysis of the “contact of an isotropic elastic half-space by rigid in-
denters of various geometr[ies]” [69]. It was shown that the contact equation
holds for any indenter with revolution symmetry, and the self-similar geom-
etry of sharp pyramidal indenters, and that it even applies for elastic-plastic
contact [69].

Li et al. [65] describe the relation between reduced modulus E,, the unload-
ing stiffness at maximal indentation depth S,,, the contact area A and a factor

B depending on the indenter geometry:

S. =2 \/iE @1

For a Berkovich indenter, a three-sided pyramid, the value of 8 depends
slightly on Poisson’s ratio v and typically varies between 1 and 1.1 [69-
71].

11
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Also, the reduced modulus depends on the indenter modulus E; and the in-
denter Poisson’s ratio v;, as well as the sample’s elastic modulus £ and its
Poisson’s ratio v with the relation [63]:

1_1—ﬂ+1—ﬁ

E, E E,

2.2)

To determine the contact area A in equation 2.1, both the indenter geom-
etry and the contact depth must be known. The indenter geometry, for a
Berkovich indenter, is assumed to be of the functional form:

A=Coh2+Crhe+ChY? +C3nt* + .. (2.3)

where Cyp,Cy,... are constants, and /. is the contact depth of the indenter

[65], calculated as:
Pmux

Su

he = hypax — € 24

In equation 2.4, € is a constant and 0.75 for a Berkovich tip [65] and 1 for a
flat punch [71]; P4y is the maximal load during indentation, /,,,, the maxi-
mal indentation depth and S, is calculated as [65]:

_ar

= — 2.5
" dh  h=hya 25

The equations 2.4 and 2.5 are used in the so-called Oliver-Pharr analysis as
defined in [63] and refined in [71]. This method is applied in the time do-
main, which means that the load, depth and mechanical properties are func-
tions of time only. In Continuous Stiffness Measurement, however, load,
depth and mechanical properties are also function of frequency @ [68]. ®
is one of an additional oscillating load with the function P = P, exp(i®t),
with P, being the amplitude of the oscillation. The oscillating load is su-
perimposed on the loading signal, resulting in an oscillating displacement
response: h(®) = hg exp(iot + @) [65], with hg as its amplitude and  as
the phase angle between the oscillating load signal and the displacement re-

12
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sponse. In the frequency domain, the contact stiffness S is calculated con-
tinuously as a function of the indentation depth %, but it also depends on
the mass of the indenter M;,, the stiffness of the indenter frame Ky and the
stiffness of the springs that support the indenter K;p [65]:

| ~1

S = —K! (2.6)

hl()g) cos® — (K;p — My, ®?) f

Both experiments in the time and frequency domains present some chal-
lenges, constraints and limitations, in particular for low depth or low load
indentation [68]. For example, the accurate detection of the surface, the
consideration of the thermal drift or the limitation of the contribution of the
measurement system to the basic outputs of the nanoindentation experiments

still represent major challenges [68].

2.2.2 Nanoindentation of heterogeneous metals and
composites

The CSM method enables the continuous measurement of the mechanical
properties with depth to determine, for example, the mechanical properties
of a thin film [72]. There, the indentation depth versus the film thickness is
a key parameter for the measurement of the film properties, and minimize
the substrate’s influence [73]. During the measurement of the mechanical
properties of a SiO; film on Si substrate, it was found that the substrate
stiffness could be neglected for a maximal indentation depth lower than 10 %
of the film thickness [73]. A Finite-Element (FE) analysis showed good
agreement with nanoindentation results for both the film’s Young’s modulus
and hardness. The friction coefficient between the indenter and the thin film
does not seem to influence the load-displacement curve of the film, and thus
the determination of the contact stiffness.

However, the critical indentation depth for characterization of the sole thin

film properties, such as hardness and elastic modulus, is dependent on the
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hardness and elasticity mismatches between thin film and the substrate. For
example, in an FE analysis with both a soft (£ = 100 GPa, yield strength
Y = 10GPa) and a hard material (E = 200 GPa, Y = 20 GPa), the hardness
has been found to be less sensitive to the indentation depth than Young’s
modulus. Also, the hardness showed a significant deviation from the ex-
pected film properties for an indentation depth larger than 40 % of the film
thickness only [74]. However, the indentation of the soft film on a hard sub-
strate showed a higher elastic modulus than the corresponding bulk material
with an increase of more than 5 % for indentation-depth-over-film-thickness
ratio larger than 10 %. The elastic modulus of a hard film on a soft sub-
strate already deviated by 8 % compared to that of the hard bulk material at
indentation-depth-over-film-thickness ratio as small as 5 %. Moreover, a soft
thin film on a hard substrate showed more pile-up than hard and soft bulk
materials, whereas a hard thin film on a soft substrate showed more sink-in
than the corresponding bulk materials.

The importance of careful surface preparation was highlighted, as thin films’
mechanical testing requires low indent depths, thus small contact areas and
better contact quality [75]. For example, a numerical simulation of a sin-
gle crystal copper thin film showed that the signal-to-noise ratio due to the
surface roughness increased with decreasing indentation depth [75]. Both
the hardness and the elastic modulus were studied and it was suggested that
a randomly patterned film roughness leads to a “big dispersion of nanoin-
dentation results” [75]. Thus, even for very careful surface preparation, an
indentation depth much greater than the characteristic size of the roughness
must be chosen for thin films nanoindentation.

In the case of composites, the material under the tip may be considered as
a film-substrate pair and a similar analysis and constraints as for thin films
can be applied. However, composites are also laterally heterogeneous, which
may lead to deviations from the film-substrate model due to the influence of a
different phase nearby an indent. In particular, the determination of the zone

influenced by the tip during the indentation, and thus the volume investigated
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during nanoindentation of a composite, were investigated [76, 77]. Compos-
ite materials were modeled as two-phase materials, with a particle embedded
in a matrix [76]. An FE study showed that both “the particle shape and the
particle properties do influence the indentation response” [76]. The largest
influence of the surrounding matrix on the mechanical properties determi-
nation of a particle hardness was found either for hard, thin particles, in a
soft matrix or for soft, needle-shaped particles, in a hard matrix. Moreover,
as an even more precise rule-of-thumb for the maximal indentation depth in
a composite, when indented to characterize a single composite phase, the
indenter contact radius should be smaller than 70 % of the particle radius.
Furthermore, it was shown that the determination of the elastic properties of
individual phases in a two-phase material, modeled as a 3D checkerboard, is
only possible for a testing volume of less than 4 % of the volume of the ho-
mogeneous domains [77]. These characteristics may be difficult to achieve

in a complex heterogeneous material with only small homogeneous domains.

2.2.3 Nanoindentation of biological materials

Some challenges of nanoindentation are specific to biological materials. The
first one arises from their composition. Most biological materials are com-
posed partly or fully of polymeric materials. Thus, they exhibit a viscoelastic
or viscoplastic behavior with a strain-rate dependency [78]. Besides compo-
sition, they also have a complex microstructure, “in part because of their
biological routes of formation” [78]. For both reasons, biological materials
may present a “co-continuous composite nature” and a high heterogeneity in
the local properties [78]. Moreover, their generally lower modulus compared
to that of structural materials leads to difficulties in the surface detection, and
thus in the determination of the contact depth of the tip into the material and
the material’s elastic modulus [68, 79]. The use of the CSM nanoindentation
method “eliminates many of the problems sensing the surface” [79]. The

surface roughness also plays a role, as in every other material. However, a
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careful surface preparation, for example, using a microtome seems to pro-
vide sufficiently smooth surfaces for nanoindentation in bone [80] and tooth
materials [81]. Moreover, most biological materials’ mechanical properties
are very sensitive to the relative humidity (and thus also the temperature) of
their environment [82—-84].

Nanoindentation of biological materials is extremely challenging and special
issues are to be considered during testing for example bone and cartilage with
the use of a quasi-static nanoindentation test method [82], or hydrogels and
very compliant biological materials [78]. The CSM nanoindentation method
has also been used to study biological materials [78]. Called nanoDMA [78],
the CSM-based measurement technique enables testing of plant cell walls,
and enabled for example the determination of differences in the cell wall’s

viscoelasticity of two ecotypes, and a mutant, of the same species [85].

2.2.4 Nanoindentation of hardened cement pastes

“Nanoindentation is still the most commonly-used technique to study the mi-
crostructural mechanical properties of cement-based materials” [86]. When
investigating the elastic properties and the hardness of hydrated cement
pastes, a first approach consists of testing the cement pastes’ components
individually. The clinker phase can be polished and tested by nanoindenta-
tion before hydration. Using the Oliver-Pharr analysis, the elastic modulus of
C38S, C;S, C3A and C4AF was shown to vary between 125 GPa and 145 GPa,
for a hardness between 8 GPa and 9.5 GPa [87]. Besides clinker phases, C-
S-H is “the main product in Portland cement hydration”, and “has a strong
influence on the physical and mechanical properties of most cementitious
materials” [88]. The mechanical properties, i.e. elastic modulus and hard-
ness, of synthesized C-S-H were investigated by nanoindentation, to avoid
potential interaction with other phases in hydrated Portland cement paste.
However, synthesized or in hydrated cement paste, C-S-H remains a very

complex phase. First, it has an amorphous, nanoporous heterogeneous struc-
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ture, with a large surface area [88]. Second, “there are at least 30 crystalline
materials that are similar in composition to C-S-H”, but “differ in atomic
arrangement, Ca/Si ratio, and the number of OH and H,0 groups” [88]. A
Berkovich indenter was used for the nanoindentation measurements and the
analysis was conducted based on the Oliver-Pharr method. It was found that
the indentation modulus and hardness of C-S-H increases with decreasing
Ca/Si ratio and varies between 20 GPa and 27 GPa. However, the results
are significantly dependent of both the micro- and nanoporosity of the phase
[88]. In another study of synthesized C-S-H with constant Ca/Si ratio, statis-
tical analysis of the Young’s modulus distribution yielded a varying number
of phases having different densities and elastic properties [89]. The denser
phases were compacted under higher pressure and had higher elastic modu-
lus. It was found that the synthesized C-S-H under relatively high pressure
possesses similar elastic modulus than the C-S-H found in hydrated cement
paste. For the same high compaction pressure and measured with the same
procedure as in the previous study, both the water content and the Ca/Si ratio
influenced the microstructure, and thus the mechanical properties of C-S-H
[90]. Higher water contents increased the sample density and Young’s mod-
ulus. At low water content, the polymerization grade of the silicate might
have increased, which also increased Young’s modulus.

However, “the requirement for in situ synthesis and characterization of chem-
ically complex phases obviates conventional mechanical testing of large
specimens representative of these material components™ [1].

Two different approaches are typically used to identify in sifu the mechani-
cal phases present in hardened cement pastes. The first approach combines
nanoindentation and microscopy techniques to “select the indentation points
such that they correspond to a certain phase” [91]. When coupling the in-
dents location with Back-Scattered Electron (BSE) and Atomic Force Mi-
croscopy (AFM) pictures, 22 indents were conducted in a well identified
High-Density (HD) C-S-H phase around unhydrated clinker. The modulus

distribution from the experiment showed big scatter, which hints towards
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non-negligible interactions or mixture of chemical phases within or near the
HD C-S-H, instead of a single-phase around the unhydrated clinker particles
[91].

The second approach consists in using a large number of indents regularly
distributed over the sample surface and analyzing the nanoindentation results
with statistical methods [91-93]. The number of indents is of the order of
many hundreds [92, 93]. This method is called Statistical Nanoindentation
(SNI) or Statistical Nanoindentation Technique (SNT). Some assumptions

are made while using this method:

e the investigated surface is representative for the phase distribution of

the whole sample [92].

* the depth of indentation is chosen such that only one phase is included
within the Representative Volume Element (RVE) around each indent.
Typical indentation depths for hardened cement pastes were around
100 nm to 500 nm [92, 93].

e the phase fraction can be calculated as the proportions of indents from
the total number of indents showing mechanical properties associated

to one phase.

The indentation procedure was a trapezoidal loading-holding-unloading test-
ing function, and the load-displacement curve was analyzed based on the
Oliver-Pharr method [92, 93]. Nemecek et al. [92] identified the phase prop-
erties and phase fractions in cement pastes. Only the stiffest phase, com-
posed of unhydrated clinker, was not identified, due to the high stiffness
differences with its surrounding phases. Hu et al. [93] observed the same
discrepancy between the stiffness of unhydrated clinker in hydrated cement
paste and as measured ex sifu on synthetic cement clinkers, and explained
it with a difference in the porosity. Also, the estimation of effective elas-
tic properties based on nanoindentation results as input and using numerical

procedures (homogenization schemes and Fast-Fourier Transform) showed a
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good agreement with macroscopic experimental data [92]. Thus considering
also the reduction of testing time, the SNT “can be used as an effective tool
to measure and map mechanical properties of cement paste and can identify
the phases” [93].

2.2.5 Statistical Nanoindentation Technique (SNT)

“Measuring the intrinsic properties of each phase separately in multiphase
materials gives information that is valuable for the development of new ma-
terials and for modelling” [94]. For example, a map of the mechanical prop-
erties, i.e. Young’s modulus and hardness, of WC — Co measured by nanoin-
dentation revealed the location of the WC and Co phases as well as the higher
hardness of Co in this form of a binder phase compared to its bulk hardness
[94].

Mapping of mechanical properties at small forces and shallow depth is a
feature of nanoindentation as a mechanical testing technique for surfaces.
The mechanical properties mapping gives profound information about the
material phases, in particular when the phases of the investigated composite
show a large discrepancy in their elastic properties or hardness. It can also
give hints about the actual interaction between two (or more) phases of a
material. In particular, the phases’ location, their in situ properties and also
potential “mesophases” at the interfaces between two phases of an alloy can
be identified with maps from nanoindentation data [95].

The principle of the SNT is presented in Figure 2.1. SNT combines the ac-
quirement of a large set of nanoindentation data from the surface of a mate-
rial with statistics or probabilistic methods to identify regions in the material
with low scatter in their mechanical properties. These regions are called
constituent phases [96]. At indentation depths much smaller than the charac-
teristic size of the heterogeneities, and for a statistically sufficient number of
indents, the mechanical properties of each constituent phase, such as its elas-

tic modulus, can be measured. At depth larger than the characteristic size
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Figure 2.1: Schematic of the principle of the SNT for heterogeneous materials. Bottom: at low
indentation depths (7 < D) the individual constituents can be identified giving rise
to multimode distributions. Top: at large indentation depths (4 > D) the properties
of a homogenized medium are obtained. Adapted from [1].

of the heterogeneities, only the mechanical properties of the homogenized
medium are measured [1, 96].

If the goal of the SNT is to identify constituent phases in the material, then
the indentation depth of the measurement must be “sufficiently smaller than
the size of an average individual region of the material phase” [86]. A rule-
of-thumb in nanoindentation states that # < D/10 is sufficient to resolve the
individual phase properties [97]. This condition has many implications for
the choice of h. First, D must be estimated, or at least assumed, before
choosing 4. This may require complementary microscopy, as e.g. from
BSE image analysis [98], X-ray diffraction (XRD) method or from TEM im-
ages [91]. Depending on D, h can become very shallow. In this case, much
attention must be put on the surface preparation, as it was shown that both
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large scale surface waviness, with “wavelength” larger than the tip, and small
scale nanometer-sized roughness can influence the nanoindentation measure-
ment [80]. A Root-Mean-Square (RMS) roughness of five times lower than
the indentation depth, measured on a surface of side length of 200 times A,
leads to a unique distribution of the investigated material properties. For
example, the RMS roughness leading to a stable hardness distribution in a
hydrated cement paste was below 50nm to 100 nm, for a maximal indenta-
tion depth between 100 nm and 400 nm, depending on the investigated phase
[99].

The minimal number of indents must be chosen with respect to the char-
acteristic phase sizes, the phase spatial distribution and the phase fractions.
Indeed, a sufficient number of indents with no bias in the indents’ locations
relative to the phases’ spatial distribution, enables the calculation of the sur-
face fraction f; of the i-th phase, as follows [1]: f; = N;/N, with N; <N,
N; the number of indents landing in the i-th phase and N the total number
of indents. Additionally, for a perfectly disordered material, after the De-
lesse principle [100], the surface fraction is equal to the volume fraction of
the phase; thus, both terms can be used and simply be called phase frac-
tion [101].

In the SNT, the distributions of both E and H are assumed to be weighted
sums of Gaussian distributions (see eq. 2.7 and 2.9). The choice of a Gaus-
sian to represent a mechanical phase in the fitting distribution is explained
by Vandamme et al. [101] with this sentence: “for the sake of simplicity, the
distribution [of the mechanical properties of a single phase] is chosen so that
all standardized central moments of higher order are zero”.

Thus, the mean value and standard deviation of the mechanical properties of
each single phase, as well as the phase fraction for the currently investigated
property (E or H) are obtained directly from the fit parameters of the whole
distribution(s) with a weighted sum of Gaussians. In particular, the phase

fraction f; is calculated as the area under the Gaussian curve over the total
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area of the fitting curve under the Cumulative Distribution Frequency (CDF),
or Probability Density Function (PDF), plots [1].

The fitting parameters can be obtained by Maximum Likelihood Estimation
(MLE), through the application of Expectation Maximization (EM) algo-
rithm [98], or by Least Square Estimation (LSE). The experimental data can
be fitted based on either the Probability Density Function (PDF) [102] or
the CDF representation of their empirical distribution function (EDF) [103].
Comparing the LSE-based procedure to the EM-based procedure, the latter
shows better results, as it does not require the choice of a supplementary
parameter to construct the distribution representation [99]. The MLE seems
to provide better results in the determination of the mechanical properties of
hydrated cement phases compared to the LSE [103].

General equations of the SNT

First, the EDF (X;)j—1,...ny With X = E, H of the modulus E and/or the hard-

ness H of a sample is measured by nanoindentation, with Nx the number of

valid data points for the property X. The CDF of the empirical distribution is
then calculated as CDFy; = j;vL/Z [101], and the curves (Xj,CDFXj)j:L_,_WX ,
with X = E,H are fitted with the continuous function CDFy;. CDFy; is a
weighted sum of Ny Gaussian CDFs (Equation 2.7), with the Gaussian CDF
as defined in Equation 2.8.

Nx
CDFyy(x) =Y fi Nepr (mi,s7), 2.7
i=1
1 X—m;
here ¢ ,-,%:(1+rf ’) 2.8
where A¢pr(mi,s7) 5 e(s,-ﬁ) (2.8)

Each of the Ny weighted Gaussian CDFs f; A¢cpp (mi,sl-z) represents the dis-
tribution of a mechanical property in a homogenized material phase, where

the functional parameters of the Gaussian, i.e. mean value m;, standard de-
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viation s; and the associated weight or amplitude f; are assigned to a phase’s
mean modulus, or hardness, with its standard deviation and the associated
phase fraction within the heterogeneous material.

The PDF of the experimental distribution can also be analyzed and fitted
with a sum of Gaussian PDFs. Then, first the empirical values (X;);_; 5,
with X = E, H, are separated in equally distributed bins b1, ..., b,, with g the
total number of bins. The distance b = Xj; — Xy, k=1,...,g — | between the
middle points X; and X; | of two successive bins by and by | is the bin width
and thus a parameter of the PDF representation. The PDF of the experimental
distribution is then {(X,Y;)x—1.... »} With Y, the number of data points of (X;)

in b;. The PDF representations of the experimental data can be fitted by the

continuous function PDFy;, which is also a weighted sum of Py Gaussian
PDFs (Equation 2.9). The Gaussian PDF is defined in Equation 2.10.

Px
PDFyiy(x) = Y fi Nepr (mi,s7), (2.9
i=1
1 —m;)?
where Nppr (mi,siz) = exp (_(xzn;)> (2.10)
27rs,-2 Si

Considerations on additional constraints on the fitting function

During the fit, the total number of unknowns is equal to 3n for Young’s mod-
ulus and 37 for the hardness, with n the total number of “elastic phases”, and
71 the total number of “hardness phases”. For each phase i between 1 and n
or i, the mean value m;, the standard deviation s; and the phase fraction f;
are unknown. Also n and 7 are either unknown or assumed previously to the
fit. Vandamme et al. [101] assumed a correlation between the distributions
of Young’s modulus and hardness, due to the “difference in material volume
solicited respectively elastically and plastically” [101], which should add ro-
bustness to the analysis and “[avoid] the identification of spurious peaks as
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mechanically activated material phases”. It could be discussed here that the
role of interfaces and interphases is much larger in the determination of the
hardness than of Young’s modulus, and thus the number of phases and the
phase fractions might be different between the hardness and the modulus
distributions. Also, this analysis assumes that the i hardness phase has the
same composition as the i modulus phase, which might not be straight-
forward for certain materials. However, with this assumption, the number
of “hardness phases” 77 and “elastic phases” n are equal, which has the big
advantage to reduce the number of unknowns in the fitting equation from
3n+3ii to 3n+ 3n = 6n. With the additional assumption that the hardness
and elastic phase fractions are also the same, the number of unknowns even
decreases to 5n.

Additional constraints can be added on the fitting parameters. For example,
the sum of all phase fractions can be set to be equal to one [98], or each
individual Gaussian is required to have a positive height or amplitude [104],
or the minimal distance between two neighboring phases should be at least
equal to the sum of both standard deviations [101]. To the author’s best
knowledge, the influence of these additional constraints on the deconvolution
results has not been investigated yet.

2.2.6 Statistical considerations

Besides obtaining the phase properties, the SNT can also be used to estimate
the number of phases in a heterogeneous material. Therefore, various sta-
tistical tools can be used to compare the best fits for a distribution having
varying number of phases.

One criterion, used in the fitting procedures based on LSE, is the chi-square
(%) and is calculated as the residual sum of squares (RSS) between the ex-

perimental distribution and the fitting curve® — however, it depends on the

5 https://www.originlab.com/doc/Quick-Help/measure-fitresult, visited on Ist
May 2018
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degrees of freedom (DOF). Thus, rather the reduced chi-square, calculated
as RSS over DOF, should be used to compare fits with different numbers of
phases.

Another criterion can be used in a LSE-based procedure and consists of com-
paring the coefficient of determination > of the fits with each other [104].
The closer the 7> approaches 1, the better is the fit. 7> describes “the propor-
tion of the total variation of y (about its mean ) that is explained (accounted
for) by the fitted model” [105]. However, the coefficient of determination
monotonically increases with the number of parameters. Then, a more com-
plex fitting function, i.e. with more parameters, would always lead to a better
fit. The adjusted coefficient of determination r2 addresses this point, as each
sum of squares used in the calculation is divided by its DOF. It is calculated
as r2 =1 —a(l —r?), with a as an adjustment factor depending on the fit-
ting model, in particular its DOF [105]. However, the adjusted coefficient of
determination does not always provide sufficient information to enable the
distinction between two models or two fits.

The Bayesian Information Criterion (BIC) was introduced to determine the
optimal number of phase constituents of heterogeneous samples [93, 103].
For example, four phases were found to be optimal in hydrated Portland
cement pastes [93]. An alternative could be the Akaike Information Crite-
rion (AIC). Although AIC and BIC seem similar at first sight, the BIC is ac-
tually preferable in case of the determination of a number of phases. Indeed,
the AIC favors more complex models as soon as the amount of experimental
data increases [106]. The same holds for likelihood based criteria [107].
More generally, the Bayesian statistics aims at determining both the best fit
for a given model, by use of the MLE [103] and the calculation of Bayes
factors (or posterior values) to compare the adequacy of two models [106].
In the framework of Bayesian statistics, a posterior probability of an experi-
mental point can be estimated and describes its probability to be part of each
phase [107]. A model-based strategy for clustering is proposed by Fraley et

al. [107]. First, the number of phases (n) to be considered and a starting set
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of parameters for the fitting function is fixed. Then, the EM is calculated
for each initial set of parameters and each number of phases, providing an
optimal set of parameters. Then, the BIC of the fit with optimal parameters
from EM is calculated. The BIC values of all models (i.e. a fixed number of
phases and a set of optimal parameters) are compared with one another. The
local maximum of the BIC indicates then a strong evidence for the associated
model.

However, the choice in the numbers of phases, and thus, of parameters, is an
important step of the model selection. Potentially, the true model might be
infinite-dimensional. Thus, as Burnham and Anderson [108] explain: “the
fit of any model can be improved by increasing the number of parameters
[...]; however, a trade-off with the increasing variance must be considered
in selecting a model for inference”. This tradeoff is called the principle of
parsimony [108]. Parsimonious models avoid both underfitting and overfit-
ting; they can balance “the error of approximation and the error due to ran-
dom fluctuations”. The BIC is considered as a parsimonious model selection

method, but with a tendency to underfitting [108].
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3 Nanoindentation of Cu-Cr
composites

3.1 Experimental methods

3.1.1 Samples description and preparation

Bi-metal composites, in particular Cu-Cr composites, are commonly used
“as contact materials for energy distribution” [109]. As copper and chromium
are not miscible [110], Cu-Cr composites are made of Cr particles spread out
in a Cu matrix [111]. In the following and for simplicity reasons, the struc-
tural phases will be named after their main components, copper or chromium.
A bi-metal composite system based on Cu and Cr phases and with various Cr
content was chosen as model material and investigated via SNT. The elastic
properties of Cu and Cr are presented in Table 3.1. The large differences
in elastic properties between Cu and Cr are expected to lead to large differ-
ence in the properties of the composites phases. For comparison, Cu and Cr

samples produced with the same technique were also investigated.

Table 3.1: Young’s modulus and Poisson’s ratio of pure Cu and Cr.

Material Young’s modulus (GPa) Poisson’s ratio  Reference
124 - [112]
Cu 129.8 0.343 [113]
Cr 285 to 290 - [112]
279 0.21 [113]
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3 Nanoindentation of Cu-Cr composites

Table 3.2: Cr fraction (in weight and volume fractions) and relative density of the investigated
Cu-Cr composites and the Cu and Cr compacted reference samples [111].

Sample wt/vol-% Cu  wt/ vol-% Cr rel. density (%)
Compacted Cu 100 0 97.7
Cu25Cr 757171 25/29 99.4
Cu60Cr 40/35 60/ 65 98.3
Compacted Cr 0 100 99.1

All samples were provided by von Klinski-Berger (IAM, KIT, Karlsruhe,
Germany), who produced them and analyzed the influence of their mi-
crostructures on their use as contact materials [111]. The samples were
compacted with Field Assisted Sintering Technique (FAST) from Cu pow-
der with 99.9-at% purity and technically pure Cr powder (99.5-at%). The
temperature of the process was 950 °C, except for the compacted Cr sam-
ple, which was compacted at 1450°C. The weight and volume fractions
of Cu and Cr in the investigated Cu-Cr samples are summarized in Ta-
ble 3.2 [111]. The density of Cu is 8.93gcm™3, and is 7.19gem™ for
Cr [111]. Some pores were observed in the copper-chromium composites
produced by FAST. Relative densities below 100 % were measured in all
investigated samples [111] and are also summarized in Table 3.2.

The samples were manually ground and polished. To simplify the sample
preparation of the samples, they were glued with Crystalbond™ 509 adhe-
sive (Ted Pella, Inc., Redding, California, USA) on aluminum cylinders at a
temperature of around 80 °C. The preparation procedure included grinding
with SiC paper from P600 to P4000 grid size under water flow. The first
grinding step was stopped after the sample was flat and the further steps after
about 3 minutes each. Then the samples were polished with various water-
based diamond suspensions of 3 um, 1 um, 0.25 um and 0.1 ym grain size.
Between each step, the samples were cleaned with propanol in an ultrasonic
bath and dried with air at around 50 °C. Finally, the samples were taken off
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3.1 Experimental methods

Table 3.3: Area fraction and Equivalent Circle Diameter (ECD) of Cr particles in Cu-Cr com-
posites parallel to FAST pressure direction [111].

Sample Cu25Cr Cu60Cr
Area fraction (%) 69 31 5 95
ECD (um) 50 110 65 1068
St. Dev. ECD (um) 25 40 40 15

the sample cylinder and re-glued with a thin layer of cyanoacrylate-based
adhesives to reduce the influence of the thick layer of Crystalbond glue on
the nanoindentation measurement.

Despite careful handling, this procedure induced a tilt of the sample surface
in all samples but the compacted Cu sample, as estimated in Section 3.2.1.
A second set of Cu25Cr, Cu60Cr and compacted Cr samples was also pre-
pared, glued with 2k UHU Plus Endfest 300 (UHU GmbH & Co. KG, Biihl,
Germany), and ground similarly as described above. In order to avoid step
creations between the Cu and the Cr phases, the two last grinding steps were
replaced by a polishing step with 9 um diamond paste (on MD largo, Struers
A/S, Ballerup, Denmark). After this step, the samples were polished with
various water-based diamond suspensions of 3 pm, 1 um, 0.25 um grain size.
Long polishing durations (5-30 min) were necessary at the 3 um polishing
step to eliminate the scratches of the 9 um-step, particularly present in the Cr
phase. The polishing time at this step increased with the Cr content of the
sample.

The microstructure of Cu-Cr composites was intensively investigated with
the goal to better understand the link between the composites microstructure
and their behavior as contact materials [109, 111]. The chromium-rich phase
of the compacted samples exhibit an isometric microstructure in the plane
perpendicular to the pressing direction during FAST and are elongated in the
direction parallel to the pressure direction [109]. This is a consequence of

the FAST production technique, as the pressure applied during sintering is
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3 Nanoindentation of Cu-Cr composites

Table 3.4: Area fraction and aspect ratio of Cr particles in Cu-Cr composites parallel to pres-
sure direction [111].

Sample Cu25Cr Cu60Cr
Area fraction (%) 81 19 100
Aspect ratio 1.9 3.8 1.3
St. dev. of aspect ratio 07 1 0.01

not hydrostatic but directed along one axis. Tables 3.3 and 3.4 summarize
the microstructure characteristics (ECD and aspect ratio) of the Cr particles
parallel to the pressure direction during production [111]. A bi-modal dis-
tribution of the particles is observed in both composite samples, but with
a stronger aspect ratio in Cu25Cr than in Cu60Cr. In the experiments pre-
sented in the following, the samples were prepared such that the investigated

surface was parallel to the pressing direction.

3.1.2 Micromechanical testing with nanoindentation

A load-controlled Nanoindenter G200 XP (Agilent/Keysight Technologies
Keysight Technologies, Inc., Santa Rosa, CA, USA) equipped with CSM and
Express Test (ET) options were used to investigate the mechanical proper-
ties of Cu-Cr composites and compacted reference samples at a microscopic
scale. The ET option is a grid nanoindentation technique with high indenta-
tion frequency, thus enabling indenting around 1000 locations per hour, com-
pared to around 10 locations per hour for the standard CSM method [114,
115].

The bi-metal composites were tested using a diamond Berkovich tip, assum-
ing tip Young’s modulus and Poisson’s ratio of 1141 GPa and 0.07, respec-
tively. Two kind of measurements were realized, first with the standard CSM
method and then with ET.
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Standard CSM experiments

In the first measurement batch, the CSM additional sinusoidal signal was
applied only during the approach and the loading segment at frequency of
45 Hz and nominal RMS depth amplitude of 2 nm, until the maximum depth
was reached. Then, the static load was held for ten seconds and then removed
at a rate of 20mNs~! until 90 % of the load on sample. The thermal drift
was measured during 75 s at this load and then the load was removed at the
same previous unloading rate. The target strain rate ;i was 0.05s~! until a
maximal depth of 2000 nm to 2100 nm.

The tip area function and the load frame stiffness were calibrated on a quartz
reference sample over a depth range between 200 nm and 2000 nm. The
load frame stiffness was corrected on every sample as described in [116] to
yield an elastic modulus approaching the literature value (3.1), while in the
composite samples, only the curves which were obviously in a homogeneous
phase were used. For all samples, € was set to 0.75and 3 to 1.034. The
Poisson’s ratio was assumed as 0.343 for the compacted Cu and 0.21 for the
compacted Cr samples (3.1). For the Cu-Cr composites, it was set to 0.25.
25 tests were done in each sample to a maximum depth of 2100 nm with a
minimal distance between indents of 45 um. The modulus and the hardness
were evaluated at 200 nm, 500 nm, 1000 nm and 1500 nm, as well as at the
largest available depth in the range of 1900 nm to 2000 nm.

In both composite samples, indents being in a single phase were selected
and their modulus and hardness values were investigated as function of the
Cr content of the sample. The selection appears in two steps. First, indents
for which the load-displacement curve showed irregularities, for example a
pop-in or an “[unstable] contact between the tip and the material surface
at the initial loading process” [86], were sorted out. The irregularities are
assumed to be mostly related to the indent location at an interface between
phases and to the interaction between neighboring Cu and Cr phases. Then,
the remaining curves are assigned to either the Cu phase for the curves with
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3 Nanoindentation of Cu-Cr composites

the lowest mean modulus or the Cr phase otherwise. The indent location is
confirmed by light microscopy (see Figure 3.1). From all 25 indents in each
sample, 5 to 10 indents were located either in the Cu, or in the Cr phases. For
these indents, the load, the hardness and the modulus were averaged over the
depth range of the measurement.

To verify that the load-displacement or modulus over indentation depth
curves can be correlated to the sample microstructure under the indent,
Cu25Cr was also indented at a shallower depth of 500 nm and the test lo-
cation was investigated with FIB and SEM to exhibit the three-dimensional

microstructure underneath the indent.

ET experiments

High-speed nanoindentation experiments (ET) enable testing a large number
of locations in a short period of time. With this kind of experiments, the qual-
ity of the analysis of the surface heterogeneity is increased by the capacity
of testing around 100 times more locations on the surface than with the stan-
dard CSM method and in the same time. ET experiments were conducted
in the Cu-Cr composites and compacted samples at an indentation depth set
to 1000 nm for a distance between indents of 20 um. For Poisson’s ratios, €
and B, the same values as in the standard CSM measurements were assumed.
Only the indents with indentation depth within 600 nm to 2000 nm were kept
for the analysis, in order to get a consistent depth range for the mechanical
properties analysis. Table 3.5 summarizes the total tested surface, the to-
tal number of indents made in each sample, the number of actually analyzed

indents, as well as the averaged depth of the analyzed indents for all samples.

3.1.3 Statistical analysis

The Cu-Cr composites as well as the compacted Cu and Cr samples were
analyzed with the deconvolution procedures described in Appendix A. Fit-

ting functions with between one and five phases were chosen for statistical
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Table 3.5: Total tested surface area, total number of indents, number and mean depth of analyzed indents in Cu-Cr composites and in com-

pacted Cu and Cr samples.

Sample Compacted Cu Cu25Cr Cu60Cr Compacted Cr
Total indents number 72 26x26=676 3x16x16=768 36

Total tested surface area 2100 x 100pum? 500 x 500 um? 3 x120 x 120pum? 100 x 100 pm?
Number of analyzed indents 66 554 606 35
Depth of analyzed indents 1036 £ 109 nm 976+ 113 nm 976+ 175 nm 957+27nm
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3 Nanoindentation of Cu-Cr composites

analysis, depending on the sample Cr content and the indentation depth (see
App. B).

First, the Expectation Maximization (EM, see Section A.1.4) fitting proce-
dure was used to investigate the modulus evolution with depth (standard
CSM experiments). Then, the Levenberg-Marquardt (LM, see Section A.1.1)
and the EM fitting procedures were used to investigate the influence of the
high-rate and large number of experiments at constant depth (ET experi-
ments) on both the hardness and the modulus distributions. Finally, the re-
sults from both nanoindentation testing methods are compared, as well as the

deconvolution results from both fitting procedures.

3.1.4 Microstructural investigations

For the two-dimensional microstructure investigations, an optical micro-
scope (Nikon Eclipse LV150N) equipped with objectives of 4, 10, 20, 50
and 100 of magnification was used for visual control of surface quality pre-
vious to mechanical testing and imaging the microstructure.

Additionally, the three-dimensional microstructure of the Cu25Cr sample
was investigated by Focused Ion Beam (FIB, Scios, FEI Inc.) cross sec-
tioning. The material was cut perpendicular to an indent from standard CSM
experiment at low depth.

A graphical user interface (GUI)-based line-cut procedure (GUI_linecut
V2.0 by M. Funk, S. Meister, IAM, KIT, Germany, 2012) implemented in
Matlab (Release 2015b, The MathWorks, Inc., Natick, MA, USA) was used
to determine the grain size of a material from the measurement of the grains
chord lengths in a cross section. The procedure was extended to consider
the case of a 2-phase material and measure the size of the individual phases.
First, the chord lengths of both material phases are manually selected from a
picture. Then, a material is assigned to each chord. The segment lengths of

both phases are recorded and treated separately as in the one-phase case.
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This modified procedure was used to measure the phase area fractions of
both phases, as well as a characteristic size for each phase. In the calculation,
the length over diameter ratio is set to /4 & 0.79. This ratio estimates the
difference between the mean linear intercept of a phase (particle) and the
averaged particle diameter. The ratio is exact for circular particles [117].
The area fraction of the j-phase A; is calculated as A; = %(%)
with j,k=1,2; j #k; p=1...n; ¢ = 1...m, and where [; , is the p®-chord
length [ of phase j measured during the line-cut procedure. The mean
diameter D; of the particles in a given phase is then calculated as D; =
ﬁ ;:1 L p-

A confocal laser microscope (VK 9710K, KEYENCE Corporation, Itasca,
IL, USA) is used to capture three-dimensional reconstructions of various sur-
faces topology. If necessary, the image tilt was corrected based on the mean
surface tilt. From the surface topology, a root mean square areal roughness
parameter R, = / % o yl-2 was calculated. The areal roughness depends on
the scan size [99], thus the scan size was estimated for each measurement and
was typically 3000 to 8000 um? for the smaller scans and 530 x 2200 um? for
the larger scans.

3.2 Results

3.2.1 Microstructure, surface roughness and surface tilt
estimation

Microstructure

The microstructure of the Cu-Cr composites Cu25Cr and Cu60Cr is pre-
sented in Figure 3.1. The agglomeration of the Cr particles observed and
measured by von Klinski [111] is confirmed optically (Figure 3.1b) for the
sample with high Cr content, Cu60Cr.

In the zone investigated via nanoindentation, the Cr phase fraction and the Cr

particle size were measured using the line-cut procedure in two perpendicu-
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100 ym

100 ym

Figure 3.1: Polished Cu-Cr composites samples with (a) 25-wt% Cr and (b) 60-wt% Cr inves-
tigated with light microscopy. The copper and chromium phases are marked on the
pictures by Cu and Cr, respectively.

Table 3.6: Cr particles size distribution in 200 x 200 um? fields in Cu-Cr composite samples.

Sample Cu25Cr Cu60Cr
Particle diameter (um) 3015 90412 254+17 86433

lar directions, and on a cross section perpendicular to the sample compres-
sion direction. Table 3.6 summarizes the Cr particles size distribution and
Table 3.7 the Cr phase fraction in the 200 x 200 um? fields. There, after the
Delesse principle and assuming perfect disorder of the microstructure in the
composites, the area fractions of the material, either theoretical or measured,
are assumed to be equal to the material volume fraction (see Section 2.2.5).
The Cr particles show a bi-modal size distribution in both samples, probably
related to the production method of the samples by FAST. Compared to the
theoretical area fraction of Cr in the samples (s. Table 3.2), the measured area
fraction of Cr is overestimated in Cu25Cr and underestimated in Cu60Cer.

Surface roughness

The compacted Cu and Cr samples exhibit a roughness below 0.1 um over
4 % 10* um? to 5 x 10* um?. The sample roughness of Cu25Cr and Cu60Cr is
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3.2 Results

Table 3.7: Cr area fraction in 200 x 200 um? fields on two Cu-Cr composite samples of various

Cr content.
Sample Cu25Cr Cu60Cr
Direction 1 2 1 2
Area fraction (%) 384 325 60.8 63.3
Mean area fraction (%) 354 62.1
Theoretical area fraction (%) 29.3 65.1

higher, below 0.3 um for the standard CSM samples, prepared with the first
polishing method. At the scale of a single phase, however, the roughness
decreases until 0.05 um to 0.14 um.

In the samples prepared for ET measurements, the roughness is larger than
in the standard CSM samples, and reaches 0.5 um to 1.1 um over an area of
6 x 10* um? to 9 x 10* um?, and only less than 0.3 um on a homogeneous
phase (over an area <3 x 10° um?). The roughness of these last samples
and the difference between both samples might have consequences for the

nanoindentation experiments.

Surface tilt and estimation of error on hardness

Due to the sample preparation (see Section 3.1.1), the sample surface of
the Cu-Cr samples prepared for standard CSM measurements was tilted.
This misalignment of the samples towards the horizontal plane was deter-
mined with the confocal laser microscope as 0.67° for Cu25Cr and 1.29° for
Cu60Cer.
The error in the contact area due to the misalignment was estimated as:

& _ Hactual _Hideal _ Ap,ideal 7Ap,actual

= (3.1)
H Hideal Ap,actual
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3 Nanoindentation of Cu-Cr composites

In general, the hardness H is calculated as the ratio of the maximal load on
the sample P, and the projected area of the indent A ,, so that H = PIQ"—;”. To
estimate Hyeryqr and Higeqr, Ap is measured with two different procedures, on
the same 15 indents of the tilted Cu60Cr sample. This enables the simplifi-
cation of the equation for P,,,, and the hardness error due to tilt only depends
on the projected areas A, seruar and Ap jgear-

First, A, 4cruai 18 the projected area of the actual indent on the sample surface.
The red triangles on Figure 3.2a highlight the contour of the actual projected
area for some indents.

Then, A jgeqs is defined as the area of the same indent on an ideally non-
tilted surface, and is measured as the largest equilateral triangle that fits into
the real projected indent surface. The red triangles on Figure 3.2b represent
the contour of such a triangle for the same three indents as on Figure 3.2a.
As Cu60Cr had the highest surface tilt, this sample also exhibits the largest
error of all investigated samples due to the underestimated contact surface in
the hardness measurement. Following the equation 3.1, AH was estimated
as —18.5+7.4% in Cu60Cr, and the tilt leads to underestimate the sam-
ple’s hardness. The relatively consistent hardness error over all investigated
indents indicates a very tilted, but rather smooth surface.

3.2.2 Microstructure and mechanical properties of a
shallow indent in Cu25Cr

Shallow indents in Cu25Cr in the proximity of a Cr particle were conducted
to a depth of 500 nm and with a distance of 10 um between indents (Fig-
ure 3.3a). SEM pictures reveal the position of each indent (Figure 3.3b) and
the material phase at the indent location (Figure 3.3c). Indents 3, 4 and 7
seem to be fully or partially located on a Cr particle (Figure 3.3a), the other
indents are located on the Cu matrix. In particular, indent 7 (highlighted by
ared circle in Figure 3.3a) appears to be fully located on a Cr particle.
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3.2 Results

Figure 3.2: Height representation of a Cu60Cr surface with three indents (black triangular
areas). The indents projected areas are measured in two different ways (red lines)
to analyze the effect of the misalignment on the indent projected area: (a) the real,
misaligned indent projected area A, 4. and (b) the equivalent projected area
A idear ON an ideally, non-tilted surface.

a 20 um

b 20 pm c 20 pm

Figure 3.3: Indent field in Cu25Cr composite sample around a Cr particle, from (a) optical
microscopy, (b) SEM showing secondary electron contrast, and (c) SEM show-
ing Back-Scattered Electron (BSE) contrast. Indent 7 lies on the surface of a Cr
particle.
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Figure 3.4: (a) FIB cross sections of indent 7 at three positions of the indented region in
Cu25Cr, imaged at a tilt angle of 52° to the vertical. The scale bar is the same
for all FIB cross sections. (b) Load on sample, modulus and hardness curves over
depths for all 8 shallow indents in Cu25Cr. The Cr particle influences the mechani-
cal behavior of the material mostly at lower depths.
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To investigate the microstructure-properties relationship in composite sam-
ples, the microstructure underneath the indent number 7 was investigated by
FIB cross sections perpendicular to the surface (Figure 3.4a), at two posi-
tions in the immediate proximity of the indent (positions 1 and 3) and also
through the indent (position 2). The SEM pictures from FIB cross sections
confirmed that the indent is located on a Cr particle with large surface area
compared to its thickness. The mean thickness of the Cr particle was esti-
mated as around 2 um, measured at 10 locations in the cross section on the
one side (position 1, 1.80+0.16 um) and 8 locations on the other side (posi-
tion 3, 2.30+0.32 um) of the indent.

The load-indentation depth curves, as well as the modulus and hardness vari-
ation over indentation depths for all indents are shown in Figure 3.4b. De-
spite the tip not being calibrated below 200 nm depth, trends in the modulus
and hardness of the indents can be qualitatively compared to each other at
lower depths, as the calibration error is consistent for all indents of a single
measurement batch. The curves highlight the special behavior of indent 7
compared to that of the 7 other indents. The 7th indent exhibits higher loads
on sample, higher modulus and hardness values than all other 7 indents over
the whole indentation depth. The modulus and hardness of indent 7 reach a
plateau for both the modulus and hardness at depths around 40 nm to 70 nm
and then decrease. Modulus and hardness deviate from more than 10 % of
their plateau value for depths around 100 nm and tend towards the mean val-
ues of the 7 other indents for the largest depths.

The 7 other indents have a mean modulus of 140 & 10 GPa and a mean hard-
ness of 1.6 +0.1 GPa at 490 nm depth. Their modulus is constant over the
whole indentation depth range, whereas their hardness exhibit a small peak
at very low depth (less than 100 nm) for both indents 3 and 4. Note that this
hardness peak has a much smaller amplitude than for indent 7.

From this low-depth experiment, it is obvious that the microstructure under-
neath an indent influences both the modulus and hardness measurements. For
example, indent 7 seems to be fully located on the Cr particle: the measured
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modulus of 275 GPa for depths between 40 nm and 100 nm could correspond
to the mechanical properties of Cr (see Table 3.1). The depth of the modulus
plateau in indent 7 corresponds to significantly less than 10 % of the mea-
sured layer thickness.

Also, looking at indents 3 and 4 that are partly located on the Cr particle,
it seems that the hardness is more sensitive than the modulus in detecting
the presence of a harder and stiffer phase in the neighborhood of the in-
dents. This corroborates the affirmation that “the material volume solicited
elastically below the indenter is much larger than the volume solicited plas-
tically” [101].

3.2.3 Modulus and hardness of single phase indents

In the standard CSM measurements of Cu-Cr samples, some indents could
be clearly associated with a single phase over the whole indentation depth,
based on both their location as seen from optical microscopy pictures and
on the load-displacement curves [76]. Out of the 25 indents per sample,
five to ten indents were assigned to the single phases in each sample, and
their modulus-displacement and hardness-displacement curves were aver-
aged (Figure 3.5). The mechanical phases as defined from these experiments
are called Cu-rich and Cr-rich phase to highlight both their main component
and the fact that their exact composition is unknown.
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Figure 3.5: (a) Modulus and (b) hardness over indentation depth in single phase indents of
Cu-Cr composites and in compacted Cu and Cr samples.
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Indents into the Cu-rich phase exhibit a constant modulus over indentation
depth in all samples (Figure 3.5a). The highest modulus in the Cu-rich phase
is found in the Cu25Cr composite and the lowest in the compacted Cu sam-
ple. In the Cr-rich phase, the modulus is constant over depth in the com-
pacted Cr sample, but decreases with increasing depth in both Cu-Cr com-
posites (Figure 3.5a). The modulus decrease is more pronounced for higher
depths in the sample with lower Cr content.

In the Cu-rich phase of all samples, the hardness decreases with indentation
depth and increases with Cr content of the sample (Figure 3.5b). The hard-
ness also decreases with indentation depth in the Cr-rich phase (Figure 3.5b).
Comparing the Cr-rich phases only with the compacted Cr sample, the lowest
hardness is found in the compacted Cr sample and the highest in the Cu60Cr
sample.

The standard deviations of the averaged curves are larger in the Cr-rich phase
than in the Cu-rich phase for all samples and for both the modulus and the
hardness. This indicates that the modulus and the hardness estimations in the
Cr-rich phase are more influenced by the neighboring Cu-rich phase and the
microstructure under the indent than the Cu-rich phase is influenced by the
neighboring Cr-rich phase.

The composite mechanical phases behave differently than the compacted
pure samples. This corroborates the assumption that the mechanical phases
as determined here cannot be considered as chemically pure, and that the
composites microstructure plays a role in the determination of the single
phase properties, even for indents that show similar behavior as the refer-

ence samples.

3.2.4 Influence of indentation depth

The role of the indentation depth on the determination of the individual phase
properties is investigated for the Cu25Cr and Cu60Cr composites. The mod-
ulus and hardness distributions of 24 indents in Cu25Cr and 25 indents in
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Figure 3.6: CDF of modulus and hardness at various depths in Cu-Cr composites. a) Modulus
CDF in Cu25Cr, b) Hardness CDF in Cu25Cr, ¢) Modulus CDF in Cu60Cr, d)
Hardness CDF in Cu60Cr

Cu60Cr, measured by standard CSM nanoindentation, are plotted in Fig-
ure 3.6. In each sample, the modulus and hardness distributions were ana-
lyzed at depths of 200 nm, 500 nm, 1000 nm, 1500 nm and 1900 nm with the
statistical indentation technique and the EM fitting procedure.

The rough curves are due to the small number of indents. The more data
points in a CDF representation, the smoother the curve. In Figure 3.6b, for
example, the distributions at low hardness values are smoother than at high
hardness values, due to the large number of indents (40 % to 60 %) in a nar-

row hardness range.
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Figure 3.7: BIC of optimum fits of (a) modulus and (c) hardness as a function of the inden-
tation depth and for various numbers of phases in Cu25Cr composite, and repre-
sentation of optimum fits of the (b) modulus and (d) hardness distributions as a
function of the indentation depth.

At low chromium content

In Cu25Cr, a Gaussian mixture with two phases possesses the lowest BIC for
both modulus and hardness empirical distributions (Figures 3.7a and 3.7c),
thus a deconvolution with two phases is optimum at each investigated depth
for both modulus and hardness. Figures 3.7b and 3.7d represent the optimum
phases for the modulus and the hardness, respectively, of Cu25Cr at various
depths. Each phase is represented by a circle (Fig. 3.7¢,d), whose area is pro-
portional to the phase fraction as determined from the fitting procedure. The
circle represents the phase mean value and the circle error bar the standard
deviation of the phase’s property. The phase fraction of the phase 1, with the

lowest stiffness and hardness, is summarized in Table 3.8.
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Table 3.8: Phase fraction of the phase with the lowest stiffness or hardness (phase 1) in
Cu25Cr, as calculated from SNT on the modulus and hardness distributions at vari-

ous depths.
Property
Analysis depth Young’s modulus  Hardness
200 nm 64.0 % 56.0%
500 nm 63.2% 51.0%
1000 nm 62.2 % 47.0%
1500 nm 57.6 % 46.2 %
1900 nm 57.1% 47.7%

The mechanical properties (modulus and hardness) of the phase with the
lowest properties (phase 1) are constant with depth (modulus around 145 GPa
and hardness around 1 GPa). In contrast, both modulus and hardness of the
phase with the highest properties (phase 2) decrease with depth.

In case of the modulus, the standard deviation of the phase 2 increases until
1500 nm, which indicates that the second phase shows greater variation at
large depths than at shallow depths, e.g. 200 nm. Also, the BIC of the modu-
lus optimum fit with two phases is near the BIC of the best modulus fit with
three and four phases, in particular at a depth of 1900 nm. This indicates that
the second phase could probably be split into two or three phases to better
describe the experimental distribution.

The phase fraction of phase 1 varies with the investigated depth (Table 3.8).
It decreases continuously with increasing depth for both the modulus and
the hardness distributions and is up to 15 % lower when calculated from the
hardness distribution than from the modulus distribution. The volume frac-
tion of the Cu phase measured on the investigated sample of Cu25Cr lies
at around 64.6 % (Table 3.7). The fractions of phase 1 calculated from the
modulus distribution until a depth of 1000 nm lie within 10 % of this opti-

cally measured value.
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Table 3.9: Cumulative phase fraction of the phase(s) with mean stiffness below 200 GPa or
with the lowest hardness in Cu60Cer, as calculated from SNT on the modulus and
hardness distributions at various depths.

Property
Analysis depth Young’s modulus  Hardness
200 nm 54.1% 54.2%
500 nm 58.3% 47.8 %
1000 nm 66.1 % 51.8%
1500 nm 79.5 % 42.4 %
1900 nm 100 % 38.4%

At high chromium content

According to the BIC of the fits with various phases, one phase or a sum of
two to four phases are optimal to describe the empirical modulus distribution
in Cu60Cr, depending on the indentation depth (Figure 3.8a). The optimal
distributions are plotted on Figure 3.8b. At 1900 nm, a single normal distri-
bution fits best the empirical modulus distribution. Its mean value is 171 GPa.
Both the most compliant and stiffest modulus phases of the sample Cu60Cr
converge to this mean value with increasing indentation depth.

Three phases (up to 500 nm) or two phases (from 1000 nm on) are optimal
to fit the empirical hardness distribution in Cu60Cr (Figure 3.8c). Both the
softer and harder phases exhibit a decreasing hardness with increasing in-
dentation depth. This effect diminishes after 1000 nm and both phases have
rather constant properties at depths higher than 1500 nm (Figure 3.8d).
From the EDF of the modulus, the cumulative phase fractions of the phase(s)
with mean modulus below 200 GPa are summarized in Table 3.9. They in-
crease with depth and all lie well above the experimentally measured phase
fraction of Cu in Cu60Cr, which is around 37.9 % (see Table 3.7). The frac-
tions of the first phase calculated from the hardness EDF seem to converge

towards this value with increasing depth.
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Figure 3.8: BIC of optimum fits of (a) modulus and (c) hardness as a function of the inden-
tation depth and for various numbers of phases in Cu60Cr composite, and repre-
sentation of optimum fits of the (b) modulus and (d) hardness distributions as a
function of the indentation depth.

3.2.5 Influence of Cr content

The modulus and hardness EDF of the ET measurements in the compacted
Cu and Cr samples and in Cu25Cr and Cu60Cr are analyzed.

The modulus EDF of both composite samples lies between the EDF of the
compacted Cu sample for the lower modulus values and the compacted Cr
sample for the higher ones (Figure 3.9a), with the Cu25Cr having lower
modulus values than in Cu60Cr. Young’s modulus of the compacted Cu
and Cr samples measured by high speed nanoindentation is 125+ 11 GPa
and 386 £ 12 GPa, respectively. The modulus of the compacted Cu sample
measured with ET experiments corresponds to Young’s modulus found in

literature [111]. For the Cr sample however, the measured modulus is about
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Figure 3.9: (a) Modulus and (b) hardness distributions from high speed nanoindentation in
Cu-Cr composites at 1 um depth.

100 GPa higher than values from literature [111]. This will be discussed in
more detail in section 3.2.7.

The hardness EDF of the compacted Cu sample, Cu25Cr and Cu60Cr sam-
ples look similar to their modulus EDF (Figure 3.9b). However, around
20 % of the values in the Cu60Cr hardness distribution show a higher hard-
ness than in the compacted Cr sample. As references, the mean hardness
is 3.19£0.08 GPa in the compacted Cr sample and 0.92 +0.07 GPa in the
compacted Cu sample.

Both modulus and hardness EDFs were fitted with two to three phases using
the LM fitting procedure. The fitting results in both cases are compared in
the following and are summarized in Appendix B, Tables B.5 to B.8. Inter-
estingly, the standard deviations of the phases in the compacted samples are
much smaller than the standard deviations of most phases in the composites
samples (Figures 3.10 and 3.11).

First, two phases are used to fit the modulus distribution of both Cu-Cr com-
posites (Figure 3.10a). Both phases in both samples have Young’s modulus
between the compacted samples, when measured and analyzed with the same
procedure. The mean modulus of both phases increases with the Cr content
of the sample. The standard deviation of the most compliant phase increases

with increasing Cr content.
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Figure 3.10: Deconvolution of modulus distribution from high speed nanoindentation in Cu-Cr
composites with (a) two or (b) three phases as function of the sample Cr content.

In the three-phase fit in Cu25Cr (Figure 3.10b), the third phase decomposes
a part of the empirical distribution into two phases with small differences in
mean values. At the same time, its area fraction is either small, less than
10 %, or around the half of one phase fraction from a two-phase fit. For
example of the latter case, the most compliant phase of the two-phase fit
(Figure 3.10a) is decomposed in two phases with mean values varying by
13 % in the three-phase fit. Also, the area fraction of both first and second
phases together is very similar to the volume fraction of the most compliant
phase in a two-phase fit: 58 % versus 54 %. As an example of the first case,
the third phase in Cu60Cr has a mean modulus varying from the Cr mean
modulus by only 1 %, and an area fraction of only 6 %.

The hardness EDFs were fit with one to three phases, depending of the sam-
ple Cr content. There, also the compacted samples were sometimes fit with
two phases. The hardness of the compacted Cr sample, for example, is de-
convoluted with a softer phase at 3.17 +0.06 GPa, representing 70 % of the
locations, and a harder phase at 3.45+0.19 GPa, which represents the re-
maining locations. However, one phase at 0.92 + 0.07 GPa was sufficient to
describe the whole hardness EDF of the compacted Cu sample.

In the composite samples, the mean hardness of both phases in a two-phase
fit increases with increasing Cr content (Figure 3.11a). Similarly, the area
fraction of the hardest phase increases with increasing Cr content, and the
contrary for the softest phase. Interestingly, a higher area fraction of a phase
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Figure 3.11: Deconvolution of hardness distribution from high speed nanoindentation in Cu-Cr
composites with (a) two or (b) three phases as function of the sample Cr content.

is always associated to a lower standard deviation of the same phase, inde-
pendent of its mean value. But as for the modulus, the standard deviation of
the softer phase also increases with increasing Cr content.

While analyzing the hardness EDF in the Cu-Cr composites with three
phases instead of two (Figure 3.11b), the third phase mostly refines the de-
convolution around the phase with the largest area fraction. For example,
the difference of the mean hardness between the intermediary phase and the
next phase is below 0.16 GPa ( = 13 %) for both Cu-Cr composites. Also,
the area fraction of the hardest phase in Cu25Cr is only 5 % lower than the
hardest phase in the two-phase fit area fraction, and the hardness variation
between the two phases is 7 %. This means that in Cu25Cr, the first phase
is divided into two phases, without impacting the upper half of the hard-
ness distribution. In Cu60Cr, the difference in area fraction of the softest
phase between the two-phase and the three-phase fits is only 8 % for a mean
The addition of the third phase does not

substantially influence the softest phase.

hardness variation of only 1 %.
Such variations in the number of phases used to fit experimental distributions

help identifying the weakest part of the deconvolution, where the deviations

from a two-phase distribution of the mechanical properties are the largest.
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3.2.6 Comparison of fitting procedures

The distributions from the ET nanoindentation experiments in the Cu-Cr
composites were previously analyzed with LM fitting procedure. In this sec-
tion, the distributions are also analyzed with the EM fitting procedures and
both results are compared. The fitting results of the EM fitting procedure are
summarized in Appendix, Tables B.5 to B.8.

In the fits from the EM procedure, the BIC is calculated and its mini-
mum over the investigated number of phases indicates an optimal number
of phases. It was found to be four for both the modulus and the hardness
EDF in Cu60Cer, as well as for the modulus EDF in Cu25Cr, and five phases
for the hardness EDF in Cu25Cr. For a better comparison with the results
from the LM fitting procedure, also the results of a three-phase distribution
are analyzed for all investigated EDFs.

First of all, looking at the deconvolution results from the EM procedure in
Tables B.5 to B.8, exactly one phase in each deconvolution (modulus or
hardness, three-phase, four-phase or five-phase fitting function) fulfills the
following conditions: it is the stiffest or hardest phase in the deconvolution,
its area fraction is less or equal to 9 %, its standard deviation higher than a
third of the phase mean value, and its mean modulus and hardness are largely
above the mean modulus and hardness measured in the compacted Cr sample
with ET experiments (below 400 GPa and 4.5 GPa for the modulus and the
hardness, respectively).

An example of such a phase is the 3rd phase of the Cu25Cr modulus dis-
tribution analyzed by the EM procedure with 3 phases (see Table B.5). Its
modulus is 731 £ 302 GPa for a phase fraction of 1.9 %. These very stiff or
hard phases were not present in the analysis with the LM procedure or in the
deconvolution of the CSM experiments, and thus are unlikely to describe a
material mechanical phase, but are rather an artifact of the EM fitting pro-

cedure. In the following, the phases meeting the criteria listed above will

52



3.2 Results

not be analyzed and the fitting results will be only displayed up to 350 GPa—
400 GPa for the modulus and 3.5 GPa—4.5 GPa for the hardness.

The fitting results from various fitting procedures and with various phase
number are plotted next to each other in Figure 3.12.

In Cu25Cr, the modulus phases between 100 GPa and 350 GPa are similar
for both fitting algorithms and all numbers of phases (Figure 3.12a). The
most compliant phase has a modulus of 145 415 GPa and the stiffest phase
of 260 £ 80 GPa. The introduction of a third phase in the fitting with the EM
procedure leads to a phase with middle-stiff properties and with the small-
est phase fraction of all three phases. The introduction of this phase refines
the definition of the phase with the largest area fraction: its standard devi-
ation and phase fraction are reduced, while the mean value is shifted in the
opposite direction of the newest phase. The other previous phase also en-
counters these changes, but with less amplitude. The same phenomenon was
also observed with the LM procedure (see Section 3.2.5).

For the modulus of Cu60Cr (Figure 3.12c), similar conclusions can be drawn
as in Cu25Cr. The most compliant phase in Cu60Cr has 175 425 GPa, and
the next stiffest phase 310 480 GPa. As with the LM fitting procedure, the
introduction of a third phase in the fitting with the EM procedure introduces
a stiffer phase around 375 £ 14 GPa with an area fraction smaller than 10 %.
In Cu25Cr, the hardness phases between 1 GPa and 4 GPa are similar for both
fitting algorithms (Figure 3.12b); for a two-phase fit, the softest phase lies at
1.2+£0.2 GPa and the hardest phase at 2.6 0.9 GPa. The introduction of
a third or even a fourth phase in the deconvolution with the EM procedure
divides the phases with the largest area fraction into two or three phases: the
mean values of the phases are shifted away one from each other, while their
standard deviations and phase fractions are reduced. Similar observations
were made in the deconvolution with the LM procedure.

In Cu60Cr (Figure 3.12d), both fitting algorithms also provide similar phases.
In the two-phase fit, the hardness of the softest phase lies at 1.50 +0.25 GPa
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and at 3.2 + 0.8 GPa for the hardest phase. When a third phase is introduced
in the deconvolution, the hardest phase is divided into two smaller phases.

In general, the deconvolution phases are more similar for fits with the same
number of phases and different fitting algorithms than with the same fit-
ting algorithm and varying number of phases. For example in Cu25Cr, the
hardness distribution EM 3 Phases on Figure 3.12b is more similar to LM 2
Phases than to EM Opt. fit in the investigated hardness range. The largest
differences between the two fitting algorithms are, first, the presence (or ab-
sence) of a very stiff, or very hard, phase in each deconvolution, and second,
the provision of the BIC to compare fit results with each other, either with
a given number of phases or between the best fits with different number of

phases.

3.2.7 Comparison of nanoindentation testing procedures

The optimum deconvolution results for the hardness and modulus distribu-
tions in both Cu-Cr composites, measured with the standard CSM (see Sec-
tion 3.2.4) and ET nanoindentation experiments (see Section 3.2.5) were
compared in Figure 3.13. Both distributions were measured at 1 pm depth
and fitted with the EM procedure. The phase parameters for all fits are listed
in Appendix in the Tables B.1 to B.4 for the standard CSM results and in
Tables B.5 to B.8 for the ET results.

Based on the BIC, the optimal number of phases is two for the modulus
and the hardness distributions in both Cu25Cr and Cu60Cr measured with
standard CSM. The optimal number of phases in the ET experiments was
either three or four, depending on the investigated distribution. Thus, the fits
with either three or four phases from the ET experiments were compared to
those with two or three phases from the standard CSM experiments.

Under the same criteria as in Section 3.2.6, the results of the ET nanoinden-
tation deconvolutions in both Cu-Cr composites were only investigated up to
a modulus of 400 GPa and a hardness of 4.5 GPa.
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Figure 3.12: Comparison of (a, ¢) the modulus and (b, d) hardness deconvolution results from
two different fitting algorithms (LM and EM) and two to four phases for (a, b)
Cu25Cr and (¢, d) Cu60Cr. For a better visibility, the phases that fulfilled the
following conditions are not displayed: phase mean value larger than in the pre-
viously investigated Cr sample, standard deviation above a third of its mean value
and area fraction below 9 %.

The presence of a very stiff or very hard phase in the modulus and the hard-
ness distributions in the deconvolution results from the ET measurements
in Cu25Cr represents the main difference with the results from the standard
CSM distribution. Once this phase is removed from the analysis, the decon-
volutions are very similar.

The main remaining differences are the larger standard deviations of the
phases from ET measurements than from standard CSM. Comparing for ex-
ample the deconvolutions from CSM 2 Phases and ET 3 Phases in Cu25Cr
(Figure 3.13a), the mean modulus values of each phase are equal: around
145 GPa for the most compliant phase and around 260 GPa for the stiffest
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phase. But the phases have higher standard deviations when derived from
the ET than from standard CSM measurements: 14.2 GPa vs. 8 GPa for the
most compliant phase and 74.2 GPa vs. 70 GPa for the stiffest phase.

Also the area fractions depend on the measurement technique. The most
compliant and the stiffest analyzed phases in each deconvolution have a
phase fraction of 62 % and 38 % when measured from the standard CSM
modulus distribution and 58 % and 40 % from the ET distribution with
three phases, respectively.

In Cu60Cr, the modulus deconvolutions show greater difference between the
standard CSM and ET deconvolutions than for Cu25Cr (Figure 3.13c). The
mean values of all phases are higher in the ET distribution than in the stan-
dard CSM distribution for the same number of analyzed phases.

A modulus variation greater than 100 GPa is also observed in the compacted
Cr sample when measured with standard CSM (see Figure 3.5) and with ET
experiments (see Figure 3.10). In comparison, the modulus of the Cu com-
pacted sample does not show such a large difference with the nanoindenta-
tion method, and only varies between 125 GPa with standard CSM versus
120 GPa with ET experiments.

The reason for this observed behavior of the modulus in the compacted Cr
sample and the samples with large Cr content might be that chromium has
strain-rate dependent elastic properties, and that the standard CSM and ET
indentation measurements represent very different strain rates. Indeed, the
indentation rates were estimated as around 300 nms~! to 1000 nms~! in the
ET experiments, and below 50 nm s~ !in the standard CSM experiments, thus
with at least a factor 6 in the indentation rates of both measurement methods.
This would also lead to large differences in the strain rates of the indented
materials. Assuming that the stiffest phases of the Cu-Cr composites contain
more Cr than the most compliant ones, the increase of their mean modulus
with both the indentation rate and the Cr content of the sample could be ex-

plained by the higher influence of the indentation rate of the measurement on
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Cr than on Cu. This must be considered in the choice of the nanoindentation
method.

The hardness of the softest phase in the deconvolutions from both measure-
ments has similar mean values in all Cu25Cr analyzes, as well as in Cu60Cr
(Figures 3.13b and 3.13d). The standard deviations of these phases are how-
ever somewhat larger when measured from ET than from the standard CSM:
compare for example CSM 2 Phases and ET 3 Phases in Figure 3.13d.
Also, the addition of a third phase in the deconvolution of distributions from
ET measurements improves the resolution of the individual phase properties.
For example, comparing ET 3 Phases and ET 4 Phases to CSM 2 Phases
from the hardness distribution in Cu25Cr on Figure 3.13b, the mean value of
the softest and hardest investigated phases in the ET 4 Phases deconvolution
are closer to the mean values in CSM 2 Phases than the mean values in ET 3
Phases are. Also, in this example, the standard deviations of the softest and
hardest investigated phases are reduced in the ET 4 Phases deconvolution
compared to those of ET 3 Phases.

3.3 Discussion

3.3.1 Relation between microstructure and mechanical
properties

Shallow indents were made around a Cr particle in the Cu25Cr sample (see
Section 3.2.2). The influence of the Cr phase is clearly visible in the load-
displacement curves, as well as in the modulus and hardness evolution over
indentation depth (see indent 7 in Figure 3.4b). The hardness can even detect
indents located only partially on a hard phase: indents 3 and 4 in Figure 3.3
show a small peak of hardness at very low depths in Figure 3.4b.

Analyzing the mechanical properties measured at indent 7, the plateau modu-
lus at shallow depths, typ. below 500 nm is in the same range as the modulus

of Cr (see Table 3.1). However, the hardness of the Cr particle in the com-
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Figure 3.13: (a, ¢) Modulus and (b, d) hardness deconvolutions from standard CSM and ET
nanoindentation measurements at 1 um indentation depth in (a, b) Cu25Cr and (c,
d) Cu60Cr. The EM fitting procedure with two to four phases was used. For a bet-
ter visibility, the phases that fulfilled the following conditions are not displayed:
phase mean value larger than in the previously investigated Cr sample, standard
deviation above a third of its mean value and area fraction below 8 %.

posite at shallow depths is much lower than the hardness of the compacted
Cr sample: at 500 nm, the hardness in the compacted Cr is around 3.7 GPa,
and 2.2 GPa in the Cr particle of Cu25Cr. This could be explained by the
influence of the Cu neighboring phase on the measured hardness, acting like
a soft substrate for the hard Cr film in Cu25Cr.

Despite a Cr particle thickness of around 2 um, the modulus and hardness
of indent 7 deviates largely from the Cr properties at a depth of 200 nm.
This depth corresponds to a depth over thickness ratio of 10 %. This means
that neither the Buckle’s rule of thumb of 10 % [118], nor the criterion for a

ratio of the indentation depth over the particle thickness proposed by Durst
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et al. [76] can be applied here for determining the hardness of this Cr film on
the softer Cu substrate.

One difference between this experiment and the simulation from Durst et
al. [76] is the larger height to diameter aspect ratio of the Cr particle near
the analyzed indent, compared to 0.05 for the particles simulated in [76].
Indeed, the particle ECD at the surface is 14.8 um (see Figure 3.3a) and its
aspect ratio is estimated as 0.14. However, following the simulations in [76],
an increased aspect ratio should actually increase the depth-over-thickness
ratio for which the particle’s properties can be estimated accurately.
Another possible reason for the discrepancy between the simulation and the
experiment is the difference in material properties. A hard particle or thin
film on a soft substrate were simulated, with both materials having the same
elastic modulus and a factor of two in yield strength, thus, also in hardness;
though in this experiment, the Cr particle is twice as stiff as, and three times

harder than the Cu substrate (see Figure 3.5).

3.3.2 Single phase measurements

In both Cu25Cr and Cu60Cr, some indents from standard CSM experiments
were assigned to either a Cu or a Cr phase, depending on their location from
optical microscopy and their indentation curves (see Section 3.2.3). The
others had ambiguous location and/or indentation curves and were not con-
sidered in this analysis.

However, the Cu-rich and Cr-rich phases of the composites as defined in this
analysis behave differently than the Cu and Cr compacted samples (see Fig-
ure 3.5). Possible reasons for the different behaviours are that the phases
were not determined from perfect measurements at infinitely shallow depths
and that the materials were probably not perfectly biphasic (see e.g. Fig.1
in [101]). Therefore, the phases seem to mechanically interact with each
other, and the mechanical properties of the individual phases of the compos-

ites cannot be directly measured from such experiments.
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3 Nanoindentation of Cu-Cr composites

Young’s modulus

The smallest modulus for the Cu phase was found in the compacted Cu sam-
ple (Fig 3.5), followed by Cu60Cr and finally Cu25Cr. The highest modulus
of the Cr phase was found in the compacted Cr sample, followed by the
Cu60Cr and the Cu25Cr samples. The reasons for the modulus differences
depending on the Cr content could be the diffusion of one phase into another,
the presence of foreign particles or pores, or the influence of the surrounding
material.

The amount of chromium diffusing into copper as solid solution is esti-
mated as 0.4 % [111]. Considering the small differences in lattice parameters
(2.88 A and 3.61 A for Cr and Cu, respectively) and an estimated amount of
Cr in the Cu lattice of 0.4 at-% to 3 at-% [110], the effect of the Cr solid
solution on the Cu lattice is small and can be very roughly estimated to be
limited to a reduction of 0.1 % to 0.6 % of the Cu lattice parameter, accord-
ing to Vegard’s law [119]. Following [120], a smaller lattice constant would
lead to a higher Young’s modulus. Thus, the Cr solid solution does surely
contribute to the modulus difference of 12.5 % between the Cu phase in the
Cu60Cr and the Cu composites.

Another factor is the presence of Cr particles in the Cu phase [111]. They
are estimated to represent 1 % to 3 % of the volume and have a diameter of
100 nm to 200 nm [111]. Applying the lower and upper rules of mixture on a
composite made from a Cu matrix and Cr particles, the modulus increase of
the Cu phase due to the presence of Cr particles would be between 1 % and
3%.

Finally, the influence of porosity on the modulus of the Cu phase in Cu-Cr
composites needs to be considered. Indeed, the relative density of the Cu
sample is only 97.7 % (see Table 3.2), while the relative density of the Cu-Cr
composites is as high as 99.4 % in Cu25Cr and 98.3 % in Cu60Cr. Thus, the
porosity in the Cu-Cr composites is lower than in the compacted Cu sample.
Moreover, it is concentrated in the Cr phase or at the interfaces [111]. After
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Lebedev et al. [121], “a reduction of the modulus due to the porosity can be

well approximated by a simple formula”:

E = Epur exp(—aAp/p) (3.2)

where Ep,;; is the modulus of the bulk, poreless material, and o an experi-
mental constant. Assuming o equal to —4.0, as calculated from the experi-
ments on Cu from Lebedev et al. [121], the actual porosity of the compacted
Cu sample would decrease its modulus by up to 9 % compared to that of
bulk copper. Thus, the difference in porosity of the Cu phase in the com-
pacted Cu sample and in the Cu-Cr composites could explain most of the
modulus differences observed.

Furthermore, the modulus in the Cu phase varies by up to 18 % comparing
Cu25Cr and Cu60Cr in the depth range between 250 nm and 1900 nm (see
Figure 3.5a). Thus, the neighboring Cr phase does not seem to influence the
modulus estimation in the Cu phase of the composites, even in the composite
with highest Cr content, or at the highest investigated depths. This indicates
that despite the lower number of investigated curves in Cu60Cr (only 5 in-
dents could be assigned to the Cu phase of the Cu60Cr sample, and 10 for
Cu25Cr), and the lower Cu phase fraction in the composite, the modulus
of the Cu-rich phase can be determined accurately with nanoindentation in
selected locations.

The Cr-rich phase however, shows large differences in the evolution of the
modulus over depth between the investigated samples (see Figure 3.5a).
First, it should be noted that, as the nanoindentation tip has been calibrated
in the range of 200 nm to 2000 nm only, the deviations of the calibrated tip
geometry for depths below 200 nm would impact the measured hardness and
modulus values, but with a consistent error for all indents. The modulus of
the compacted Cr sample is constant with the indentation depth, which is ex-
pected, considering the sample homogeneity. The modulus also corresponds

to the literature value for Cr, as summarized in Table 3.1. The modulus of
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3 Nanoindentation of Cu-Cr composites

the Cr phase (around 300 GPa) is not reached at depths higher than 200 nm,
but approaching modulus values are reached in all three samples (Cu25Cr,
Cu60Cr and the compacted Cr) at a depth around 100 nm. For larger indenta-
tion depths, the modulus of the Cr phase decreases in the Cu-Cr composites,
whereas it remains rather constant in the compacted Cr sample. The modu-
lus decrease with depth is larger in the samples with higher Cr content in the
composite.

As the diffusion of Cu into Cr is negligible [110], and no Cu particles were
found in the Cr phase [111], one can exclude that this behavior comes from
Cu impurities in the composites Cr phase. However, the influence of the
neighboring softer Cu phase should influence the determination of the me-
chanical properties of the harder Cr phase in the composites, in particular at
larger depths & compared to the particles’ characteristic size D. Indeed, the
mechanical properties of a single phase can only be accurately determined
for a phase size over indentation depth ratio % higher than 10 [97].

The characteristic size of the Cr particles in Cu25Cr and Cu60Cr is estimated
by their mean diameter. Both particles have bimodal diameter distributions
(Table 3.6), with the smallest particles having a mean diameter of 25 um in
both samples. According to the phase separation criterion from [97], indenta-
tion depths below 1.7 um to 2.5 um should resolve the mechanical properties
of the Cr particles only. However, a deviation of more than 10 % from the
elastic properties of the compacted Cr sample is observed for depths larger
than 600 nm in Cu25Cr, and 1200 nm in Cu60Cr. The discrepancy here might
come from the actual shape of the Cr particles, which are not spherical but
rather in a coin-shape [111]. Assuming that the criterion of lhl > 10 holds, the
mean thickness of the Cr particles can be estimated as 6 ym in Cu25Cr and
12 um in Cu60Cr, and the particles have an aspect ratio of 2 to 4, depending
on the sample.

An additional interesting question would then be if the indentation depth was
large enough in these experiments to measure the homogenized modulus of

the Cu-Cr composites, i.e. if both phases are so small compared to the mea-
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surement depth that the microstructure does not influence the modulus mea-
surement (see e.g. [1, 122]). The homogenized modulus can be estimated
based on the Voigt and Reuss rules-of-mixture and is in the range of 151 GPa
to 170 GPa for Cu25Cr and 195 GPa to 220 GPa for Cu60Cr. The averaged
modulus values just below 2 um depth were 187 GPa in Cu25Cr and 224 GPa
in Cu60Cr (Fig. 3.5). Thus, the depth for which the homogenized modulus
can be measured is probably larger than 2 um and has not been reached in

these measurements.

Hardness

Composites versus compacted samples In the single-phase measure-
ments, the hardness is higher in the composites than in the compacted sam-
ples (see Figure 3.5b).

First, as shown in Section 3.2.1, the surface tilt influences the comparison of
the hardness distributions between the samples, as it leads to an underestima-
tion of the hardness for some samples. The variation of hardness between the
single phases of all samples is underestimated, as the measured hardness is
underestimated by 19 % in both phases from Cu60Cr, somewhat less under-
estimated in both phases of the less tilted Cu25Cr sample, and quite accurate
for both, even less tilted, compacted Cu and Cr samples.

For the Cu-rich phase, the hardness variation can be correlated to the fraction
of the harder Cr-phase in the sample: the hardness of the Cu-phase in Cu60Cr
is higher than in Cu25Cr, and the hardness of both samples are higher than in
the compacted Cu sample. Material size effects might also explain the hard-
ness differences measured in the samples: when the Cr content increases,
the characteristic size of the Cu-rich phase decreases. Interestingly, this does
not hold for the Cr-rich phase, where the composite samples show harder
Cr-rich phase than the compacted Cr sample, and the Cr-rich phase is harder
in Cu60Cr than in Cu25Cer.
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3 Nanoindentation of Cu-Cr composites

Furthermore, when the Cr volume fraction increases, the distribution of the
Cr particles diameter varies by less than 20 % (see Table 3.6). In Figure 3.1b,
one can clearly see the Cr particles boundaries, where the porosity concen-
trates, probably as a consequence of the FAST material production. The
particles boundaries are not so clearly visible in the Cu matrix, neither in
Cu60Cr nor in Cu25Cr.

Finally, the phase interface density increases with the sample Cr content [111],
which leads to a harder material. Thus, the microstructure of the composites,
and in particular of Cu60Cr, might explain the differences in the measured

hardness.

Variation of the hardness with indentation depth As shown in Fi-
gure 3.5b, the hardness of all samples decreases with increasing indentation
depth, in particular in the Cr-rich phase. Some microstructure-related effects
and the indentation size effect play a role for the measured hardness, and are
detailed below.

Microstructure-related size effects The grain size is known to play
arole on the hardness measured in metals. In general, the hardness increases
with decreasing grain size (See Section 2.1.1). In the Cu25Cr sample, the
FIB cross sections showed that the grains possess a different size on the sur-
face compared to that of the unprepared material at higher depths (see Fig-
ure 3.4a). The Cu grains were estimated to have a mean size of 400 + 100 nm
within the first micrometer from the surface and of 5 um at higher depths, as
measured on a cross section next to the location shown in Figure 3.4a. The
difference in grain size between the sample surface and the deeper material
is probably related to the deformation layer induced by the mechanical pol-
ishing of the samples, which is known to “work-harden the material in the
near-surface region” [96]. Yet, the size of the deformation layer at the sur-

face, as well as the effects of polishing on each single phase, may vary with
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the sample composition and morphology and thus have an influence on the
measured hardness.

According to the Hall-Petch model (Section 2.1.1), a reduction of the grain
size of Cu from 5 um to 400 nm would lead to a hardness increase of 0.35 GPa.
For a grain size decrease by 200 nm from 500 nm, the hardness would in-
crease by 0.13 GPa. Thus, a different mean grain size in the near-surface
region, compared to that deeper in the sample, could contribute to the vari-
ations in the hardness observed in the individual samples’ phases over the
indentation depth, as well as between the samples.

Besides the presence of a deformation layer near the surface, the measured
hardness can be influenced by the phases actually being heterogeneous at the
rather small investigated scale of 0.2 um to 2 pm, for example through solid
solution or precipitation. If Cu does not diffuse into Cr [110], Cr can diffuse
into the Cu phase during the sample preparation per FAST and precipitate
during the sample cooling, as suggested by v. Klinski [111].

Considering a size of 100nm to 200 nm, and atomic fraction of 0.4 at-%
(or 0.41 vol-%) for such precipitates [111], the hardness increase due to Cr
precipitation in the Cu phase is limited to around 2 MPa to 83 MPa, using
the Orowan [123] and the Ashby-Orowan theories [124], with a Cu shear
modulus of 48.3 GPa!, and Burger’s vector of 2.55 A2, As the exact size dis-
tribution of these particles is unknown, also smaller particles (around 50 nm
diameter) with the same atomic fraction might be encountered. Then, the
hardness increase is in the range of 6 MPa to 200 MPa. Thus, this hardening
mechanism surely contributes to the difference of 500 MPa in the single-
phases hardness between the Cu phase of Cu25Cr and the compacted Cu
sample.

! Calculated using E(1 4 v)/2 with E and v from Table 3.1
2 https://www.copper.org/resources/properties/atomic_properties.html, vis-
ited on 23rd March 2018
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Indentation Size Effect The Indentation Size Effect (ISE) is described
as an increase of the hardness with decreasing indentation depth in single
crystals, and is particularly relevant for depths below 1 um [125]. Accord-
ing to Pharr et al. [125], the ISE “can be observed only when the specimen
dimensions approach the average dislocation spacing and when plastic de-
formation is controlled by a limited number of defects”.

In this work, a decrease in hardness from 2.5 GPa at 2 um to 6 GPa at 250 nm
was observed for the Cr compacted sample (Fig. 3.5). But also the Cu com-
pacted sample shows a size effect, as its hardness increases from 0.7 GPa at
2um to 1.5 GPa at 250 nm (Fig. 3.5).

As suggested by Nix and Gao [126], the hardness increases with decreasing
indentation depth, as: (Hio)2 =1+ %, with the hardness H, the indentation
hardness at infinite depth Hy, the indentation depth 4 and 4" a characteristic
length scale. This relationship implies that a plot of H* as a function of
% should be linear. Hj is the square root of the intercept and i* the slope
divided by the intercept, respectively.

The Nix-Gao model appears to describe the behaviour of the compacted Cu
and Cr samples (Figure 3.14): a straight line fits the whole indentation depth
range. For the Cu compacted sample, the Nix-Gao fit parameter Hy is near to
the values found in the literature (Table 3.10). As a consequence, the depth
of investigation does have an influence on the measured hardness, and for
the investigation of the composite influence on the hardness properties of a
single phase, the investigated depth should be limited to depths above 500 nm
to 1000 nm, where the ISE is weaker.

3.3.3 Determining phase properties in Cu-Cr composites

Comparison of nanoindentation techniques

First, independent of the nanoindentation testing procedure, the impact of
the surface quality on nanoindentation measurements should not be underes-

timated. In particular, a higher surface roughness leads to an increase in the
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Figure 3.14: Nix-Gao plot for investigation of the ISE in single phase indents of compacted Cu
and Cr samples.

Table 3.10: Indentation Size Effect parameters from fits over whole indentation range in the
compacted Cu and Cr samples and from literature, when available.

Fitted phase Hy (GPa) A* (um)
Compacted Cu sample 0.48 2.3
Compacted Cr sample 1.93 1.4
Cu [127-132] 0.5t00.675 0.2t00.7

standard deviation of the phase properties, as in the modulus deconvolutions
from CSM and ET in Cu25Cr (Figure 3.13a).

The sample tilt also leads to underestimating the hardness by up to 20 %.
As the Cu60Cr sample is more tilted than Cu25Cr, the hardness differences
of similar phases are underestimated, when the composites are compared.
Besides the sample tilt, these differences could also come from an increased
influence of the phase with the largest phase fraction, i.e. Cu in Cu25Cr
softens both phases, and Cr in Cu60Cr hardens them.

Both nanoindentation testing procedures have advantages and drawbacks.
For the CSM, the main advantage is the possibility to decide, a posteriori, the
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3 Nanoindentation of Cu-Cr composites

indentation depth at which the distribution is analyzed. However, the rather
long testing time does not easily enable testing a large number of locations,
which is required to accurately determine the phase properties, in particular
the phase fractions. Also, the phases from the deconvolution of the CSM
modulus measurements correlate well with the properties of both compacted
samples. For instance, the Cu-rich phase of the Cu-Cr composites has a
modulus around 140 GPa to 160 GPa in the composite samples. The phase
with the second largest fraction has a mean value around 240 GPa to 260 GPa
and is, thus, assumed to be a Cr-rich phase.

Conversely, the ET testing procedure does only measure the mechanical
properties at a given depth. It has the advantage of measuring a larger num-
ber of locations in the same amount of time compared to the standard CSM
technique and, thus, to facilitate the determination of the phase properties.
However, the ET procedure applies high strain-rates, and may not be suit-
able for materials showing strain-rate dependent material properties, such as
Cr or viscoelastic materials. For example, the modulus of the compacted Cr
sample is much higher when measured with ET than with CSM. The high
strain rates probably also explain the large differences in the mean modulus
of the Cr-rich phase from the deconvolution of Cu60Cr, i.e. around 300 GPa
with ET and around 250 GPa when measured with CSM.

Comparison of methods for analyzing indents

SNT provides a quick and reproducible deconvolution of the mechanical
properties of Cu-Cr composites. Two phases are expected to be found, with
mean modulus and hardness between the modulus and hardness of the com-
pacted samples of Cu as lower bound and Cr as higher bound.

From the modulus and hardness values presented in Section 3.2.4, the phase
(or phases) with lowest mean modulus or hardness are assumed to present
a higher content of Cu, and are thus assigned to the Cu-rich material phase.

Similarly, the stiffest or hardest phases present a higher Cr content and are
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Table 3.11: Cu-rich and Cr-rich phase properties from SNT of the CSM experiments, com-
pared to the Cu-rich and Cr-rich phases mean properties from single phase experi-
ments (selected indents) in the same Cu-Cr composites samples. All measurements
were done at 1 um depth.

Property
Modulus (GPa) Hardness (GPa)
Cu-rich phase
CudsC From SNT 14248 1.204+0.03
USM gelected indents 136 +7 1.18+0.07
cusocy  From SNT 153419 1.60+0.20
4 Selected indents 131+8 1.40+0.07
Cr-rich phase
curscy  From SNT 26070 27+1.1
u Selected indents 231+ 34 3.64+0.9
From SNT 239417 32408
Cub0Cr ¢ lected indents 257 +7 3.840.7

assigned to the Cr-rich phase. The modulus and hardness values measured
in single material phases of each sample (see Section 3.2.3) are then com-
pared to those of the Cu-rich and Cr-rich phase properties determined from
deconvolution of the CSM experiments in Table 3.11.

The deconvoluted phases show an increased influence of the neighboring
second phase compared to the results from selected indents. This can be
seen in particular in the modulus of both phases, and in the hardness of the
Cr-rich phase.

In the Cu-rich phase, the modulus of all phases determined from SNT and the
standard deviation are higher than those from the single phase experiments.
This holds in particular in Cu60Cr, the composite with higher Cr content.
Thus, the SNT does not only resolve the Cu-rich phase properties, but also

measures the stronger Cr-rich phase.
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In the Cr-rich phase, the modulus shows a higher standard deviation when
determined from SNT. Interestingly, in Cu25Cer, this phase modulus is higher
when determined from SNT as when determined from selected indents,
whereas the contrary happens for Cu60Cr. Yet, if the number of indents are
comparable between both measurement methods (5 to 10 in the single phase
measurements, and 25 for both phases in the SNT), the exact microstructure
below the indents is different. Also, the neighboring Cu-rich phase influ-
ences the Cr-rich phase properties determination in both analysis methods,
as the modulus measured in the Cr compacted sample was 276 & 10 GPa,
i.e. higher than all averaged moduli in the Cr-rich phases of Cu25Cr and
Cu60Cr.

Considering the hardness, the averaged values from SNT are less scattered
compared to those from the single phase measurements, i.e. the Cu-rich
phase hardness is higher and the Cr-rich phase is lower in the SNT. This
clearly highlights that the neighboring phase influences the determined prop-
erties in the SNT, even after deconvolution. This effect is less important at
smaller indentation depths. Table 3.12 presents the same experiments results
as Table 3.11, but at a depth of 500 nm.

At 500 nm indentation depth, i.e. below the phase separation criterion as
determined in the Section 3.3.2, the accuracy of the SNT is improved com-
pared to the phases as determined from selected indents. The phases have
lower standard deviations of their measured modulus and hardness, in par-
ticular the Cu-rich phases, and the mean values from both analysis methods

are nearer to each other than at 1 pm.

Comparison of fitting procedures in the SNT

Regarding the statistical analysis, both fitting procedures present some inter-
esting features and some issues. The major interest of the EM fitting proce-
dure is the calculation of the BIC. The BIC enables to select the optimal fit

out of fit replicas with different sets of random parameters and a given num-
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Table 3.12: Cu-rich and Cr-rich phase properties from SNT of the CSM experiments, com-
pared to the mean properties from single phase experiments (selected indents)
in the same Cu-Cr composites samples. All measurements were done at S00 nm

depth.
Property
Modulus (GPa) Hardness (GPa)
Cu-rich phase
CudsC From SNT 143+6 1.504+0.04
UM Selected indents 139+£2 1.49+0.04
From SNT 148 +11 1.94+0.1
Cu60Cr Selected indents 137+£8 1.9+0.1
Cr-rich phase
Cud5Cr From SNT 263 +48 34+1.1
u Selected indents 256 £21 4.2+0.8
3.8+1.0
cusocr  [rom SNT 254+21 420+0.04
Selected indents 278+5 4.5+0.5

ber of phases, and to also select the best number of phases (as in e.g. [103]).
A more detailed comparison of both fitting procedures can be found in Ap-
pendix A.

In the following, the surface fraction estimations from statistical analysis
from both CSM and ET nanoindentation experiments and from optical mi-
croscopy are compared (Table 3.13).

Using the Cr-rich phase fractions measured by optical microscopy as a ref-
erence, the statistical analysis of the modulus from ET measurements seems
to provide more reliable phase fractions (see Table 3.13) than the CSM ex-
periments. The lower number of indents in the CSM experiments might be
the reason for the large variations between the phase fractions from the SNT

analysis based on CSM measurement and from optical microscopy. Also
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Table 3.13: Cr-rich phase fractions estimated in Cu25Cr and Cu60Cr from both optical mi-
croscopy and SNT of the modulus and hardness distributions, measured via ET and
CSM methods. When more than two phases describe the composite mechanical
properties distribution, the sum of the phase fractions of the two stiffest phases
were added to estimate the Cr-rich phase fraction.

Phase fraction (%) SNT Optical
Distribution Modulus Hardness

NI method CSM ET CSM ET

Cu25Cr 38 37to43 53 38t043 35
Cu60Cr 34 63t070 48 641082 65

small variations in the microstructure between the two locations investigated
by nanoindentation and optical microscopy might contribute to the differ-
ences.

Independent of the measurement method, the analysis of the hardness data
provides higher values of the Cr-rich phase fraction than the analysis of the
modulus data. As both distributions come from the exact same measure-
ments, in particular the same locations, the hardness seems to more accu-
rately detect the presence of a harder phase under an indent than the modulus

the presence of a stiffer phase.

3.4 Summary

3.4.1 Applicability of the SNT on bi-metal composites

The applicability of the SNT to characterize the microstructure of bi-metal
composites has been successfully investigated.

Both investigated Cu-Cr composites present a bi-phased microstructure com-
posed of a (softer) Cu-rich and a (stiffer and harder) Cr-rich phase, which

was confirmed by the SNT in most cases. However, in some analyses, a third
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phase was found in the deconvolution results from SNT, which then refined
the properties determined for one of the two phases.

In general, the SNT can measure the modulus of the Cu-rich phase quite ac-
curately, but with a large standard deviation, whereas it provides less accurate
results for the Cr-rich phase. Also, the SNT is well indicated to measure the
hardness of the softer Cu-rich phase, but underestimates that of the Cr-rich
phase. This corroborates the results from the FE study performed by Durst
et al. [76] on the hardness measurement of a film on a substrate.

Finally, at the relatively large indentation depth compared to the character-
istic sizes of the mechanical phases, the modulus and hardness measured
in both phases are better resolved when the investigated phase has a larger

relative fraction in the investigated composite than the contrary.

3.4.2 Conclusions on the SNT analysis

Some more general conclusions about the SNT can be drawn from this study.
In the SNT analysis, the execution of the nanoindentation experiments as
well as the experiment analysis play a more important role than the choice
of the statistical fitting procedure in achieving a reproducible and accurate
determination of the mechanical phases’ properties. The nanoindentation
testing procedure and its analysis must be adapted to the sample microstruc-
ture to meet the requirements of the statistical analysis.

Indeed, if, a priori, both CSM and ET nanoindentation techniques can be
suitable to test heterogeneous materials, ET experiments have the big advan-
tage of providing more data in a short time. They should be avoided, how-
ever, for materials with strain-rate dependent mechanical properties. More-
over, besides the NI technique, the choice of the indentation depth is the most
important parameter of the experimental part of the SNT. Finding the best
compromise between the contradictory constraints coming from the sample

microstructure and the surface quality is not straightforward.
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However, whenever the microstructure of the material is not well-known or
can’t be investigated thoroughly previous to the experiments, an estimate on
the characteristic size of the smallest phase can be determined e.g. by com-
paring with SNT the phase deconvolutions of successive ET experiments
series at different indentation depths. Then, the characteristic size of a phase
can be derived from the largest indentation depth providing consistent de-
convolution results.

Also, regarding the statistical analysis, it was shown that the use of the BIC to
compare fit results does improve the estimation of the number of phases. But,
independent of the information provided by the BIC parameter, the number
of phases must be carefully considered. Indeed, in a statistical analysis, the
presence of a statistical phase at the edges of the distribution, with a large
ratio of standard deviation to mean value and a small phase fraction, might
actually capture some experimental noise. On the other hand, it might also
help improve the determination accuracy of the properties of the remaining
phases.

Finally, it has been shown from the comparison of the phase fractions of
the Cu-Cr composites that the hardness seems to more accurately detect the
presence of a harder phase under an indent than the modulus the presence of
a stiffer phase. Thus, whenever possible, both the hardness and the modu-
lus distributions should be investigated via SNT to determine the number of

phases in the material.
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4 Nanoindentation of Passiflora
discophora attachment pads

Various attachment strategies are used by climbing plants [133]. Unlike most
Passifloraceae, which climb using coiling tendrils [133], the passionflower
Passiflora discophora uses dedicated organs for climbing, called attachment
pads [24]. The pad morphology has been investigated by Bohn et al. [24], and
revealed a heterogeneous structure made of two main tissues: “a lignified and
thus stiff central tissue surrounded by less stiff parenchyma and pad tissue”.
This study aims to better understand the structure-function relationship of
the attachment pads, by investigating Young’s modulus of both tissues with
nanoindentation. The challenge of the nanoindentation measurement lies in
testing the small, soft, cellular, and heterogeneous structure of the attachment
pads with a statistically sufficient number of data. From the nanoindentation
results, a pad model is proposed and analyzed using Finite-Element (FE)
modeling study to gain insight into the relationship between microstructure
and stress distribution in the pad when the pad branchlet is pulled in the

direction of the plant stem.

4.1 Experimental details

4.1.1 Material description and sample preparation

Passiflora discophora attachment pads (see Figure 4.1) in the dried state were
collected from plants growing on wood substrate in the Botanic Garden of
the Freiburg University in Germany [24]. The mean diameter of the pads was

1.63 +0.50 mm [24]. Large specimens were chosen for the microscopy anal-
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4 Nanoindentation of Passiflora discophora attachment pads

ysis and mechanical testing, as a larger size indicates a fully developed pad,
and also offer a larger area for testing. The pads were embedded in paraffin
wax (Surgipath® Paraplast® tissue embedding medium, Leica Biosystems
Nussloch GmbH, Germany) and glued with the same wax to an aluminum
cylinder. The wood substrate was glued parallel to the sample holder sur-
face. The sample was cut parallel to the sample holder surface with a sledge
microtome (Leitz™ 1400, Germany) to obtain smooth cross sections for mi-
croscopy and nanoindentation experiments. After a cross section in one sam-
ple was tested, the sample was cut again removing the already tested layer,
revealing a new cross section of the pad, parallel to the previous one and

closer to the substrate.

Figure 4.1: Two Passiflora discophora attachment pads, as received. They are attached to a
wood substrate.

4.1.2 Microstructure investigations

An optical microscope (Nikon Eclipse LV150N) was used for visual control
of surface quality prior to mechanical testing and imaging the microstruc-
ture. Additionally, micro computed tomography (u-CT, scan and reconstruc-
tion by RJL Micro & Analytic GmbH, Karlsdorf-Neuthard, Germany) was
used to investigate the three-dimensional microstructure of a pad. A major
advantage of this method is that it is non-destructive and not restricted to
conductive materials. As the scan magnification is directly related to the dis-

tance between the sample and the source, the sample must be placed as close
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Figure 4.2: 3D reconstruction of a P. discophora attachment pad (P) from a p-CT scan with a
resolution of 0.65 um/voxel. The x-axis indicates the branchlet (B) main orienta-
tion and the z-axis the orientation perpendicular to the (wooden) substrate (S).

as possible to the X-ray source to increase the magnification!. Considering
also the fixed opening angle of the source, the smaller the sample size, the
closer the sample can be placed to the source and the higher the resolutions
that can be achieved. However, smaller pads may not be fully developed or
may possess smaller cells. Thus, a scan of a Passiflora discophora attach-
ment pad with a diameter around 1.8 mm was done, which enabled to achieve
a high resolution of 0.65 um/voxel (see Figure 4.2). After 3D reconstruction,
the microstructure of the sample was investigated using the software package
Avizo Standard V. 8.1 (FEI®, Hillsboro, Oregon, USA).

Additionally, the area and the position of every closed cell were determined
in two perpendicular cross sections scanned with u-CT. Therefore, the bina-
rization and watershed algorithms from image editing software ImageJ (Ras-
band, W.S., U. S. National Institutes of Health, Bethesda, Maryland, USA)
were used to separate adjacent cells. Then, the center of mass, the area, the
minor and the major length of the cells are measured with Imagel, as well as
the orientation of the major axis of the cells. Using the area, also the cells

Equivalent Circle Diameter (ECD) was calculated.

! See Texas Geosciences, Resolution and Size Limitations [of CT], http://www.ctlab.geo.
utexas.edu/about-ct/resolution-and-size-limitations accessed on 18th April
2018
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4 Nanoindentation of Passiflora discophora attachment pads

4.1.3 Nanoindentation procedure and statistical analysis

To investigate the properties of the pads of the climbing P. discophora, the
tissue of one pad was investigated with nanoindentation. A diamond conical
tip with a flat end of 15 um diameter and an angle of 60° was used. The tip
Young’s modulus and Poisson’s ratio were 1141 GPa and 0.07, respectively.
Nanoindentation analysis parameters € and 3 (see Section 2.2.1) were set to
1.

During the approach and the loading segments, the standard CSM nanoin-
dentation method was used at frequency of 45 Hz and with a harmonic dis-
placement amplitude of 2nm. The sample was loaded at a rate of 1 mNs™!
until a load on sample of 10 mN was reached. Then, the indentation modu-
lus was averaged over an applied load range between 5 mN and 9 mN. This
accounts for the large depth range reached by the indenter for various indent
locations. The surface detection was manually corrected for each indent with
the criterion that the load on sample versus displacement slope is 200 Nm™".
The thermal drift was not corrected for these samples, as the contact area
was nearly constant with the contact depth and the visco-elasto-plasticity of
the material could influence the thermal drift measurement [82].

Six successive cross sections of the pad were investigated, cut at distances of
20 to 100 um between them (Figures 4.3a to 4.3f). An average of 150433
indents were performed per cross section, as the total surface available varied
with the cross section position in the pad. It was ensured that the distance
between two indents was at least 30 um (twice the smallest punch diameter)
in every planar direction, to prevent testing of an already plastically deformed
area.

In addition, the cross section of a branchlet was prepared and tested with
the same nanoindentation procedure, but perpendicularly to the branchlet
longitudinal axis, in the direction going from the plant stem into the pad
(Figure 4.3g). Due to its smaller cross section, only 60 indents were per-
formed on the branchlet. The indentation modulus of the pad cellular struc-
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Figure 4.3: Passiflora discophora attachment pad cross sections (a) 1 to (f) 6 and (g) branchlet
cross section from embedded samples, light microscopy.

ture was evaluated assuming Poisson’s ratio v of 0. To calculate the Young’s
modulus with a different Poisson’s ratio, the following relation can be used:
Ey = (1-Vv?)Ey_

The modulus values were analyzed by the statistical nanoindentation tech-
nique. The Levenberg-Marquardt fitting algorithm (see Section A.1.1) was
used to fit the empirical modulus distribution in each cross section with a
sum of two to four Gaussian distributions, depending on the investigated pad

(or branchlet) cross section.
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4 Nanoindentation of Passiflora discophora attachment pads

Figure 4.4: (a) 3D rendering of a P. discophora pad from the u-CT scan. The branchlet lies
along the x-axis and the the z-axis is perpendicular to the substrate. (b) Three cross
sections of the same pad p-CT scan, along the planes shown in (a): x-z on the top,
x-y on the bottom left and y-z planes on the bottom right.

4.2 Results

4.2.1 Microstructure of the pads

The Passiflora discophora attachment pads are composed of different tis-
sues [24]. A 3D reconstruction of the pad investigated with p-CT (Fig-
ure 4.4a) and cross sections in different planes (Figure 4.4b) give a first
overview of the pad complex microstructure. The branchlet lies along the
x-axis and the the z-axis is perpendicular to the substrate.

Cross sections of interest with two different pad orientations are presented
in Figure 4.5. In Figure 4.5a, the pad (P) cross section is aligned with the
branchlet (B) and perpendicular to the substrate (S). In Figure 4.5b, the cross
section is parallel to both the substrate plane and the branchlet axis.

In the pad main body, two different tissues might be identified a priori based
on the light microscope pictures and the u-CT scan results. First, the tissue
layer at the periphery, which appears foamy and does not exhibit a particular

arrangement of the cells at first sight, in particular in the x-y cross section
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(Figure 4.4b). Cross sections of the 3D scan in different orientations relative
to the substrate reveal a large number of damaged cells in this peripheral
layer (Figure 4.5), as also observed by Bohn et al [24]. Examples of such
locations are marked by stars () in Figure 4.5.

In both pictures, the inner tissue (L) is located at the center of both pad
main body and branchlet. This tissue exhibits an ordered cell structure with
elongated, compactly stacked cells, with a low concentration of macroscopic
defects (Figure 4.5). As it correlates well with the central compact lignified
tissue described in [24], this tissue is assumed to be lignified.

A segmentation of this central lignified tissue in the pad p-CT scan is shown
in two different orientations in Figure 4.6. The substrate is not visible but
is located as usual in the negative z positions and the branchlet is oriented
along the x-axis. This central tissue resembles an arm and an “open hand
with fingers” [134]. To stay with this image, the arm is located inside the
branchlet; the palm is at the junction between the branchlet and the pad main
body, while a dozen of “fingers” are spread out in the pad main body. The

fingers are oriented radially around the pad center.

4.2.2 Modulus distribution in the pad

The modulus distributions in the pad cross sections and in the branchlet are
compared in Figure 4.7. The modulus values within one cross section vary
between 0.2 GPa and 4 GPa, whereas roughly 80 % of the modulus values
over all cross sections are distributed between 0.7 GPa and 2.7 GPa. A larger
fraction of compliant tissue is found in cross section 3 (CS 3) and of stiffer
tissue in CS 6 than in the total of all cross sections.

Figure 4.8 summarizes the deconvolution results of the modulus in the six
successive cross sections. In each cross section, two to four normal distri-
butions are necessary to fit the modulus distribution. The mean value of
each normal distribution is represented by a circle. The standard deviation

of the normal distribution is plotted as an error bar. The weight associated

81



4 Nanoindentation of Passiflora discophora attachment pads

Figure 4.5: Cross sections of one Passiflora discophora attachment pad P as reconstructed
from a p-CT scan (a) in the plane parallel to the branchlet B and perpendicular
to the substrate S and (b) in the plane parallel to the substrate. The stars (x) mark
locations with bigger cells, which can be understood as defects in pad structure.
The lignified central tissue is marked in the pad and the branchlet with a L.

Figure 4.6: Segmentation of a pad central lignified tissue based on a p-CT scan in two different
orientations. The x-axis indicates the branchlet main orientation and the z-axis is
normal to the substrate.
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Figure 4.7: Empirical modulus distribution in each cross section of the pad, in the branchlet
cross section and in all pad cross sections (branchlet excluded).
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Figure 4.8: Modulus phase in six pad cross sections and the branchlet. The point center of
each phase is located at the phase mean modulus value, the error bars indicate the
modulus standard deviation in the phase and the point area is proportional to the
phase area fraction in the cross section, as indicated in the legend.

to this distribution in the whole fitting function is proportional to the circle
diameter. Each normal distribution is assumed to describe a cross-sectional
phase, which mean modulus m; is the mean value, its standard deviation s;
the normal standard deviation, and the area fraction f; is associated to the
weight of the normal distribution. Most modulus values are found in a range

of between 1 GPa and 3 GPa, see the largest circles on Figure 4.8.
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Figure 4.9: Cell ECD, minor and major cell lengths in the pad x-y cross section of Fig-
ure 4.10a as explained in section 4.1.2. The punch tip diameter is indicated by
the vertical line (15 um). A few cell major lengths were larger than 90 um, but were
not plotted here for better readability.

4.2.3 Modulus distribution in the branchlet

The branchlet modulus distribution clearly lies at higher modulus values
(around 1.5 GPa) compared to those of the pad cross sections (Figure 4.7).
The deconvolution of the modulus distribution in the branchlet is presented
in Figure 4.8.

Only two phases are sufficient to describe the modulus distribution in the
branchlet. The phase with the lowest area fraction in the branchlet also pos-
sesses the lowest mean modulus (around 1.8 GPa). This modulus is similar
to the modulus of the phase with the highest area fraction in CS 1, for exam-
ple. The phase with the highest area fraction in the branchlet has the highest
mean modulus, around 3.5 GPa. This phase is also present in CS 1, 3 and 6,

but with smaller phase fractions.

4.3 Discussion

4.3.1 Role of cell size on nanoindentation experiments

As for all heterogeneous materials, the elastic properties measured via nano-

indentation are sensitive to the composition and the distribution of the ma-
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terial(s) underneath the indenter. In the case of biological materials, the cell
size, as well as the wall thickness and stiffness are important microstructural
parameters. The focus of this study, however, is on the properties of the pad
tissues rather than of single cells. Thus, an important experimental parame-
ter was the tip diameter that had to be large enough to capture multiple cell
walls for each indent, and small enough to capture the tissue’s properties.
Figure 4.9 represents the minor (smallest cell dimension), major (longest cell
dimension) and the ECD of the cells measured in the x-y cross section of Fig-
ure 4.10b. The tip diameter of the conical flat punch used in nanoindentation
is marked with a vertical line at 15 um. The ECD distribution ranges from 0
to over 80 um, and some cells have a larger diameter than the tip used in the
measurements.

However, since the median cell diameter lies around 10 um, i.e. well below
the punch diameter, the tip is appropriate to test a large majority of the cells.
Also, considering the minor cell size on Figure 4.9, over 80 % of the cells
have their smallest diameter being smaller than the tip diameter. This means
that a tip indenting at a random location has an 80 % chance to hit at least
one cell wall.

Moreover, comparing Figure 4.10b and Figure 4.5b, the largest cells are
mostly located at defect-rich areas, like the ones marked by stars on Fig-
ure 4.5. Although the indents locations were randomly positioned over the
pad cross sections, defect-rich areas, and with them the largest cells, have
been avoided. A negative consequence of this restriction in the indents loca-
tion might be the underestimation of the fraction of the most compliant pad
tissue(s).

Finally, with an indent diameter of 15 um and an indentation depth smaller
than 10 um, the indentation volume per indent is of the order of magnitude
of 1 x 10*um?3. This corresponds to an actual size of roughly 27 um being
solicited for the measurement of the elastic properties below the indent. The
characteristic sizes of the central and peripheral pad tissues are many times
larger, on the order of 100 um (Figure 5D in [24]).
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Figure 4.10: Cell location, cell area and cell angle in two pad cross sections with different ori-
entations: (a) parallel to the branchlet and perpendicular to the substrate and (b)
parallel to the substrate. The cross sections are the same as those presented in
Figure 4.5. The cell center of mass is at the circle center, the circle area is propor-
tional to the cell area and the circle color is the angle of the cell main axis towards
the x-axis, in degrees, scaled as in the color scale on the side. The outer black line
in (b) indicates the limit between the outer cell layers (R), which present a more

scattered organization, and the inner cells. The inner lignified tissue is marked
with L.

Thus, the chosen tip diameter, combined with the large indentation depths,
enables the measurement of the mechanical properties of the cellular struc-
ture(s) in the investigated attachment pad. Hence, the phases determined

from the statistical analysis can be associated with regions in the pad having
homogeneous modulus.
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4.3.2 The pad heterogeneous microstructure

The cells in the P. discophora pads have various size and orientations de-
pending on their locations in the pad or in the branchlet.

Figure 4.10 presents the cell location, area and angle in the cross sections
of Figure 4.5 measured as explained in section 4.1.2. In both cross sections,
the middle of each line is located at the cell center of mass, its length is
proportional to the ECD and the line color highlights its orientation between
0° and 180° of the cell longest axis towards the x-axis, following the angle
scale. This assumes that the cells have no direction in their longitudinal axis,
i.e. that the 0° and 180° orientations are equal.

The cell orientation in the branchlet lignified tissue follows the branchlet
geometry at the cell location (Figure 4.10a). For example, at the point with
highest z-coordinates in the branchlet, the cells are directed along the x-
axis, which is also the branchlet orientation at this location. Similarly, at the
junction region of the lignified tissue of the branchlet with the pad lignified
tissue (“palm”), the lignified tissue has an angle of around 45° with the x-
axis; at this location, the cells also have an angle around 45°, as indicated by
their light blue color.

The organization of the cells in a cross section parallel to the substrate is
highlighted on Figure 4.10b. The black contours indicate the limit between
the outer cell layers (R), which present a more scattered organization, and the
inner cells on the inner side of the contours. At the center of the pad main
body, the lignified tissue (L) consists of small, densely packed cells with no
uniform orientation. The unlignified inner tissue around this lignified central
tissue is made of cells with more variable area and a radial orientation. For
example, at position of higher x coordinates, i.e. under the branchlet, the
cells are mostly painted in dark blue or dark red; they are nearly aligned
with the x-axis. Similarly, the cells at the highest and lowest y coordinates
are mostly painted in light blue or light red; they are nearly aligned with the

y-axis.

87



4 Nanoindentation of Passiflora discophora attachment pads

Regarding the pad microstructure, two tissues with large area fractions are
visible on light microscopy pictures (Figure 4.3), on u-CT scans (Figure 4.5),
and on Figure 5D in [24]. The inner one is made of lignified cells, which have
rather small cross sections in the pad and which are continuously present
from the pad up into the branchlet (Figure 4.6). The outer tissue is radially
organized, and possesses a higher distribution of cell cross sections diameter
and of damaged cells. A small layer of more damaged, compliant cells at the
pad surface seems to protect the pad core (Figure 4.10b).

Bohn et al. [24] also concluded that the pads consist of a “lignified and thus
stiff central tissue”, surrounded by two tissues, the “parenchyma and pad
tissue[s]”. Both last tissues were described as “less stiff” than the central

tissue. In this study, these two tissues could not be distinguished.

4.3.3 Heterogeneous distribution of elastic properties

The phases from Figure 4.8 were grouped into four mechanically different
structural areas (Figure 4.11). These areas were defined such that, in priority

order:
e each phase in one cross section must fit into a single structural area,
e astructural area cannot contain two phases of the same cross section,

 within the previous constraints, the width of the structural area must
also contain each phase’s standard deviation.

As discussed above, one structural area represents a pad zone with homo-
geneous elastic modulus. The number of four areas is the smallest possible
number of regions that can be defined in this way, as e.g., the sixth cross
section possesses four phases. Like the phases, also the structural areas can
overlap. Table B.9 in Appendix B summarizes the modulus range and the
mean value of each structural area.

The structural area 1 is found only in small proportions in the cross sec-

tions and not at all in the branchlet. The embedding material could influence
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Figure 4.11: Four structural areas as determined from the modulus phases in six pad cross
sections and the branchlet.

the measured mechanical properties, in particular at the most peripheral lo-
cations in the cross sections. Indeed, Young’s modulus of the embedding
material, i.e. paraffin wax, is in the range of 0.23 GPa [135]. Furthermore,
the elastic modulus of parenchyma tissues is typically between 0.3 MPa and
14 MPa [136]. Since the branchlet is also embedded in wax, and contains
no phase in the first structural area, it is unlikely that only the wax proper-
ties were measured in this structural area. Elongated unlignified cells were
observed in the peripheral regions of pad cross sections [24], which are ex-
pected to have a lower stiffness. Also, this peripheral tissue shows degrada-
tion through senescence or tissue shrinking during drying (marked by * in
Figures 4.5a and 4.5b), which would result in reduced stiffness. Thus, the
first structural area could be influenced most by the unlignified peripheral
cells.

The structural area 4 is mainly present in the branchlet, where it represents
the largest phase fraction. The structural areas 2 and 3 are the most important

one in proportion and are present in almost constant fractions in all cross
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4 Nanoindentation of Passiflora discophora attachment pads

sections. The overlap of the areas 2 and 3 as well as 3 and 4 might be related
to a mechanical interaction of neighboring structural zones.

The structural areas 2 to 4 are much stiffer than the first structural area, and
are thus related to the presence of the stiffer lignified tissue in the pad core
[24]. The presence of three phases for a full description of this tissue’s
mechanical properties is explained by the stronger tissue anisotropy than
in the peripheral tissue. Indeed, first the cell structure mechanical proper-
ties are probably anisotropic, due to both the cell morphology and the ma-
terial anisotropy, like in a certain number of plant cells [136]. Wood for
example is known to show orthotropic mechanical properties [18, 136] and
to possess lignified, honeycomb-like, load-bearing cells [136]. The walls
of lignified wood cell also exhibit orthotropic mechanical properties, due
to the anisotropy of the cell wall layers: * the mechanical properties of
the cell wall in the longitudinal direction largely depend on those of the
S2 layer”, whereas “the S1 layer contributes significantly [to the transverse
modulus]” [136]. Thus, comparing the lignified cells of the attachment pad
with the lignified wood cells, which have similar morphology (large aspect
ratio) and function (load-bearing), one could expect the pad cells to show
orthotropic mechanical properties.

In the nanoindentation measurements, the pad structure was tested only per-
pendicular to the branchlet (Fig. 4.3). However, the orientation of the cells
in the inner tissue varies continuously from 0° (aligned with the branchlet) to
90° (perpendicular to the substrate), see Figure 4.5. The branchlet lignified
cells were tested along their longest axis, while the lignified cells in the pad
center where tested fully along their transverse orientation, across the grains.
Considering the continuous variation of orientation of the lignified cells, the
lignified inner tissue was tested in all orientations.

Thus, the structural area 4 can be understood as the elastic response of the
lignified tissue tested parallel to the cell main axis, i.e. the stiffest direction
of the tissue. This is corroborated by the fact that the inner branchlet cells in

the investigated cross section are aligned parallel to the indentation direction

90



4.3 Discussion

(see Figure 4.3g). The structural areas 2 and 3 also represent the elastic
response of the same tissue but were tested with a middle angle related to the
branchlet (area 3, angle around +45°) or high angle towards the branchlet
orientation (area 2, near +90°).

4.3.4 Role of the heterogeneity on the attachment

Based on the microscopic investigations and the definition of the pad struc-
tural areas from nanoindentation, a two-dimensional pad model was pro-
posed (Figure 4.12) [134] to investigate the linear-elastic stress distribution
within the pad and at the pad-substrate interface. Five zones were distin-
guished, and associated with isotropic, linear-elastic properties. The zone
properties (Table 4.1) were defined as the mean value of the elastic modulus
of each structural area (Section 4.3.3) and the substrate.

The zone A (Fig. 4.12) simulates the compliant, unlignified tissue found at
the pad periphery. Thus, the mean modulus of the most compliant structural
area was attributed to this zone. The zone D simulates the lignified tissue
in the branchlet. The cells are elongated and aligned along the tissue path,
as in the branchlet cross section that has been tested during nanoindentation
experiments. Thus, the mean modulus of the stiffest structural area was at-
tributed to the zone D. The geometry of zone B simplifies the path of two
"fingers" of the central lignified tissue (Figure 4.6), and zone C is the inter-
mediary zone between the zones B and D. For the substrate, a modulus of
10 GPa, typical of wood [18], was assumed. A Poisson’s ratio of 0.3 was
chosen for all phases, which is typical value for polymers [137] and wood
[18].

In the FE analysis (conducted by Dr. R. Kappel, IAM-WBM, KIT, Karl-
sruhe, Germany [134]), a force F of 10N is applied horizontally on the
branchlet cross section (Fig. 4.12), simulating the tensile force of the plant

stem on the pad. The substrate is fixed in all directions at its side opposite
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Figure 4.12: Attachment pad model for the simulation of linear-elastic stress distribution at
the pad-substrate interface. Four regions are marked from A to D, the substrate
is marked with S and the force applied on the branchlet with F. The scale bar is
1 mm.

Table 4.1: Elastic properties associated to the zones in the pad model.

Pad model zone Young’s modulus (GPa) Poisson’s ratio
A 0.5 0.3
B 1.4 0.3
C 2.1 0.3
D 34 0.3
S 10 0.3

to the pad and also laterally at the farthest substrate edge opposite to the
branchlet.

The von Mises equivalent stress is influenced by the geometry of the zones.
As can be seen in Figure 4.13a, the highest von Mises stress in the pad is
reached where the branchlet bends into the pad. The stress extrema near
the pad surface (dashed lines) are local extrema resulting from singularities
caused by the sharp edges of the pad model. They are not considered in
the following. Opposite the branchlet (negative positions along the interface,
see Figure 4.13b), tensile normal stresses occur, which may cause the pad to
peel off. Underneath the branchlet (positive positions along the interface),
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Figure 4.13: a) Von Mises stress distribution in the 2D model of the attachment pad under
horizontal loading, using a Finite-Element Analysis. The stress is limited to a
range between 0 MPa and 10 MPa. The grey zones are stressed over 10 MPa. b)
Stress distribution at the pad-substrate interface: shear stresses 7y, parallel to
the substrate, normal stresses Oy, perpendicular to the substrate and von Mises
stresses Oy are shown. The stress extrema (dashed lines) at the interface borders
result from singularities caused by the sharp edges of the pad model. The pad is
stressed in tension on the side opposite to the branchlet (negative positions) and in
compression underneath the branchlet (positive positions). Both normal and shear
stresses present high variations over the interface.

the normal stresses are compressive, which helps to stabilize the pad. The
maximum of all stresses is at the same location, more than 0.2 mm away from
the edge, and thus clearly inside the pad. The location of the tensile stress
maximum at the pad-substrate interface seems to be related to the model
inner geometry (zone B in Figure 4.12).

A FE parameter study varying the mechanical properties of the different
zones reveals the role of the central stiff pad interior part (zones B to D),
which concentrate the higher stress in the pad and at the interface [134]. The
parameter study also corroborates the importance of the peripheral tissue
(zone A) for the attachment; it protects the pad and acts as the counterpart to

the stiff central tissue preventing failure due to peeling off at the pad edges.

4.4 Summary

The microstructure investigations with light microscopy and micro computed

tomography, as well as the SNT analysis of many cross sections, confirmed
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the heterogeneous structure of the P. discophora attachment pads. Four elas-
tic phases were defined as results of a statistical analysis of the pad’s elas-
tic properties. Young’s modulus of these areas varied between 0.5 GPa and
3.4 GPa. The softest areas are found in the outer cell layers of the pad, while
the stiffest areas are located in the center of the pad. The branchlet is almost
exclusively made of stiff, lignified tissue. The elastic phases were used as
input for an elastic model of the pad. In a parameter study based on an FE
analysis, it was shown that the pad internal structure improves its attachment
on a substrate. This is achieved by moving away the maximum of the internal

stresses from the pad edge inside the pad.

94



5 Nanoindentation of mortar

Cement-reinforced polymeric materials are sometimes called mortar. They
are used as glue between a steel rod and concrete, for example. Their hetero-
geneous microstructure is due to the cementitious phases in the material. The
addition of a polymeric phase to cement increases the mortar tensile stiffness
and its long-term properties.

In the following, the mechanical properties of individual material phases are
investigated by nanoindentation and a statistical analysis, and in particular
the phases’ evolution over the sample age under various static loads. The
properties of the phases can be used as material parameters for modeling of

the material aging.

5.1 Experimental details

5.1.1 Material description and sample preparation

The mortar FIS EM 390S from fischer (fischerwerke GmbH, Waldachtal,
Germany) was investigated. The mortar is an epoxy-based polymer filled
with Portland cement paste in a proportion of 25% to 50 %. The two
monomer reactants and the cement powder are mixed using a fischer static
mixer FIS UMR and a fischer dispenser FIS AM.

One sample was poured on a microscope glass slide, which was itself glued
on an aluminum sample holder. The top surface was covered with a smooth
plastic foil and a glass slide, placed on two cylinders of 2 mm diameter on
opposite sides of the sample. This aimed to reduce the roughness of the

upper sample’s surface for nanoindentation and improve its parallelism with

95
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the lower surface. The final sample dimensions are 20 x 15 x 2mm?. After
the first initial curing period of 24 hours, the upper slides were removed and
the sample was stored in an air-conditioned room until the end of the curing
reaction to prevent large temperature changes to influence the reaction.
Three samples were poured into self-made molds of silicone (Silcolan NV,
Creartec trend-design GmbH, Lindenberg, Germany). To avoid damaging
the mortar surface used in nanoindentation through the sample preparation,
which would influence the measurement of the mechanical properties, the
sample preparation had to ensure a smooth surface of the samples. Therefore,
a PVC dummy of the right dimensions was cut and one side of its surface was
either polished or prepared in contact with a clean glass surface, so that it
had a face with a low roughness.The silicone mold was then poured around
the dummy, and the dummy removed after full curing of the mold. The
dummy smooth surface was thus copied in negative in the silicone mold.
Then, the mortar is poured into the silicone mold, which is put within the first
20 minutes into a vacuum bell for five minutes to remove large air bubbles
from the sample core. For the rest of the curing, all samples were kept in an
air-conditioned environment until the last nanoindentation experiments were
done.

The optical microscope was used for visual control of surface quality prior
to mechanical testing and imaging the microstructure, and the confocal laser
microscope was used to capture three-dimensional reconstructions of the sur-
faces, which enabled the calculation of the R, roughness. Additionally, a
u -CT scan on a piece of mortar FIS EM of 1 x 1 x 1 mm?® with a resolu-
tion of 0.7 ym/pixel (Figure 5.1) was done to further investigate the mortar
microstructure (scan and reconstruction by RJL. Micro & Analytic GmbH,
Karlsdorf-Neuthard, Germany). After 3D reconstruction from the slices, the
microstructure of the sample was investigated in a subvolume of 490 um side
length of the investigated sample. The subvolume did not contain any sur-
faces of the sample to limit the influence of potential preparation artifacts on

the microstructure investigation. Two material phases (particles and matrix)
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Figure 5.1: Cross section of a reconstructed mortar subvolume from a p-CT scan with a reso-
lution of 0.7 um/voxel. The whiter the voxels, the denser the material or the higher
the atomic number.

and a porous phase were segmented based on the grey values of the pix-
els: pores possess the darkest pixels, the particles the brightest pixels, and
the pixels in-between are associated with the matrix. The phases were seg-
mented based on the two minima of the grey values distribution. Then, the
center of mass and the ECD of each segmented particle or pore within the
subvolume, but also the mean ECD, the total surface and the volume ratios

of both the porous and the particle phases were calculated.

5.1.2 Nanoindentation methods

Influence of aging on mechanical properties

The mortar FIS EM sample was tested 14 times over a period of 35 weeks,
in order to observe the evolution of its mechanical properties with time, i.e.
the chemical and physical aging of the material. The first test was done as
soon as mechanically possible, i.e. after around 44 hours, and the last one
after 247 days, i.e. 35 weeks. In agreement to the method proposed by
Sebastiani et al [138], the high-speed option of the nanoindenter was used
to capture the material heterogeneity with a statistically sufficient number
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of indents in a relatively short time. 7 to 8 fields of 26 x 26 indents were
programmed for a total test duration of around 8 h. The distance between
two neighboring indents was set to 20 um. The nominal indentation depth
was 1 pm and indents with an indentation depth smaller than 600 nm or larger
than 2 um were filtered out before the analysis. This filter of the indents over
the maximum depth aimed to improve the consistency of the distribution of
the investigated properties at the nominal depth, while considering as much
experimental data points as possible in the further analysis.

The final number of valid indents per run was between 3533 and 5387, with
an average of 4682 indents. The total surface covered by the indent fields is
7 x 500 x 500 um? to 8 x 500 x 500 um? per run, or 1.75 mm? to 2 mm?,
including the invalid indents.

A Berkovich tip was used, and calibrated using a reference quartz sample.
The frame stiffness was calibrated on the same sample. Both the hardness
and the elastic modulus distributions were investigated. The analysis con-
stants € and  were set to 0.75 and 1.05, respectively (see Section 2.2.1).
The Poisson’s ratio v of all phases is unknown and was thus assumed to be
0 for the calculation of the elastic modulus in the nanoindentation analysis.
The Young’s modulus assuming a Poisson’s ratio v, can be obtained divid-

ing the modulus presented in this study by 1 — V.

Influence of aging under external loading on mechanical properties

To investigate the material under realistic aging conditions, three samples
were kept under a static load over a few months and their microstructure was
investigated with nanoindentation. One of the samples was loaded under
compression, the second one under tension and the third one under shear.
Specialized set-ups (Figure 5.2) were developed to apply the load on the
sample, and also during the nanoindentation testing. A load sensor (Metron
PT4000, Metron Messtechnik und Maschinenbau GmbH, Essen, Germany)
was also integrated in all set-ups. The signal of the load sensors was read
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with a digital microprocessor controlled display unit with integrated signal
amplifier (Metron MMV 22), as pictured on the left side of Figure 5.2b.
Table 5.1 summarizes the sample dimensions, applied load, applied stress
on each sample for all long-term loading experiments. In the compression
and tension experiments, the applied stress was between 38 % and 68 % of
the corresponding short-term failure stress of the materials and registered
regularly to account for relaxation of the sample and the load frame. The
high load applied in the shear experiment compare to the other experiments
aimed to generate high deformations in the sample. The actually applied
shear stress and the reference shear strength of the material could not be
estimated.

A high relaxation effect was observed after the load application. For exam-
ple, a mean load drop of —270N, i.e. —5.6 %, was observed during the first
two hours for the sample under compression. Thus the load applied was ad-
justed twice a day during the first week and once a day in the second week
in order to keep the stress on sample as constant as possible. After the third
week, the relaxation slowed down and the load on sample was adjusted every
two to four days.

As for the mortar without load, 6 fields of 26 x 26 indents were programmed
for each run, i.e. a maximum of 4056 indents per day. All other parameters
of the indentation were kept similar to the aging experiments without axial
loading. 3836 £ 128, 4045 £+ 5 and 4029 + 39 indents were successfully done
per run on the compression, tension and shear samples, respectively.

In order to investigate the macroscopic deformation of the sample under the
constant axial loading, 10 to 12 markers were put on the top free surface
close to the sample edges.

The markers’ coordinates (X,,,Y;,) at every measurement day 7 are mea-
sured with optical microscopy and used to calculate the uniaxial strain ey,
in the compression and tension samples and the shear strain ¥y, in the shear

sample.
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Figure 5.2: Investigation set-ups for static loading of nanoindentation samples in (a) compres-
sion, (b) tension and (c) shear. The applied load can be corrected on each set-up
after measurement of the current load with the load sensors and the digital micro-
processor.

5.1.3 Statistical analysis

The LM procedure (see Section A.1.1) was used to investigate the aging of
the mortar with and without static load. Both modulus and hardness were an-
alyzed. Fitting functions with three to four phases were used for all loading
conditions and at each age to fit the modulus distribution. For the hardness
distribution, one phase was assumed, as only replicable number of phases
over all samples. Additionally, the EM procedure (see Section A.1.4) was

also used to investigate the aging of the mortar without load, to further inves-
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Table 5.1: Experimental parameters for mortar long-term loading experiments: dimensions of the sample (free surface and heigth), applied load
on the sample, corresponding stress applied on the sample and reference short-term failure stress, as well as maximal load enabled
by the sensor. Reference failure stress and actual applied stress could not be estimated for the shear experiments.

Sample Compression Tension Shear
Sample age range 1-28d 1-51d 51-66d 1-42d

Test parameter unit
Dimensions of free surface (mm?) 6 x4 x30 4x12x30 6 x 8 x30
Applied load N) 4905 818 1600 2000
Applied stress (MPa) 27.25 6.81 13.3 -
Ref. short-term fail. stress (MPa) 72 18 -
Applied stress (% of reference) 38 38 63 -
Sensor maximal load (N) 5000 2000 2000

s[reyop [eyuowadxyg [°¢



5 Nanoindentation of mortar

tigate the number of phases in the modulus distribution. One to five phases
were used to fit the modulus distribution at each age with this second fitting

procedure.

5.2 Results

5.2.1 Microstructure and surface roughness

Surface roughness

The surface of the mortar samples exhibited good quality for nanoinden-
tation (Figures 5.3a and 5.3b), as only a few particles, thin scratches and
small bubbles are visible on the surface with the optical microscope. The
sample roughness R, was around 0.47um and 0.33 um over an area of
530 x 700 um? and 200 x 400 um?, respectively. For all samples, the inden-
tation depth of 1 um is at least twice as high as the mean sample roughness R,
over a large area. But the sample’s roughness decreases with decreasing area
and is 0.05 um to 0.2 um over an area of a few micrometer. At this size, the
indentation depth is larger than five times the surface roughness, which might
be sufficient to estimate accurately the material mechanical properties [99].

Microstructure

13159 particles were segmented from the 3D reconstruction of a mortar cube;
they have an ECD of 6.4 +4.9 um (see Figure 5.3c). The volume fraction
of the particles was 1.4 %. The ECD of the 125259 segmented pores was
2.6+ 1.9 um for a volume fraction of 0.84 % (see Figure 5.3d).

The phase separation condition in the statistical nanoindentation technique
(SNT) requires that the indentation depth is much larger than the character-
istic size of the phase to be characterized, i.e. 7 > 10D (see Section 2.2.5).
With an indentation depth of 1 um, the particles may be characterized as
a single mechanical phase as their ECD is six times larger than the inden-

tation depth. However, due to the small volume fraction, a large number
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of indents would be required to enable the mechanical characterization of
these particles. As the pores only have an ECD two times larger than the
indentation depth and an even smaller volume fraction within the material,
they cannot be characterized as a single phase. Thus, the chosen indentation
depth represents a good compromise between the surface roughness and the

deconvolution of the mechanical properties of the particles as a single phase.

5.2.2 Load relaxation

The absolute values of the load relaxation of the samples and the nanoin-
dentation setups decreased over time (Figures 5.4a, 5.5a and 5.6a). In all
samples, the maximal load relaxation is measured on the two days following
the load application (days 2 and 3), and reaches 3.1 %, 4.8 % and 1.2 % per
hour in average in the compression, tension and shear setups, respectively.
But from the days 17, 20 and 22 on, the absolute value of the load relax-
ation is less than 0.01 %, 0.12 % and 0.03 % per hour in the compression,
tension and shear setups, respectively, indicating a rather constant external
load application on the sample.

This indicates that the largest part of the samples and setups relaxation hap-
pens within the first 20 days of the experiments. Afterwards, a small, but

constant relaxation is observed.

5.2.3 Strain estimations

The applied external load aimed at inducing an exclusive compression, ten-
sile or shear deformation of the investigated samples. Estimating the strains
in the sample provides a check on the actual samples deformation.

The uniaxial engineering strain in the compression sample increases with the
sample age (Figure 5.4b). However, the sample sheared or rotated over the
experiment duration: for example at day 20, —1.2 % maximal compression
strain were measured on the one side of the sample top surface (Marker 1),

compared to —0.5 % on the other side (Marker 2). Over all markers located
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5 Nanoindentation of mortar

Figure 5.3: Surface of two mortar samples used for aging investigations and 3D segmentation
of particles and pores within a mortar sample investigated with p-CT. (a) Surface
of mortar aging sample without load after nanoindentation investigations, optical
microscope. Some indent fields are visible on the surface. (b) Surface of mortar
aging sample under tensile load after nanoindentation investigations, confocal laser
microscope. Some indent fields are visible on the top and the left of the picture.

(c) Segmentation of 13159 particles in a 3D reconstruction of mortar from a p-CT
scan. (d) Segmentation of 125259 pores in a 3D reconstruction of mortar from a
p-CT scan.
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Figure 5.4: (a) Absolute value of the load relaxation in set-up and sample under compression,
where the highest values are not shown for better visibility, and (b) uniaxial engi-
neering strain over sample age at two markers location opposite to the fixed side of
the sample (Markers 1 and 2) and averaged over all markers.
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Figure 5.5: (a) Load relaxation in set-up and sample under tension and (b) uniaxial engineering
strain over sample age at two markers location opposite to the fixed side of the
sample (Markers 1 and 2) and averaged over all markers.

at the farthest from the fixed part of the sample, a mean compression strain
slightly higher than 1.0 % was found at day 20.

The uniaxial engineering strain in the tension sample increases with the sam-
ple age (Figure 5.5b), in particular in the first ten days after the load applica-
tion. A second increase of the strain happens shortly after day 51, when the
external load is doubled. The deformation is homogeneous on both sides of
the samples (compare Marker 1 and Marker 2) and nearly linear after day 6.
The mean tensile strain at the farthest marker from the fixed side of the sam-
ple is less high than in the compression sample, in particular after day 14.
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Figure 5.6: (a) Absolute value of the load relaxation in set-up and sample under shear, where
the highest values are not shown for better visibility, and (b) macroscopic shear
strain over sample age for three markers. Marker 1 is located the nearest to the
moving sample side whereas Marker 3 is located near the clamped sample side and
Marker 2 in-between.

The engineering strain in the sheared sample increases with the sample age
(Figure 5.6b). The shear deformation is larger on the ‘free’ side of the sam-
ple (Marker 1) than near the clamped side (Marker 3). Marker 2 is located
between both other markers. For example, the deformation for Marker 1 is
higher by 4 % than for Marker 3 after the 14th day. The highest shear de-
formation increase happens between the 2nd and the 14th days, >85 % (for
the investigated markers) of the shear deformation takes place within the first
14 days of the sample. This might give a hint on the speed of the chemical

reaction in the sample.

5.2.4 Mortar aging without load

The cumulative distributions of the indentation modulus in FIS EM mea-
sured at 1 um at different ages and without static load are shown in Fig-
ure 5.7a. Between the first and the last run, the median elastic modulus has
increased by 15.5 % and the whole curve shifted towards higher modulus
values. The fastest increase of modulus happened during the first month; the

median modulus increased by 13.6 %, which is 88 % of the total increase.
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Figure 5.7: (a) Indentation modulus and (b) hardness distribution of mortar at 1 um depth at
ages between 1 day and 9 months (247 days)

The hardness evolution enables characterizing the plastic properties evolu-
tion of the sample. Figure 5.7b presents the hardness CDFs over time. As
for the modulus, the curves are shifted to higher hardness values over time,
in particular during the first month. For example, the median hardness in FIS
EM has increased by 24.4 % during the first month, which represents 92 %

of the total hardness increase.

5.2.5 Mortar aging under external load

The modulus distributions over age of the different samples are plotted in
Figures 5.8a, 5.9a and 5.10a for the compression, tension and shear sam-
ples, respectively. For the compression sample, the distribution is shifted
towards higher modulus values after the load application, in particular at the
very early ages: the distribution median increases from 7.9 GPa on day 1 to
8.14 GPa on day 2. Then, the modulus decreases until day 7, with a median
slightly above 8.0 GPa and increases again from day 7 on, and the median
reaches 8.27 GPa on day 29.

For the sample under tensile load, the distribution is shifted towards lower
modulus values just after the load application, and the distribution median
decreases from 8.3 GPa on day 1 to 8 GPa on day 2. Then, the modulus
increases until day 28, with a median around 8.3 GPa. After 28 days, the
distribution scatters.
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Figure 5.8: (a) Indentation modulus and (b) hardness distributions in mortar under compres-
sion over sample age.

For the shear sample, the distribution is shifted towards higher modulus val-
ues after the load application, with a median increase from 8.5 GPa on day 1
to 8.7 GPa on day 4. After day 4, the modulus decreases until day 42, for a
median decrease from 9.4 GPa to 8.5 GPa. After day 28, a larger proportion
of very high modulus indents (>12 GPa) was measured, as well as a larger
proportion of low modulus indents (<7.8 GPa).

The hardness distribution over the sample age is plotted in Figure 5.8b. The
distribution is shifted towards higher hardness values after the load applica-
tion, with an increase of the median from 0.305 GPa to 0.335 GPa on days 1
and 2. Then, the hardness decreases until day 11, with a median around
0.330 GPa and increases again from day 11 on, when the median reaches
0.345 GPa.

The hardness distribution over the sample age is plotted in Figure 5.9b.
Again, the load application shifts the distribution towards lower hardness
values, with the distribution median decreasing from 0.315 GPa on day 1 to
0.31 GPaon day 2. After the second day, the hardness decreases until day 28,
with a median around 0.345 GPa, and then scatters around this value.

In the hardness distribution (see Figure 5.10b), the hardness also increases
after the load application, with a median increase from 0.32 GPa on day 1
to 0.35GPa on day 2. Then, the hardness increases further until day 28,
with a median around 0.36 GPa, and finally scatters around 0.35 GPa at the
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Figure 5.9: (a) Indentation modulus and (b) hardness distributions in mortar under tension over
sample age.
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Figure 5.10: (a) Indentation modulus and (b) hardness distributions in mortar under shear over
sample age.

other days. As for the modulus, a larger proportion of very hard (>0.4 GPa)

indents was found at higher ages, in particular after day 33.

5.3 Discussion

The distribution of a mechanical property at various ages in a material pro-
vides some insight about its physical-chemical aging. But, for a heteroge-
neous material, besides the overall distribution, also the aging of the indi-
vidual mechanical phases in the material provides interesting insights. To
determine the aging of individual phases in the mortar, first the most proba-

ble number of phases in the material is determined from the analysis of the
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elastic modulus distribution. Then, the phase properties (modulus and hard-
ness) under different external loading conditions and their evolution with the

sample age are investigated and discussed.

5.3.1 Number of elastic phases in the mortar

In the sample without load on day 1, the lowest BIC (1.09 x 10*) is found for
a five-phase fit (5.11a). However, the differences between the BIC of the dis-
tributions between three and five phases are small: their variation is smaller
than 2.4 %. Also, when starting the fitting with a new set of random parame-
ters, 94 % of the fits were successful for a four-phase fit, but only 78 % for a
five-phase fit. Thus, to avoid overfitting of the distributions, keep the fitting
model as simple as possible (see Section 2.2.6), and take into consideration
the decreasing proportion of successful fit replicas with increasing number
of phases, a number of phases under five is considered in the following.
Comparing the BICs of the fitting function with between 3 and 5 phases
on all measurement days for the sample without load (Figure 5.11b), the
BIC was minimal for a four-phase function at age of 4d, 21d, 28d, 95d
and 120d, and for a five-phase function at the other ages. Also, the largest
difference in the BIC of the investigated fits at a given age is smaller than
2.4 %, and is found on day 1. This indicates that all three fitting models have
similar goodness-of-fit for this sample, in particular after day 1, and further
analysis of the actual phases is necessary to distinguish the best fit among
the three-phase, four-phase and five-phase fits.

In the five-phase fits, the phase fraction of the stiffest phase (phase 5) is
the smallest of all phases at all measured ages (Table 5.2), with less than
6.2 %. Exceptions are on days 4 and 120, where the smallest phase fraction
is associated with the second stiffest phase (phase 4). The mean fraction of
phase 5 at all measured ages is 3.44 % and only 2.22 % when days 4 and 120
are not considered, corresponding to a low number of investigated locations,
around 100 to 200.
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Figure 5.11: BICs of fitting functions with various numbers of phases in mortar without load
(a) on day 1 and (b) their evolution with sample age.

Table 5.2: Phase fractions of the stiffest (phase 5) and second stiffest phase (phase 4) in the
five-phase fit of the mortar modulus distribution without long-term loading and at
different ages. The phase fractions of the stiffest phase (phase 4) of the four-phase
fits are also shown for comparison.

Phase fraction (%)

Four-phase fit Five-phase fit
Sample age (d) Phase 4 Phase 4 Phase 5

1 0.19 11.2 0.18
4 4.5 4.3 7.3
7 8.4 13.6 2.0
21 54 13.8 5.1
28 4.0 17.7 3.7
42 12.1 14.2 0.14
57 0.29 7.7 0.25
95 6.5 17.2 6.2
120 15.5 9.0 9.3
247 0.34 12.7 0.33
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Figure 5.12: Ratio of standard deviation over mean modulus for all phases in the fitting func-
tion with lowest BIC as function of the mortar age.

Also, according to Vandamme et al [101], a homogeneous mechanical phase
is expected to show a low standard deviation, at least at shallow depths. Thus,
the presence of a phase with high standard deviation indicates that many ho-
mogeneous phases might interact in the material and might have been gath-
ered into a single phase during the statistical analysis. In this sample, the
ratio of standard deviation and mean value of phase 5 is over 30 % on eight
out of ten measurement days (Figure 5.12). And at the two remaining ages,
either phase 4 (day 47) or the second most compliant phase (day 7) have
a standard deviation over mean modulus ratio over 34 % and 25 %, respec-
tively.

Altogether, the low fraction of phase 5, associated to its large standard devi-
ation compared to its mean value and the low differences in the BIC of fits
with three to five phases at nearly all investigated days, all of these suggest
that this phase 5 of the five-phase fit captures the noise of the stiffest part
of the modulus distribution. Thus, a three or four-phase fit would be better
indicated to investigate the modulus of the mortar aging.

To proceed with the choice of number of phases, the samples under external
load should be considered too. In the absence of BIC calculation with the

chosen fitting procedure, the goodness-of-fit rﬁ criterion of the three-phase
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Table 5.3: Mean, minimum and maximum values of the goodness-of-fit criterion r2 of the
three-phase modulus distribution in the mortar samples without load and under
external load. The sample age (in days) where the minimum and maximum values
are reached is also added for comparison.

r2 goodness-of-fit criterion

Ext. load Mean Min Age Max Age
None 0.99974 0.99922 1 0.99995 57
Compression 0.99986 0.99979 29 0.99996 1
Tension 0.99985 0.99978 7 0.99996 1
Shear 0.99978 0.99960 33 0.99990 1

fit provides good results (see Section 2.2.6) and has been compared for all
investigated samples (Table 5.3).

The samples under external load show a better 7> than the sample without
load, in particular at day 1, and the three-phase model is considered as valid

for the modulus of all samples at all investigated ages.

5.3.2 Elastic properties evolution

Deconvolution

The modulus distributions shown in Figures 5.7a (sample without load), 5.8a
(compression sample), 5.9a (tension sample) and 5.10a (shear sample) were

fitted with a three-phase model at each measured age.

Mortar sample without load Figure 5.13a presents the empirical distri-
bution of the mortar modulus without load on day 95 fitted with a sum of
three weighted Gaussian phases.

The individual Gaussian distributions overlap with each other, but each of
them describes a mechanically homogeneous phase with a mean modulus

and its standard deviation, as well as a phase fraction in the material equal to
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Figure 5.13: Fitting functions of the mortar indentation modulus distribution with three
Gaussian functions (a) on day 95 and (b) at ages between 1 day and 9 months
(247 days). The circle center represents the phase mean modulus, the error bars
its standard deviation, and the circle area is proportional to the phase fraction. In
(a), the highest modulus values are not shown for better visibility.

the Gaussian weight. Less than 10 % of all moduli were not represented well
by the fitting function, most of them being stiffer than 10 GPa or 12 GPa.
The fitting functions on each day are compared over the mortar age (Fig-
ure 5.13b). Each point represents a Gaussian from the fitting function, i.e.
a material phase. The circle center is located at the phase mean modulus,
the error bars are the standard deviation of the phase modulus, and the circle
area increases with the phase fraction.

An increase of the modulus of all phases is observed with increasing sample
age, in particular over the first two months (~60 days). After 60 days, the
mean modulus of the two most compliant phases is relatively constant with
increasing age, whereas the modulus of the stiffest phase increases further
(Figure 5.13b). The standard deviations of both most compliant phases show
only small variations with the sample age and are smaller than 0.4 GPa and
0.8 GPa, respectively, which corresponds to less than one tenth of the phase
mean modulus. The standard deviation of the stiffest phase shows more
variation over the sample age and reaches values in the range of 0.9 GPa
to 3.9 GPa, with a mean value around 1.8 GPa.
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5.3 Discussion

The phase fraction of the most compliant phase decreases from over 50 %
before day 7 to less than 40 % after day 95. The phase fraction of the middle
stiff phase encountered the opposite variation, increasing from less than 30 %
before day 7 to over 40 % after day 95. Despite the high scatter of its mean
value, the phase fraction of the stiffest phase does not show a clear increasing

or decreasing trend with age, and remains at around 17 %.

Mortar samples under external load Figures 5.14a, 5.15a and 5.16a
present the properties of the three phases of the compression, tension and
shear samples, respectively, over the sample age, and compared to the phases
properties of the sample without load.

In the compression sample, the stiffest phase (phase 3) has a high standard
deviation (1.1 to 2.1 GPa). Its fraction is small (10 to 20 %) and decreases
after day 4, whereas the fractions of phases 1 and 2 slightly increase from
45 9% to 48 % for phase 1 and from 35 % to 40 % for phase 2.

Compared to that of the sample without load, the initial modulus of all three
phases on day 1 is higher. Also, each phase of the compressed sample is
stiffer than the same phase in the sample without load, and shows a lower
modulus increase with age. One of the reasons for this may come from the
different sample preparations: the sample without external load was poured
on a microscope glass slide, whereas the sample under compression, as well
as the other samples under load, were poured into silicone molds (see Sec-
tion 5.1.1).

In the tension sample, the mean modulus of all three phases sharply decreases
shorty after the load application and until the day 4 or 7, depending on the
phase. Then, from day 7 on until the last day, it slightly increases, with
the exception of day 42. Unlike in the compression sample, the fraction of
phase 1 increases with the sample age, that of phase 2 decreases, whereas that
of phase 3 scatters between 17 % and 25 %. In this sample also, all phases are

stiffer than in the sample without load. However, the moduli of the phases
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Figure 5.14: (a) Three-phase modulus deconvolutions of mortar under compression at various
ages, compared to those of the mortar without load, and (b) phases evolution over
sample age in the mortar under compression.
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Figure 5.15: (a) Three-phase modulus deconvolution of mortar under tension at various ages
compared to that of the mortar without load, and (b) fit of the elastic phases evo-
lution over sample age.

increase in the similar way in both samples after the 7th day, indicating that
the load might not have an effect on the sample aging after the 7th day.

In the shear sample, the mean modulus of all three phases increases after the
load application and then scatters until day 18 around their values on day 4.
Also the phase fractions of all phases scatter, and do not show a clear trend.

All phases of this sample are also stiffer at all measured ages than those of the

sample without load. Comparing the corresponding phases of both samples
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Figure 5.16: (a) Three-phase modulus deconvolution of mortar under shear at various ages
compared to that of mortar without load, and (b) fit of the elastic phases evolution
over sample age.

one by one, the difference on day 1 is greater than or equal to 1.2 GPa. But
the sample under shear also exhibits a lower stiffness increase with age of all
phases than all other investigated samples. For example, after 20 days, the
difference in mean modulus between the first phases, resp. second phases,
of both samples is lower than 1 GPa. Unlike the other samples under load,
the phase moduli do not evolve similarly to those of the sample without load.
This indicates that the applied shear load had a different effect on the sample

microstructure than the applied tensile or compression loads.

Aging trends

Cement pastes and concrete are known to age for months and even years
after mixing [139, 140], as the total porosity decreases with the degree of
hydration and the age of the cement paste. But the aging of the stronger
and stiffer cement paste compounds is slower than the aging of the softer
and more compliant compounds. Thus, the two most compliant phases of all

mortar samples were fitted with an exponential function

T
E\(T)=Ej—Eje 2
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with Ejo the modulus at infinite age, £y the modulus variation amplitude
during the aging, T' the sample age and 7}/, the half time of the phase aging.
And the stiffest phase was fitted with a linear function

E>(t) = Ex+EnT

with E»g the modulus value at infinite age and E»| the modulus increase per
day. The choice of a linear fitting curve for this phase was also corroborated
by the high scattering of the stiffest phase in all samples after 60 days.

The phases of the sample without load were fitted over the whole age range.
The phases of the samples under external load, however, were fitted over
the minimal age range for which all phases encountered a monotonic aging,
i.e. from days 7, 4 and 2 for the compression, tension and shear samples,
respectively. This aims to encounter for short-term variation of the phases
properties potentially induced by the load application.

Figure 5.17 shows the aging trends of the elastic phases of the mortar sample
without load. For the samples under load, the aging trends are shown in Fig-
ures 5.14b, 5.15b and 5.16b for the compression, tension and shear samples,
respectively.

Table 5.4 summarizes the parameters and 72 of the aging trend functions for
all phases and in all investigated samples. In general, the rﬁ show large vari-
ations with the considered sample and phase, but the highest 72 in the com-
pression sample indicate that its distributions are describe best by the aging
trend functions, followed by those of the sample without load. The linear fits
of phase 3 in the tension and shear samples have a negative rﬁ, which can be
considered as 0'. This confirms the large scattering of the phase 3 over the
sample’s age noted in the discussion of the deconvolution. The tension and
shear samples also have very low rg for the phases 1 and 2. Despite this, the

aging trend functions were used for all samples to facilitate the aging com-

Isee e.g. https://www.originlab.com/doc/Origin-Help/Details_of_R_square,

visited on 8th September 2018
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Figure 5.17: Exponential or linear fits of each phase of the function fitting the modulus distri-
bution in mortar over the sample age.
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Table 5.4: Aging fit parameters and r2 for the three phases of the modulus deconvolution of the mortar samples with and without load.

Eio (GPa) E (GPa) T;); (d) Eyo (GPa) Ep; (GPa/d) r2 ()
Sample without load
Phase 1 7.65 0.92 17 - - 0.786
Phase 2 8.45 1.08 29 - - 0.646
Phase 3 - - - 9.0 0.011 0.294
Sample under compression load
Phase 1 8.0 0.46 9.2 - - 0.923
Phase 2 8.8 0.84 15 - - 0.878
Phase 3 - - - 8.9 0.071 0.625
Sample under tensile load
Phase 1 7.9 0.34 16.1 - - 0.279
Phase 2 8.5 0.26 27.5 - - 0.048
Phase 3 - - - 9.5 0.0024 —0.006
Sample under shear load
Phase 1 7.7 —-0.47 42 - - 0.516
Phase 2 8.5 —0.42 17.2 - - 0.478
Phase 3 - - - 10.2 —0.0025 —0.11

I2)IOW JO UOTIRJUIPUIOUBN



5.3 Discussion

parison of individual phases in the mortar samples under various external
loads.

While comparing the aging of individual phases in the sample without load,
the two most compliant phases (phase 1 and 2) show similar exponential ag-
ing (modulus increase per day is around 1 GPa, aging half time of 23 +6d),
but with phase 1 being more compliant by 0.8 GPa than phase 2.

Comparing the T, times of the compression sample and the sample without
load, the application of a compression load during the sample curing accel-
erates the modulus aging of all phases. But at the same time the parameter
E1 indicates that the modulus increases is lower in the compression sample
than in the sample without load. Moreover, the modulus of the phases at
day 1 in the sample under compression is higher than in the sample with-
out load (see Figure 5.14a), whereas the difference between the samples is
lower on day 29, the highest investigated day of the compression sample,
than on day 1. Similarly, the modulus at infinite age of the two most com-
pliant phases is only 0.35 GPa higher in the compression sample than in the
sample without load. Thus, the hypothesis is expressed that the maximal
modulus of the phases, at infinite age, is limited by the reactants and not by
the initial sample modulus, nor by the load applied during the curing reac-
tion. This would explain the comparatively lower increase of the modulus
aging in the compression sample compared to that in the sample without
load.

Unlike the compression load, the application of a tensile load during the sam-
ple curing decreases the amplitude of the modulus increase E;; in phases 1
and 2 of more than 60 % and 26 % compared to those of the sample without
load and the compressed sample, respectively. However, the modulus at in-
finite age E¢ of these phases are nearer to those of the sample without load
than to those of the compression sample, although their modulus on day 1 is
much higher. Thus, the hypothesis that the maximal modulus of the phases

is more influenced by the reactants and less by the initial sample modulus
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or by the sample loading during the curing reaction, is corroborated by the
sample under tension.

Finally, the shear sample exhibits a modulus at infinite age Ej¢ in the two
most compliant phases quite similar to those of the sample without load (with
only 0.05 GPa difference), but it also had higher modulus on day 1. More-
over, the modulus variations with age E; and E»; are negative for all phases
of this sample: their modulus decrease with the sample age. This decrease
might be related to high stresses in the sample which led to large macroscopic
deformation (see Figure 5.10b), which increased with the loading duration,

i.e. the sample age.

5.3.3 Hardness evolution

Deconvolution

The hardness CDFs of the sample without load (Figure 5.7b), and the sam-
ples under compression (Fig. 5.8b), tensile (Fig. 5.9b) and shear loads (Fig. 5.10b)
were fitted at each investigated age with a single Gaussian distribution.

Mortar sample without load Figure 5.18a shows the deconvolution of
the sample without load on day 95. Around 93 % of the hardness distribution
is fitted well with a single Gaussian. Indeed, the one phase could not always
fit the whole hardness distribution, and the phase fraction was not restricted
to be one in the fitting algorithm. This automatically leads to phase fractions
below 100 %. The rest of the distribution is located in the first 5 or the last
10 percentiles of the distribution, i.e. at the lowest and highest hardness

values. Despite this, the goodness-of-fit criterion rﬁ

was high on that day,
reaching 0.996, and the mean r2 value for all investigated ages was 0.994.

Figure 5.18b presents the properties of this single hardness Gaussian phase
at each age of the sample without load. Each circle represents the hardness
phase at one age: its center is located at the mean hardness value and the error

bar is the phase hardness standard deviation. The circle size is proportional
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Figure 5.18: (a) Distribution of the mortar hardness on day 95 fitted with one Gaussian func-
tion, and (b) comparison of the hardness fitting phases at each investigated mortar
age. In (a), the highest hardness values of the CDF are not shown to better display
the core of the hardness distribution.

to the phase fraction, which varies between 89 % and 100 %, depending on
the investigated age.

The mean value of the hardness phase increases monotonically with the sam-
ple age until the 42nd day. Then, the mean hardness scatter around 0.375 GPa
and no clear trend can be observed. This variation could derive from a macro-
scopic heterogeneity (porosity, sample composition...) of the sample, as dif-

ferent sample locations were tested at each age.

Samples under external load Considering the high 72 of this one-phase
hardness model in the sample without load, it was also used for all remaining
samples at all ages. In the sample under compression (Figure 5.19a), the fit rf,
were greater than 0.996 (day 29) and had a mean value (0.9966) higher than
that of the sample without load. This corroborates the plausibility of the one-
phase hardness model in the mortar. Also, the sample under compression is
harder than the sample without load at all investigated ages, but both sample
show a similar increase of the hardness after the 7th day.

In the tension sample, the 72 of the one-phase fits were even larger than for
the compression sample (Figure 5.20a), and had a mean value of 0.9975.

Also, the hardness is higher by at least 10 MPa than that of the sample with-
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Figure 5.19: (a) Deconvolution of the hardness of the compressed mortar sample with one
Gaussian phase, compared to that of the sample without load, and (b) exponential
evolution over sample age of the hardness phase in the compressed sample.
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Figure 5.20: (a) Deconvolution of the hardness of a mortar sample under tension, with one
Gaussian phase, compared to that of the sample without load, and (b) exponen-

tial evolution over sample age of the hardness phase in the mortar sample under
tension.

out load until day 28. The difference is higher at the early ages, i.e. during
the first seven days. Between 7 d and 29 d, the hardness of both samples show
a similar increase. After day 28, however, also the hardness of the tension
sample scatters around 0.35 GPa.

In the shear sample, the one-phase fit does not provide as good as results
than in the other samples under external load (Figure 5.21a): the mean fit r,%
is lower (0.9959) and only 91 % of the whole distribution at least is fitted by
the single Gaussian, against 93 % in the other samples under load. However,

these statistics still indicate better fits than those of the sample without load.
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Figure 5.21: (a) Deconvolution of the hardness of the mortar sample under shear, with one
Gaussian phase, compared to that of the sample without load, and (b) exponential
evolution over sample age of the hardness phase in the mortar sample under shear.

The hardness of the sample under shear is larger than or equal to the hardness
of the sample without load. The difference is larger at the early ages, with
the shear sample being harder by 40 MPa on day 1. Between the first and the
21st day, the mean hardness of both samples show a similar increase. After
28 days, the hardness in the sample under shear decreases and eventually
reaches a plateau at around 350 MPa.

Aging trends

To better compare the hardness aging between the samples, an exponential
T

function H(t) = Hy— H 1e /2 was used to fit the hardness phase of all mor-
tar samples over the sample age. Hy is the theoretical hardness at infinite age
and H is a scaling factor describing the hardening. 77, is the half time of
the aging. The hardness of the sample without load was fitted over the whole
age range, and that of the samples under external load were fitted over the
same age range as for their modulus phases, i.e. from days 7, 4 and 2 for the
compression, tension and shear samples, respectively. Figure 5.22 shows the
fitting function for the sample without load, and Figures 5.19b, 5.20b and
5.21b for the compression, tension and shear samples, respectively. The fit
parameters Ho, H, and Tj /, as well as the goodness-of-fit criterion rg of all
samples are summarized in Table 5.5.
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Figure 5.22: Exponential fit of the hardness Gaussian distributions of mortar over the sample

age.

Table 5.5: Aging fit parameters and 72 for the hardness deconvolution of the mortar samples
with and without load.

Sample Ho (MPa) H; (MPa) Tj), (d) 2 (-)
Without load 360 85 14 0.798
Compression load 354 46 11.8 0.812
Tensile load 350 43 9.1 0.838
Shear load 357 24 9.9 0.150

The low fit rZ of the sample without load highlights the large variations in the
mean hardness values. The 72 of both the compression and tension samples
are higher, which indicates that the scattering of the mean hardness is de-
creased. This decrease might be related to the lower number of investigation
runs for these samples than for the sample without load. The much lower r(%
of the shear sample, however, reflects the large scatter of its mean hardness
with the sample age.

In all samples under external load, the aging half time is significantly lower
than that of the sample without load, and the hardening scaling factor H;
is at least twice smaller (and even four times smaller in the shear sample).

This indicates a quicker hardening reaction with a much smaller amplitude.
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The hardness at infinite age Hp, however, is relatively similar between all
samples.

Thus, compared to that of the sample without load, the sample curing is
accelerated by the application of an external load, and the total hardening is
reduced. It must be noted, however, that the hardness on day 1 is higher for
all samples under external load than for the sample without load. Also, the
hardness decrease in the shear sample needs to be investigated further, as it
might be related to the large deformations occurring in the material.

To conclude, the mortar hardness behaves as a single homogeneous phase,
despite the presence of three elastic phases in the material. Indeed, the defor-
mation mechanisms behind the elastic modulus and the hardness are differ-
ent: the hardness characterizes the elasto-plastic deformation of a material,
whereas the modulus characterizes the linear-elastic deformation. Moreover,
the plasticity of a material may be more influenced by the interfaces between

the material phases, than by their mechanical properties.

5.3.4 Evaluation

The evolution of the mechanical properties with the sample age is different
depending on the external load applied. The aging trends of the modulus
and hardness phases of the different samples are compared with each other,
using their value on day 1 (the measurement day without external load in all

samples) as reference.

Elastic modulus

The mean modulus of the two most compliant phases (phases 1 and 2) of
the mortar samples under various long-term loading were compared to their
value on day 1 (Figure 5.23). As the stiffest phase (phase 3) encounters a
large scattering in all samples, its aging behavior is not discussed in this
section. The relative modulus aging of both phases in all samples were fitted

with exponential functions to highlight the very different aging trends.
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Figure 5.23: Mean modulus of the 1st and 2nd phases of mortar samples under various long-
term loading compared to their values on day 1, and associated exponential fits.

The sample without load has the highest modulus increase with age for both
phases. The modulus increases by up to 15 % to 17 % within the first 70 days.
Both phases exhibit a similar modulus increase, which hints towards similar
physico-chemical aging. The moduli of these phases in the sample under
compression increase less with sample age and more slowly than that of the
sample without load: they reach only half of the modulus increase without
load at the age of 30 days for both phases, and do not seem to be stabilized
on day 29. This delay in the modulus increase with sample age might be
related to the high modulus increase of 5 % on the day following the load
application.

By contrast, the application of a tensile load decreases the modulus of 4 % in
one day. This drop is followed by a slow increase of the modulus of phases 1
and 2. The aging of these two phases seems to stabilize after 50 days.
Finally, the modulus aging of the sample under shear load exhibits a different
trend: the mean modulus of all phases decreases with sample age. This may
be related to the large deformation (up to 14 %) the sample encountered, in
particular after 20 days, which probably induced material damages. Both
investigated phases of this sample get more compliant with sample age in a

similar way, without reaching a stabilized value at higher ages.
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Hardness

Figure 5.24 summarizes the hardness evolution compared to that of the sam-
ple on the sample’s first day (i.e. without load). The hardness evolution of
all samples was fitted with an exponential fit to facilitate the comparisons.
The mortar sample without load encounters the largest hardness aging, with
up to 30 % increase within the first 50 days. The sample under long-term
compression encounters the smallest hardness aging with only 10 % increase
within the first 30 days, whereas the samples under shear and tensile loads
had their hardness increase by 10 % to 15 % already within 10 to 20 days.
Unlike the modulus phases, the hardness seems to stabilize at higher ages in
all samples.

The hardness evolution with age depends of the applied long-term load. Ap-
plying a long-term static load decreases the total hardness increase with sam-
ple age in all samples. At first sight, the type of loading does not seem to in-
fluence the hardness aging: see for example the similar paths of the relative
hardness between the sample under compression and the sample under shear
stress over the first 20 days.

However interestingly, the height of the long-term stress in the sample plays a
role. When no or a moderate long-term stress (below 40 %, see Table 5.1) is
applied, as for example in the sample under tension until the age of 51 days,
the fraction of the most compliant phase tends to diminish, whereas the frac-
tion of the second most compliant phase increases. This effect might be
related to a decreasing pore fraction in the sample, an ongoing curing of the
polymer, or ongoing hydration reactions of the cement. All of these would
shift the modulus distribution of the sample towards higher values. By con-
trast, when a higher long-term stress is applied, as for example in the sample
under shear, the phase fractions do not particularly evolve with age, whereas
the mean modulus and hardness both decrease with age. The shear sample
encounters physical degradation, which seems to affect all phases, in partic-
ular after the age of 20 days.

129



5 Nanoindentation of mortar

10F

40_- T ™ ?. 4 | ® Wwithout load
—~~ : . Exponential fit,
> : 1

o~ 35' : 7 | m Compression
~ 30f \—— Exponential fit|
& ' m  Tension

o 25 —— Exponential fit|
c : B Shear

-e 20 Exponential fit|
o 15f

<

[0

(14

— i i
1 2 5 10 20 50 100200
Age (d)

Figure 5.24: Mean hardness of different mortar samples compared to those on day 1, and asso-
ciated exponential fits.

Thus, to conclude on the aging of the samples under load, two phenomena
with concurring effects and different time constants play a role in the mate-
rial, the hardness increase due to the sample curing and the hardness decrease
due the material degradation induced by the applied long-term load. The lat-
ter effect limits the hardness increase and might even lead to a decrease of
the sample’s hardness, as in the shear sample.

5.4 Summary

5.4.1 Mortar microstructure and its aging

The microscopic investigations and the nanoindentation experiments give
some hints about the mortar microstructure and its evolution under long-term
loading.

At least two phases with low fractions could be distinguished out of a matrix
from a pu-CT scan: particles of higher density, and pores. The particles are
likely to be unhydrated cement particles, thus relatively stiff. Their presence
was confirmed by the producer, who estimated their characteristic size as
5um to 6 um, thus being in good agreement with our estimations from the

p-CT scan. The matrix surrounding the particles was considered as a homo-
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geneous phase with volume fraction over 97 %, which contains the rest of the
cement paste components and the polymer. Thus, it is expected to be softer
and more compliant than the particles.

Nanoindentation statistical analysis showed a reproducible three-phase dis-
tribution of the mortar elastic properties, independent of the sample age and
long-term load. The two most compliant phases showed an exponential ag-
ing in each sample, whereas the stiffest phase behaved in a more scattered
way, which could be approached by a linear aging. The volume fraction of
the phases in all samples were around 40 %, 40 % and 20 % for the phases 1,
2 and 3, respectively, with variations of up to 10 % to 20 % depending on the
sample and the age.

At first sight, he sample microstructure as observed from the p-CT scan do
not show a clear correlation with the mechanical properties distribution from
the nanoindentation experiments. They seem to provide different informa-
tion on the mortar microstructure. Indeed, the nanoindentation experiments
have a resolution in the range of 10 um? to 10 um?, i.e. one to two orders of
magnitude larger than the pu-CT scan resolution. Thus, the volume fractions
from the microscopic and nanoindentation investigations cannot be directly
compared. Another factor for this dissimilarity may be the differences be-
tween the surface and the core microstructure. The sample preparation for
nanoindentation of the samples under load involved pouring on a smooth sil-
icone surface, without further surface preparation. This may have influenced
both the porosity and the particles distribution at the surface. Also, having
placed the same samples under low pressure conditions might have reduced
the total porosity and have accelerated the curing reaction of the epoxy, the
hydration reaction of the cement or the interaction reactions between the
polymer and the cement in the mortar. Finally, considering the size differ-
ences between the different elastic phases from p-CT, the elastic properties
under an indent are likely to be a mixed answer of the mechanical properties
of the pores, the matrix and the unhydrated cement particles. Thus, the mea-

sured elastic properties in the nanoindentation experiments reflect the local
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5 Nanoindentation of mortar

distribution of the pores, the particles and the matrix under each indent on
the surface, and the elastic phases defined from the statistical analysis reflect
the statistical spatial distribution of the microstructure. The most compli-
ant phase probably contains more pores and fewer particles than the other
phases, whereas the stiffest phase probably contains the most particles and

fewer pores.

5.4.2 Applicability of the SNT

The mortar microstructure was investigated and its evolution under a long-
term static load characterized. The nanoindentation statistical technique does
not enable to characterize the individual phases of the mortar microstructure
at the large chosen investigated depth, which was limited by the quality of
the sample surface. However, the SNT enabled to investigate the modulus
distribution by decomposing it in three phases, the aging of which giving
some insights into the long-term physico-chemical aging phenomena of the
mortars.

In particular, some trends regarding the aging behavior of the mortar under
various stress states have been determined thanks to the SNT. The aging of
the sample without load showed an exponential increase of all elastic and
hardness phases. Regarding the aging of mortar under long-term load, the
application of the load did not significantly increase the phase properties of
the samples at highest ages and even seemed to reduce the overall modulus
increase with age. However, the higher modulus and hardness values mea-
sured in these samples on day 1, before the load application, might have
interfered here with the effects of the long-term load. Large applied stress
(more than 40 % of the short-term failure stress), in particular at early mortar
ages, under 50 days, seemed to induce damages in the material, and, thus,
to significantly decrease its mechanical properties. Similar experiments re-
peated with various values of the same external load might give more insight

on the effect of the load value on the aging behavior of the mortar.
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polymer-modified cement pastes

Polymer-modified concretes (PCC) and cement pastes (PMC) are used for
their improved “durability, workability and adhesive strength” [141] com-
pared to those of pristine cement-based materials. However, the microstruc-
ture of the PMC and the effect of the polymer-modification on the material
mechanical properties at microscopic scale are not fully understood yet. The
elastic heterogeneity of PMC was investigated using the statistical nanoin-
dentation technique, at various polymer compositions, concentration and for
two ages of the materials. This research was done in cooperation with Luise
Gobel, from the Bauhaus-University of Weimar, Germany. Some results
were used as input parameters for a multi-scale modelling of the elastic prop-
erties of PCC [141]. A good agreement between the experimental multiscale

study and the predicted properties from the model results was found.

6.1 Experimental details

6.1.1 Material description and sample preparation

PMCs with CEM I 52,5 R cement, three different polymers, two polymer-
to-cement ratios P : C(5 and 20 % in mass) and a water-to-cement ratio of
0.4 were mixed, as well as a reference cement paste without polymer. The

samples are named with the nomenclature

polymer short name — P : C
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6 Nanoindentation of polymer-modified cement pastes

whereas the cement paste without polymer is named Reference.

Table 6.1 summarizes the composition and delivery condition of each poly-
mer. Table 6.2 describes the mixing procedure for each sample, depending
on the delivery condition of the used polymer.

All samples were poured into self-made molds of silicone rubber (ADDV-
42, R&G Faserverbundwerkstoffe GmbH, Waldenbuch, Germany), with a
sample size around 1 x 1 x 0.3 cm>. After curing, each sample was carefully
sawed into four parts of equivalent area and one of these smaller samples was
fixed with cyanoacrylate-based glue on an aluminum sample holder. To reach
the surface requirements necessary for nanoindentation, the samples were
polished prior to the first run of indentation. The manual polishing procedure
included grinding with SiC paper of decreasing sizes from 600 to 4000 with
water as lubricant. The first step was continued until the samples were plan.
The further steps duration were around 3 minutes each. After grinding, the
samples were polished with various alcohol-based diamond suspension of
3um, 1pm and 0.25 um diameter. Between each step, the samples were
cleaned with alcohol in an ultrasonic bath and quickly dried with an air spray
at around 50 °C and the surface was checked for roughness and quality using
a light microscope (Nikon Eclipse LV150N) equipped with objectives of 4,
10, 20, 50 and 100 of magnification. The polished top surface of each sample
was investigated with light microscopy, and is shown on Figure 6.1. The
differences in color are related to varying microscope settings.

A graphical user interface line-cut procedure (GUI_linecut V2.0 by M. Funk,
S. Meister, IAM, KIT, Germany, 2012) implemented in Matlab (Release
2015b, The MathWorks, Inc., Natick, MA, USA), improved to also han-
dle the case of a 2-phase material, was used to determine the characteristic
size of the particles and their phase fraction within the matrix. Therefore,
the chord lengths of the particles and the matrix phases were manually se-
lected from a picture, and a phase was associated with each chord. The

: th ) o _ Xplip
fraction of the j™-phase A; was calculated as A; = T p” T (%), where
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Table 6.1: Composition, short name, commercial name, company, condition and minimal film forming temperature (MFFT) of some polymers
used in the investigated polymer-modified cement pastes

Polymer short name P1 P2
Scientific name styrene acrylic acid ester copolymer (SA) styrene acrylic acid ester copolymer (SA)
Commercial name Vinnapas® 2012 E Mowilith® LDM 6880
Producing company Wacker Chemical Corporation Ha-Be Betonchemie GmbH & Co. KG
Adrian, Michigan, USA Hameln, Germany
Condition powder dispersion
MFFT (°C) 5 30
Polymer short name P3
Scientific name styrene-butadiene copolymer (SBR)
Commercial name Styrofa® D 623 na
Producing company BASF Corporation
Charlotte, North Carolina, USA
Condition dispersion
MFFT (°C) 18
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Table 6.2: Mixing procedure of polymer-modified cements depending of the polymer state

Dispersion Powder
Duration Action Duration Action
15s mix water and polymer mix cement and polymer
15s pour cement powder 15s pour water
60s slow stirring 60s slow stirring
60s break 60s break
60s quick stirring 60s quick stirring

saysed Juowad payrpow-owA[od Jo uoneIUIpUIOUBN 9




6.1 Experimental details

jk=1,2;p=1.n,qg=1..m,1; and [y, are the p™ and ¢"™-chord lengths [
of phases j and k measured during the line-cut procedure.

To investigate the surface roughness of the samples prior to nanoindentation
testing, a confocal laser microscope! was used. If necessary, the image tilt
was corrected based on the mean surface tilt. From the surface topology, a
root mean square areal roughness parameter R, = 4/ %):l'-'zl yi2 can be calcu-
lated. As the areal roughness depends on the scan size [99], its scan size was
estimated for each measurement and was typically 3000 to 8000 um? for the
smaller scans and around 1.2 x 10® um? for the larger scans.

Besides PMC samples and the reference sample, also pure polymer samples
were prepared under the same conditions as for the PMC pastes. They were
glued on Al cylinder sample holder so that the smoothest surface from the
mold could be tested with nanoindentation. Finally, one sample with 0.5
W:C ratio and 0.05 P:C ratio of P1 was prepared in a similar way, and tested

as part of the discussion of the analysis method (see Section A.2.1).

6.1.2 Nanoindentation methods

Polymer testing

The complex modulus of the three polymers P1, P2 and P3 were measured
with nanoindentation at room temperature, following the method presented
by Herbert et al. in 2008 [142] and refined in the following year [67]. The
method requires the use of a flat punch and its most important features are an
initial pre-compression of the sample “to establish full contact with the face
of the flat punch”, then “a stabilization period that allows the sample to reach
a state of equilibrium”, and finally “higher frequency measurements con-
ducted with a phase-lock amplifier (PLA), which characterize the combined
frequency response of the sample and the instrument” and are conducted at a
target amplitude of the displacement oscillation and frequency [67]. The fre-

quency of 45 Hz was chosen as the same frequency as the PMC nanoinden-

1 VK 9710K, KEYENCE Corporation, Itasca, IL, USA
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6 Nanoindentation of polymer-modified cement pastes

(c)P1-0.2

(d) P2-0.05 (e) P2-0.2

(f) P3-0.05 (2) P3-0.2

Figure 6.1: Surface of polished PMC samples with (b-g) various polymers and polymer con-
tents, and (a) the pure cement paste imaged with light microscopy. The black
square indicates a representative particle.
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6.1 Experimental details

tation tests with CSM, as presented in the following paragraph. A diamond
conical punch with flat tip of 100 um diameter and angle of 60° is used. 10
to 14 indents were done at a pre-compression depth of 2 um (P1) to 3 um (P2
and P3) and a displacement amplitude of 20 nm. A Poisson’s ratio of 0.4 was

assumed for all polymer samples.

Nanoindentation of PMC pastes

Each polymer-modified cement paste was tested two times, at the age of 27
to 29 days (i.e. four weeks) and 55 to 57 days (i.e. eight weeks). As in
the mortar, 8 fields of 26 x 26 indents were programmed on each sample
for a total test duration of around 8 h per sample. The nominal indentation
depth was set to 1 um and only the indents with an actual indentation depth
range between 0.6 um and 2 um were analyzed. The indentation modulus
was analyzed for all samples assuming Poisson’s ratio to be 0, € equal to
0.75 and B to 1.05 (see Section 2.2.1). The hardness was not investigated.

The number of valid indents in the PMC pastes is summarized in Table 6.3
and depends on the sample and the measurement day. In P3-0.2, the numbers
of successful indents were at least three to four times less than in all other
samples, which causes the results from this sample to be less reliable, as

shown in the following sections.

6.1.3 Statistical analysis

The EM procedure described in Section A.1.1 was used to investigate the
number of phases in the modulus distribution of P1-0.2 and the reference
sample at various ages. Functions with one to four or five phases were used to
fit the modulus distribution at each age and the number of phases is discussed
based on the BIC minimum and the phases properties as determined from the
deconvolution.

In a second step, the aging of the PMC pastes elastic properties was also

investigated using the LM procedure (see Section A.1.1) with a two-phase
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6 Nanoindentation of polymer-modified cement pastes

Table 6.3: Number of valid indents in each PCC sample on each measurement day

Sample Number of valid indents
day 28 day 56
Reference 2054 2927
P1-0.05 2189 2332
P1-0.2 1611 2008
P2-0.05 3806 4159
P2-0.2 2302 2929
P3-0.05 3444 4382
P3-0.2 475 812

fitting function. The deconvolution results from both procedures are then

compared.

6.2 Results

6.2.1 Microstructure and surface roughness

The polished surface of the PMC samples is shown in Figure 6.1. The sur-
face of each sample exhibits heterogeneity, with inclusions of white, grey
or even reddish particles in a matrix. Additionally to this structural hetero-
geneity, the sample P3-0.2 also presents a large number of pores, estimated
as 20 % using the line-cut procedure on a surface of 530 x 2200 um?. The
bubbles were probably embedded unintentionally during sample preparation
and might influence the mechanical properties.

Depending on the sample, the roughness R, lies between 0.37 um and 0.74 um
(see Table 6.4). Only two of the PMCs exhibit a larger surface roughness
than 0.5 um. It should be noted that, measured as an example on the ref-
erence sample, the inclusions present a roughness four times lower than the
surrounding material (matrix) between them or than the sample material over

a large surface.
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6.2 Results

Table 6.4: Roughness R, of the PMC samples and area of the respective zone of measurement.

Probe Roughness (um)  Area (umz) comments

Reference 0.64 >1x10° Very large area

Reference 0.12 1o ~ Onaparticle (see
Figure 6.1a)

P1-0.05 0.47 3300

P1-0.2 0.74 7200

P2-0.05 0.38 5700

P2-0.2 0.37 7900

P3-0.05 0.37 6400

P3-0.2 0.50 15400

The maximal indentation depth was chosen as 1 um. This depth was consid-
ered as a trade-off between surface roughness and accuracy in the phase char-
acterization (see Section 2.2.5), though only equal to two times the roughness
of most samples. As a consequence, the error in the nanoindentation mea-
surement of the PMC due to the large surface roughness is not negligible.
However, considering the large area used for the roughness measurement,
the roughness is considered to be constant over the sample surface, and thus
the error is constant between two measurements at various ages (and also
various locations). Also, as the surface roughness is similar for all samples,
the nanoindentation results can be compared well with each other.

6.2.2 Polymer viscoelastic properties

The storage and loss moduli of the three polymers modifying the PMC pastes
were measured. The storage modulus is a measure of the elastic, reversibly-
stored energy in the polymer, whereas the loss modulus is a measure of the
polymer viscosity.

P1 is the stiffest of the three polymers, as it has the highest storage modulus

Ey (Figure 6.2). P1 and P2 have relatively similar loss moduli E;, whereas
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Figure 6.2: Storage and loss moduli of polymers used to modify the PMC pastes.

P3 is slightly more viscous. Thus, although they have the same polymer
composition, P1 and P2 show different viscoelastic properties and Young’s
moduli. P3 presents a different viscoelastic behavior than both P1 and P2,
with the lowest storage modulus and the highest loss modulus of the three
polymers.

Young’s modulus of the polymers is then calculated with the equation: E =
\/E% + E? [142] and is 1029 GPa, 610 GPa and 555 GPa for P1, P2 and P3,
respectively. All three investigated polymers have elastic properties at least

one order of magnitude lower than the cementitious phases [37, 87].

6.2.3 Effect of polymer on the elastic properties

The effects of the three different polymers on the elastic properties of the
PMC pastes are compared, and depend on the polymer, the polymer content
and the sample age.

First, the introduction of polymer lowers the elastic properties of the cement
paste (Figure 6.3), independent of the polymer content. Indeed, the whole
CDFs of the PMC pastes are located on the side of the lower modulus values
of the reference sample CDF.

At lower polymer contents (Figure 6.3a), the influence of P3 is much larger
than of P1 and P2: the median of the modulus distribution in each PMC
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Figure 6.3: Elastic modulus (GPa) distribution variation with polymer type in polymer-
modified cement pastes on day 28, with (a) low or (b) high polymer content.

paste is 26.4 GPa, 26.4 GPa and 21.9 GPa for P1, P2 and P3, respectively,
and 27.2 GPa for the reference. P1 and P2 have similar effects on most part
of the modulus distribution, whereas P2 generates a lower proportion of high
modulus indents (from 35 GPa on) than P1.

At higher polymer contents (Figure 6.3b), all three samples show a decrease
of their modulus properties compared to those of the reference. The inten-
sity of this decrease is larger for P3, followed by P2 and finally by P1. A
larger porosity with increasing polymer content might also play a role in the

modulus decrease [49].

6.2.4 Effect of polymer content on the elastic properties

The influence of the polymer content on the modulus distributions in PMC
pastes is investigated for each polymer in Figure 6.4. The modulus of the
PMCs decreases with increasing polymer content. For example, the median
of the modulus distributions in the PMC modified with P1, P2 and P3 are
23.6 GPa, 19.9 GPa and 16.4 GPa, respectively, for the high polymer content,
but as large as 27.2 GPa in the reference. The difference between the PMCs
and the reference sample is increased with increasing polymer content (see
previous paragraph for the median of the low-polymer content distributions).
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Figure 6.4: Variation of the elastic modulus cumulative distribution with the polymer content
in polymer-modified cement pastes at age of 28 days, with (a) polymer 1, (b) poly-
mer 2 and (c) polymer 3, compared to the modulus distribution of the reference
sample without polymer modification.

The shape of the modulus distributions in P3-0.2 and P1-0.2 are similar to
the reference. However, like in the low-polymer content samples, the distri-
bution in P2-0.2 is more homogeneous, as indicated by the steeper increase
of the CDF curve between 10 % and 80 %. P2 encounters the largest dif-
ferences in the modulus distributions between the low-polymer and high-
polymer contents, and P1 the smallest. In P3-0.2, the modulus distribution is
less steep than in P3-0.05, indicating a less homogeneous distribution. How-
ever, probably due to the high sample porosity, the scatter in the modulus
distribution of P3-0.2 is increased compared to that in P3-0.05, and the large
number of indents under 5 GPa (around 9.4 %), which is present in no other

distribution, indicates the poorer quality of the surface or even of the sample.

6.2.5 Effect of aging on the elastic properties

Figure 6.5 shows for example the modulus CDFs for two PMC samples, P2-
0.05 and P2-0.2, at the ages of 28 and 56 days, and compared to that of the
reference sample. The modulus distribution of P2-0.05 (Figure 6.5a) reveals
that the difference in the modulus distribution of the sample at both investi-
gated ages is smaller than for the cement paste without polymer (reference
sample). Indeed, the reference sample becomes more compliant with age:

most of the curve on day 56 lies on side of lower modulus values of the
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Figure 6.5: Elastic modulus distribution at 28 and 56 days in some PMC samples: (a) P2-
0.05 and (b) P2-0.2, compared to that of the reference sample without polymer
modification.

curve on day 28. It also becomes more homogeneous, as it has a steeper
increase of the curve on day 56 than on day 28.

On the contrary, the modulus distribution of P2-0.2 (Figure 6.5b reveals that
the sample modulus increases between age of 28 days and 56 days, as the
distribution is shifted to higher modulus values. This modulus increase with
age is not visible in the reference sample. The homogeneity of the sample is
quite similar at the two investigated ages.

Thus, Figure 6.5 indicates a retardant effect of the polymer modification on

the hardening reaction of the PMCs, in particular at large polymer content.

6.3 Discussion

To further analyze the modulus distribution of PMC pastes, the empirical
modulus distributions were fitted with a weighted sum of Gaussian func-
tions. First, the number of phases is discussed, and then the influence of
the polymer modification, which depends on the polymer type, the polymer
content and the sample age.
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Figure 6.6: BIC of the elastic modulus distribution fit with varying number of phases at two
investigated sample ages for (a) the reference and (b) the P1-0.2 sample.

6.3.1 Number of phases

The modulus distribution of the reference sample and P1-0.2 were investi-
gated with the EM fitting procedure (as described in Appendix A.1.4), with
a sum of one to four and five Gaussian functions for P1-0.2 and the refer-
ence, respectively. At each age, when comparing the fits with the lowest BIC
and various number of phases, the number of phases of the fit that led to the
lowest BIC indicates the optimum number of elastic phases in the material
(Figure 6.6). In the reference sample, the lowest BIC is achieved at both
ages for a four-phase fit (Figure 6.6a). However, the difference is small be-
tween the three-phase and the four-phase fits (0.13 % on day 28 and 0.05 %
on day 56). Thus, the four-phase fit was considered in a first approach as
the best number of phases in the reference sample, but a three-phase fit may
also be relevant. This will be examined in a further step. In P1-0.2, the min-
imal BIC is achieved at both ages for a three-phase fit (Figure 6.6b). As the
difference with the BIC of the two-phase fit is only 0.67 %, both fits will be
compared in a further step.

The fits with lowest BIC for the modulus distribution of the reference and
the P1-0.2 sample at age of 28 and 56 days are presented in Figure 6.7.
Each phase is plotted as a circle located at the phase mean value, which size
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is proportional to the phase fraction and with an error bar representing the
standard deviation of the phase.

In the reference sample (Figure 6.7a), the four phases have mean values be-
tween 20 GPa and 100 GPa at both ages. The phases 1 and 2, i.e. the two
most compliant ones, overlap with each other. The two stiffest phases do
not overlap and describe the modulus distribution from 40 GPa upwards. On
day 28, the phase fraction of phase 4, the stiffest phase, is 4.7 % but only
0.58 % on day 56, fractions that represents less than 100 indents at both
ages. Moreover, for this phase, the ratio of the modulus standard deviation
over its mean value is 32 % on day 28 and 40 % on day 56. For comparison,
the same ratio for the most compliant phase is only around 19 %. This indi-
cates that the stiffest phase of the distribution is very wide, i.e. has a large
noise-to-signal ratio, and also has a small to negligible fraction. Thus, in
the following, a sum of only two to three phases is used to fit the modulus
distribution of the reference sample at both investigated ages.

In P1-0.2 (Figure 6.7b), the three phases have mean values between 15 GPa
and 70 GPa at both ages. The two most compliant phases also overlap with
each other, but less than in the reference sample. A similar reasoning for
phase 3 of P1-0.2 as for phase 4 of the reference at both ages shows that
phase 3 also has a large noise-to-signal ratio, with a small to negligible phase
fraction, and in the following a sum of only two phases will be used to fit the
modulus distribution of P1-0.2.

So, for better comparison between all samples, the modulus distributions of
the reference and all investigated PMCs on both days will be investigated

with a sum of two Gaussian phases.

6.3.2 Polymer influence

Figure 6.8a presents the two-phase deconvolution results of the PMC moduli
at age of 28 days. Each circle center is located at the mean modulus of a

phase, with the associated error bar as the standard deviation. The circle
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Figure 6.7: Optimal fit of the elastic modulus distribution fit at two investigated sample ages
from high-speed nanoindentation of (a) the reference and (b) the P1-0.2 sample.
The data points are shifted of one or two days around the measurement day for
better visibility.

diameter is proportional to the phase fraction as indicated by the scale. For
all samples except P3-0.2, the mean modulus of the most compliant phase
(phase 1) lies between 18 GPa and 23 GPa with a standard deviation of 5 GPa
to 6 GPa. The mean modulus of the stiffest phase (phase 2) varies from
31 GPa to 37 GPa with a standard deviation between 11 GPa and 16 GPa.
The fraction of phase 1 is somewhat higher than the fraction of phase 2 with
values between 50 % and 63 % and 35 % and 47 %, respectively. Note that
the sum of the fractions of the two phases lies slightly below 100 %, at around
97 % to 98 %. This indicates that not all modulus values could be attributed
to one of the two phases. The choice of number of phases discussed in the
previous section probably led to the fact that some modulus values cannot be
modeled by any of the phases, most of them being in the 2 % to 3 % highest
modulus values.

Compared to that of the reference without polymer, the modulus of all PMC
pastes is either constant or reduced with the modification with 5 % of poly-
mer (Figure 6.8a). This is expected, as the polymers have a lower modulus
compared to those of the cement paste phases: typ. <1.1 GPa (Figure 6.2)
and 20 GPa to 150 GPa [37, 87], respectively.
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Figure 6.8: Distribution of the elastic phases of polymer-modified cement pastes (a) on day 28,
and (b) on both days 28 and 56. The fraction of each phase is proportional to the
circle area, following the phase fraction scale on the right.

At lower polymer concentrations, P3 has the greatest influence on the PMC
paste modulus (Figure 6.8a). This correlates well with the previous tests on
the polymer only, where P3 was found to be the most compliant polymer
in this study (see Section 6.2.2). However, a larger porosity of the sample
compared to that of reference would also lead to a decrease of the phases’
stiffness.

Besides the polymer stiffness, factors such as the delivery state of the poly-
mer and the minimal film forming temperatures (MFFT) also play a role in
the PMC properties, as they would affect the polymer dispersion in the ce-
ment paste or the microstructure of the PMC paste [141]. Indeed, according
to Gobel et al [141], “the M[F]FT of P1 is lower than the processing and
storage temperatures; it does not form films in the hardened cement paste
matrix. In contrast, polymers P2 and P3 form films which interpenetrate the

cementitious matrix”.

6.3.3 Polymer content

The polymer content also influences the elastic properties of the PMC pastes
(see e.g. Figure 6.8a). At higher concentrations of polymer (20 % of the
cement weight), all polymers reduce the modulus of the cement paste: of
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4 GPa to 5 GPa for the most compliant phase and 2 GPa to 5 GPa for the
stiffest phase (P3 excluded).

A larger decrease of the phases’ elastic properties is encountered in P2-0.2,
compared to that in P1-0.2. Indeed, polymers P1 and P2 have the same
chemical composition, but are produced by different companies and deliv-
ered in different states (powder and suspension). They also have different
MFFT (Table 6.1), which influences the microstructure of the PMC paste.
As the MFFT is dependent of the polymer glass transition temperature [143],
P1 is expected to have a lower glass transition temperature and be stiffer than
P2. This was confirmed by the measurement of the polymer complex modu-
lus in Section 6.2.2. Thus, the lower modulus values in P2-0.2 compared to
those in P1-0.2 can be explained by the different polymers having a greater
influence on the material than at low polymer content.

The sample P3-0.2 apparently behaves differently, as the modulus of its
phase 1 is lower and has a higher standard deviation (14.6 8.0 GPa) than
those of the other samples. Also, its phase fractions are higher for phase 1
and lower for phase 2, with 84 % and 14 %, respectively. This can be caused
by the high pore concentration in the P3-0.2 sample (see Section 6.2.1). The
porosity decreased the number of successful indents and, thus, the quality of
the SNT results. It also decreased the overall sample stiffness as well as the
stiffness of phase 1, compared to those of the other samples.

To summarize, the compliance of the PMC samples is increased by the larger
P:C ratio of 20 %, which can be explained by the lower modulus of the poly-
mers compared to that of a cement paste. From a mechanical point of view, a
P:C of 5 % of the polymers P1 and P2 provides similar phases’ modulus than
those of the reference sample. Thus, this P:C ratio might be the most ade-
quate polymer content for PMCs. However, for the selection of PMCs and
the P:C ratio, also the durability and long-term performance of these cement

pastes should be considered.
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6.3 Discussion

6.3.4 Aging of the phases

The phases of each PMC elastic modulus distribution at the ages of 28 and
56 days are compared in Figure 6.8b. For all samples, except P3-0.2, the
mean modulus of both phases are nearer to each other on day 56 than on
day 28, which indicates a reduction of the modulus scatter with the sample
age, and more homogeneous material properties. This might be due to an on-
going chemical reaction leading to a more homogeneous degree of hydration
of the cement paste over the sample surface at greater ages and/or a more
homogeneous polymerization.

The largest differences between the phases on days 28 and 56 are observed in
P3-0.2: the mean modulus of both phases increases by up to 4 GPa within the
second month of the sample. This may be related to the high porosity being
reduced with age because of the ongoing chemical reactions in the sample.
The sample being tested in a less porous location on day 56 than on day 28
could be another reason.

To conclude, the hydration reaction of the PMCs seems to be delayed by the
polymer modification, as already noted e.g. by [144, 145]. However, the age
of a PMC has less influence on the properties of its phases than the polymer
type and the polymer content.

6.3.5 Evaluation of analysis procedures

The phases from different fit procedures were compared for both P1-0.2 and
the reference sample.

For P1-0.2, the fits from LM procedure (Section A.1.1) with two phases (LM
2 ph.) were compared to the fits from EM procedure (Section A.1.4) with two
and three phases (EM 2 ph. and EM 3 ph., Table 6.5).

The phases from LM 2 ph. and the two most compliant phases EM 3 ph.
show similar properties, in particular on day 28. For example, they have
<0.5 % difference on the mean modulus of phase 1, and <4.5 % for phase 2.
Also, their fraction of phase 1 differ by <3 %. On day 56, the differences
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are higher, up to 10 % for the mean value of phase 2 and 38 % for its phase
fraction.

The phases of EM 2 ph. show larger differences at both ages with the two
most compliant phases of both LM 2 ph. and EM 3 ph. In particular, the
phase fractions of LM 2 ph. and EM 2 ph. differ of more than 40 % and
69 % for phase 1 and 2, respectively. Indeed, in EM fitting procedure, the
sum of all phase fractions must be equal to one, and smaller or equal to one
in the LM fitting procedure. This condition of the EM procedure forces the
measurement outliers to be modeled as a phase of the modulus distribution
with large standard deviation and small amplitude, like the stiffest phase in
the EM 3 ph.: phase fraction less than 10 %, ratio of the phases standard
deviation and mean value larger than 58 %. This particularity of the EM
procedure was already observed and discussed for the reference sample in
Section 6.3.1.

For the reference sample, the results from the LM procedure with two (LM
2 ph.) and three phases (LM 3 ph.) are compared to those from the EM
procedure with three (EM 3 ph.) and four phases (EM 4 ph.), respectively
(Table 6.6). The stiffest phase of each fit with the EM procedure was added
for information, but is not discussed in the following, following the argu-
ments presented in Section 6.3.1.

The phases from LM 2 ph. and the two most compliant phases from EM
3 ph. show similar mean values and standard deviations at both ages, with
less than 10 % difference for the mean values and 13 % for the standard de-
viations. Also the phase fractions do not differ by more than 6 % on day 28.
Moreover, the phases from LM 3 ph. and the three most compliant phases
from EM 4 ph. also show less than 9 % and 13 % difference in mean values
and standard deviations, respectively.

Thus, it can be concluded that, as for the other investigated materials, the
fitting procedure has a large influence on the determination of the number of

phases, which then influences the determination of the phase properties. For
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Table 6.5: Fit results comparison between LM and EM procedure in P1-0.2.

On day 28 On day 56
Procedure Phase Modulus (GPa) Phase fraction (%) Modulus (GPa) Phase fraction (%)
) 19.3+5.6 52.7 19.2+54 51.5
LM with 2 phases
2 34.6+14.0 43.8 31.14+14.0 46.9
) 21.8+7.7 74.2 20.4+7.0 69.8
EM with 2 phases
2 49.2+£23.0 25.8 39.0+19.0 30.2
19.3+5.8 54.1 19.3+64 62.5
EM with 3 phases 2 33.2+12.0 36.4 34.2+13.0 34.0
3 67.0£26.0 9.4 64.8£27.0 3.5
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Table 6.6: Fit results comparison between LM and EM procedure in the reference sample.

On day 28 On day 56
Procedure Phase Modulus (GPa) Phase fraction (%) Modulus (GPa) Phase fraction (%)
. 1 23.0+5.3 49.3 229455 54.2
LM with 2 phases
2 37.1£14.0 46.7 35.6£14.0 44.0
22.0+4.3 36.0 222443 28.6
LM with 3 phases 30.9+9.1 39.6 259484 40.7
48.1+24.0 23.0 40.3+17.0 30.2
1 23.1+5.2 47.8 23.5+6.3 63.2
EM with 3 phases 2 355+14.0 44.3 38.8+£15.0 35.0
82.94+35.0 8.0 69.1£31.0 1.8
1 22.1+3.8 27.5 22.4+4.2 31.1
. 2 28.44+9.8 53.7 26.5+9.5 47.0
EM with 4 phases
3 51.9+14.0 14.1 45.6+16.0 21.3
4 101+£32 4.7 90.0+36.0 0.6

saysed Juowad payrpow-owA[od Jo uoneIUIpUIOUBN 9



6.4 Summary

equivalent numbers of phases (i.e. one more in the fit from EM than in the

fit from LM), both procedures provide rather similar results.

6.4 Summary

6.4.1 Microstructure and aging of PMC pastes

The use of statistical methods to analyze nanoindentation data enabled a pre-
cise characterization of each PMC paste, which highlighted the influence of
the polymer type, the polymer content and the age of the paste on the PMC
modulus distribution. The study showed that the polymer-modification de-
creases the stiffness of the cement pastes, an effect that increases with the
polymer content and the polymer compliance. The study also highlighted
the retardant effect of the polymer modification on the material hardening
reaction time, in particular with the polymers P2 and P3. This effect was
found to get stronger with increasing polymer content.

As for mortar and cement pastes, the nanoindentation results of PMC was
shown to largely depend of the surface quality and the sample porosity. This
highlights the importance of a careful sample preparation in the nanoindenta-
tion measurements. With the surface preparation method used in this study,
the microstructure of PMC pastes was found to be composed of one com-
pliant phase and one stiff phase. The compliant phase is believed to be
composed of the hydrated cement paste mixed with the polymer, whereas
the stiff phase is mostly composed of unhydrated cement particles and their

neighboring material.

6.4.2 Applicability of the SNT

A statistical analysis of nanoindentation results was successfully applied to
PMC pastes. The LM analysis procedure (see Section A.1.1), though less
automatized than the EM procedure (see Section A.1.4), provides the phys-
ically most meaningful results. In the EM procedure, the stiffest phase did
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not match any phases from the LM analysis procedure (see Section 6.3.5).
The other phases of the distributions, however, showed only few differences
with each other.

The indentation depth was found to be a very important parameter for the
usefulness of nanoindentation experiments. It must be chosen as a compro-
mise between the accuracy of the phases’ properties and a low influence of
the surface roughness. The polymer mechanical properties modifying the
investigated PMC pastes were measured by nanoindentation and used as in-
put parameters in a semi-analytical multiscale model of polymer-modified
concretes [141]. The model showed good agreements with the experimental

results.
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7 Conclusions and Outlook

Heterogeneous materials of various classes were investigated with nanoin-
dentation: bi-metal composites, a plant attachment pad, and various kinds of
polymer-cement paste compounds. The materials were analyzed using vari-
ations of the Statistical Nanoindentation Technique (SNT). The SNT was
shown to be universally applicable for the investigation of heterogeneous
materials.

In both the bi-metal composites and the plant attachment pad, the micro-
scopically heterogeneous microstructure of the materials was successfully
investigated with SNT, and its understanding enabled to study the interaction
between the various mechanical phases. Associating the SNT with micro-
scopical imaging, the mechanical phases in the bi-metal composites and the
plant attachment pad have even been assigned to a material phase. For the
polymer-cement compounds, the SNT has also been successfully applied, but
identifying the mechanical phases is still a challenge, as their expected char-
acteristic sizes are small compared to the nanoindentation spatial resolution,
and, thus, require a very low surface roughness that is difficult to achieve.
For a successful SNT analysis, some guidelines are proposed. Regarding
the nanoindentation, the experiments must be designed under consideration
of the requirements of the statistical analysis method and with the overall
goal of determining the phase’s properties. In particular, the choice of the
indentation depth is challenging, as it has to be large enough to overcome
the surface roughness and at the same time be small enough compared to the
expected characteristic sizes of the mechanical phases. A smaller indentation

depth also contributes to the statistical accuracy by enabling to increase the
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7 Conclusions and Outlook

number of tested locations. Regarding the statistical analysis of the empirical
distribution, it was shown that different fitting algorithms can provide accu-
rate, yet different, fit results. Attention must be given, however, to the con-
straints on the phase fractions, which notably influenced the determination
of the number of phases and, consequently, the phase properties. Coupling
the SNT with microscopy techniques might help understanding the phases as
determined from the SNT and choose the results from the best fitting algo-
rithm.

Recommended goodness-of-fit criteria are the BIC, the %2 and the rg, de-
pending on the fitting algorithm. They can help in the determination of the
optimal number of phases and the optimal phase properties. Additionally to
the goodness-of-fit criteria, however, the plausibility of the phases from the
deconvolution must also be critically considered. This can be achieved for
example with a parameter study of the SNT, or by analyzing the soft clus-
tering distributions of the empirical data compared to those of the phases
properties.

Also, the studies presented here would benefit to be reproduced with im-
proved sample preparation, in particular for the polymer-modified cement
pastes and the mortar samples. This would enable to reduce the indentation
depth of these samples and, thus, to investigate the material phases more
accurately. Furthermore, the SNT analysis could be developed for the in-
vestigation of the creep and viscoelastic deformation behavior of individual
phases of heterogeneous materials, especially for cement-based materials.
Finally, the SNT could also be used to investigate the microstructure of plant
tissues in order to facilitate bio-mimicry or the development of new, bio-

inspired materials.
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A Statistical Nanoindentation
Techniques

Different fitting procedures can be applied to determine the mechanical prop-
erties from nanoindentation of heterogeneous materials via SNT. In this
chapter, the influence of the presence of experimental noise, the choice of the
fitting algorithm, or the experimental distribution, and the influence of fitting
constraints are discussed. The analysis presented is based on nanoindenta-
tion experiments of polymer-reinforced cement pastes (see also Section 6).

In the following, three fitting procedures are described, and compared. Then,
relevant fitting parameters are identified and discussed, and some guidelines

for an optimum statistical analysis for nanoindentation data are proposed.

A.1 Fitting procedures

A.1.1 Levenberg-Marquardt fitting algorithm

A Levenberg-Marquardt (LM) algorithm, implemented in the Peak Fit Ana-
lyzer module of Origin (OriginPro 2016, OriginLab Corporation, Northamp-
ton, MA, USA) was used. It derives from a least square minimization algo-
rithm, and details on the LM fitting algorithm are presented in [146—148].
The objective function to be minimized is: }.}_; SgDFX_ with 6CDFXj the resid-
ual at the j-th point of the empirical distribution, i.e. the distance in the
y-direction only between the j-th point of the empirical distribution, of coor-
dinates (X;,CDFy;), and the fitting curve CDF;¢ (x). The end-of-fit criterion
is based on the calculation of the 2 with a tolerance of minimum 10°.
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Successive sets of starting parameters were chosen in the range of higher
density of empirical data. The best fit was chosen as the most reproducible
fit that converged with different sets of starting parameters. Several fits were
performed for each empirical distribution. The number of iterations allowed
until convergence was achieved, and the sum of all phase fractions was con-
strained to be less or equal to one. Fits with different numbers of phases were

compared based on their goodness-of-fit criteria, such as > and rﬁ.

A.1.2 Verification of the accuracy of the LM fitting
procedure

For a first verification of the accuracy of the LM fitting procedure, a two-
phase distribution was generated, fitted using the LM procedure as described
in the previous paragraph, and then the parameters of the generated and fit-
ting functions are compared and discussed.

Figure A.la presents the CDF plot of 500 data points generated as a mixture
of two Gaussian distributions, whose parameters are listed in Table A.1. The
artificial distribution was generated for the purpose of this investigation!.

First the function parameters were generated, such as

A; =0.5rand()+0.2
Ay =1-A4A

m; = 80rand() 4 20
my = 100rand()
§1=— rand()

52 = myprand()

! Microsoft Excel as OLE (Object Linking and Embedding), embedded in Origin
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T T
|'[o Generated data points|  _ggfl
-+ Fit Peak 1
0.8} - FitPeak2
) |=— Cumulative Fit Peak

; i i i i j
50 0 50 100 150 50 0 50 100 150
a. X_i, quantity to fit b. X_i, quantity to fit

Figure A.1: (a) CDF plot of a generated distribution of two Gaussian phases with 500 data
points. (b) Optimal deconvolution with two Gaussian phases of the same distribu-
tion, obtained from LM fitting algorithm. The distribution and fitting parameters
are in Table A.1.

rand() is the pseudo-random equally distributed number generator, with out-
put being larger or equal to zero and smaller than one”. The parameters of
the two phases were chosen in such way that the phases have different am-
plitudes, standard deviations and mean values.

Then, the 500A4; points of the distribution associated to the phase 1 were
generated such as

X, = [cos (27rand()) \/E—2ln (rand() + 1014))} s1+my

This equation transforms a uniform distribution between zero and one to a
normal distribution of standard deviation s; and mean value m; and is called

—14 was added

Box-Miiller transform [149], whereas a constant term of 10
to the random number in the logarithm to avoid it assuming a value of zero.
The constant was chosen as the smallest number provided by Excel with
exact precision’. The points from the phase 2 were generated in a similar

way, using the function parameters previously generated.

2 https://support.office.com/en-us/article/RAND-function-4cbf
a695-8869-4788-8d90-021ea9f5be73, visited on 7th September 2018

3 https://en.wikipedia.org/wiki/Numeric_precision_in_Microsoft_Excel, vis-
ited on 7th September 2018
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Table A.1: Parameters of a generated two-phase Gaussian distribution with 500 points, and of
the optimum two-phase fitting function plotted in Figure A.1b

Mean value Standard deviation Phase Fraction (%)

Phase 1
Generated 17.59 30.93 60.2
Fit 17.7 31.2 56.7
Phase 2
Generated 46.73 68.94 39.8
Fit 43.6 61.8 42.6

Figure A.1b presents the optimum fitting function, as calculated by the LM
fitting algorithm. The function is a sum of two Gaussians (Table A.1).

The LM fitting algorithm provided a good estimation of the distribution pa-
rameters (Table A.1), in particular for the phase with the highest phase frac-
tion (phase 1). The differences between the generated and the fitted param-
eters may come from an insufficient number of high values in the phase 2
of the generated distribution. This has the consequence that the whole gen-
erated distribution had a lower amplitude of values, and in particular the
phase 2 of the fitting function was shifted towards lower values, which in-
creased the overlap of the two phases. A larger number of generated data
points might have helped getting enough data points over the whole gener-
ated distribution and, thus, might have improved the parameters estimation

from the deconvolution analysis.

A.1.3 Orthogonal Distance Regression fitting algorithm

An alternative to the Least-Square Estimation fit is the Orthogonal Dis-
tance Regression algorithm (ODR)*. Compared to the LM algorithm, the

ODR algorithm minimizes the orthogonal distance between the empirical

4 implemented in the Non-linear Curve Fit module of Origin
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data and the fitting curve [150]. The objective function to be minimized is
then: Z;?ZI(S)%]_ + SgDFXj), with 8Xj and 5CDFX.,~ the residuals at the point
(X j,CDij), i.e. the distance in x and y directions between each point
(Xj,CDFy;) of the empirical distribution and the fitting curve CDFy;(x).
The iteration algorithm itself is still a Levenberg-Marquardt algorithm [150,
151].

The end-of-fit criterion here is based solely on the calculation of the x> with
a tolerance of maximum 107°. The starting parameters of the fitting function
were chosen in the range of higher empirical data density. The best fit was
chosen as the most reproducible one, given different sets of starting param-
eters. Several fits were done for each empirical distribution and the number
of iterations was not constrained. As in the LM fitting procedure, the sum of
the phase fractions was constrained to be less or equal to one.

An advantage of this fitting algorithm is the possibility to investigate the ef-
fect of uncertainty of the measured quantity on the fitting results (X error
input). A drawback of the fitting algorithm is that the number of phases is
fixed from the first step of the analysis on, which complicates the investi-
gations about the number of necessary and relevant phases in the empirical
distribution.

A.1.4 Expectation-Maximization fitting algorithm

Implemented in Matlab®, the Expectation-Maximization (EM) procedure
maximizes the likelihood of the fitting function instead of the distance be-
tween the empirical data set and the fitting function. Also, the EM fitting
algorithm is used [152] instead of the LM fitting algorithm. The advantage
of the EM algorithm is that it also can be used to cluster the empirical data.
Indeed, the algorithm "assigns posterior probabilities to each component

density with respect to each observation" [153]. Clustering of the empiri-

5 Matlab R2016a, The MathWorks Inc., Natick, MA
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cal data is investigated in the following as potential way of determining the
number of mechanical phases in the material.

The termination tolerance for the log-likelihood function was set to 107°.
100 and 50 independent fits for modulus and hardness, respectively, were
done for each empirical data set and fitting function. For each fit, a random
set of starting parameters was generated. The maximum number of iterations
was restricted to 2000 and 1000 for modulus and hardness respectively. In
this procedure, the sum of all phase fractions was equal to one. The conse-
quences of this constraint will be investigated in the following. Despite the
high number of independent fits, the duration of the whole fitting procedure
is in the range of a minute for each fitting function and empirical data set. For
a set of empirical data, fits with a various number of phases were compared,
taking advantage of the short duration of the fit itself.

In the following, the accuracy of the ODR and EM fitting will be discussed
and compared to that of the LM fitting procedure.

A.2 Identification of relevant parameters

A.2.1 Experimental noise

Determination of experimental noise To investigate the importance of
the experimental noise in SNT, the noise of nanoindentation experiments was
estimated on two sample materials. First, two grid fields of 670 indents each,
with a distance of at least 20 um between two indents, were made on fused
quartz with the ET method using a Berkovich tip to a depth of 1 pm. The
material is used as reference material for the calibration of nanoindentation
experiments. The parameters 3, € and Poisson’s ratio v were set to 1, 0.75
and 0.188, respectively [67], whereas a B value of 1.05 would have been
more suitable, considering the pyramidal tip used (see Section 2.2.1). The
experimental noise was determined as one standard deviation of the elastic

modulus. The mean value was 74 GPa and one standard deviation 0.63 GPa.
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An aluminum sample was ground and polished manually with diamond sus-
pensions with different grain sizes down to 0.1 um. 22 indents were made
with a Berkovich tip using the CSM method at a loading rate of 2mNs~! to
a maximum load of 600 mN. Poisson’s ratio was assumed as 0.33, and the
calculation parameters 3 and € were set to 1.05 and 0.75. The elastic modu-
lus was averaged over a loading segment between 100 mN and 200 mN, cor-
responding to a depth range from 1600 nm to 2400 nm. The mean modulus
was 93.2 GPa and one standard deviation was 1.88 GPa.

Fitting with uncertainty on experimental values A polymer-modified
cement sample with 0.5-W:C (water to cement) ratio and 0.05-P:C ratio was
prepared® and investigated with nanoindentation. 3251 indents were made
with ET to a depth of 1 um. The ODR fitting procedure (see Section A.1.3)
was used on a CDF representation of the empirical modulus distribution to
investigate the influence of the experimental uncertainty on the deconvolu-
tion results. The starting parameters were the same for each fit, chosen such
that the initial phase distribution is regularly distributed over the range of the
empirical distribution, with equal standard deviations and phase fractions for
all phases.

In this fit, an uncertainty factor w was considered for each experimental
data point j during the fitting procedure. Thus, instead of minimizing the
function Y} (8%, + SgDFXj) as in the standard ODR procedure, the func-
tion ):’}:1 (w 5)%1, + SgDFX.) was minimized, with 5;(]. and 5CDij the distance
between the j-th point of the empirical distribution and the fitting curve in
direction of the modulus axis and of the CDF axis, respectively. Through the
addition of this factor w, the influence of 6Xj on the fitting curve is reduced,
compared to that of SCDpXj.

The factor w was chosen as constant for all points of the empirical distribu-

1

tion and equal to Az

with A is the experimental error measured on the refer-

6 Provided by Luise Gobel, Bauhaus University, Weimar, Germany
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ence material quartz as described above. In a second step, A was increased
to 5 GPa to investigate the effects of a potentially higher experimental uncer-
tainty. A fitting function with both two and three phases was used for each

value of the experimental noise.

A.2.2 Fit from PDF distribution representation versus CDF
distribution representation

The influence of the empirical data representation was investigated by com-
paring the fitting results of the polymer-modified cement sample from both a
PDF and a CDF representation. The bin size for the PDF representation was
chosen as twice the standard deviation measured experimentally with high
speed indentation on quartz, i.e. 1.25 GPa (see Section A.2.1). The number
of phases of the fitting function was set to three for both representations. The
LM fitting procedure was used for the PDF representation and the ODR pro-
cedure for the CDF representation. The same initial parameters were used
for both fits, when applicable, and a 752 tolerance of 10~°. The mean values
and the standard deviations from both fits can be directly compared. How-
ever, the surface fraction of the phases fitted from the PDF representation are
not directly given by the algorithm. Hence, the relative surface fraction of
the phase i, f; was calculated from the fraction of the area under the i —th
A;

curve A;, as f; = oA
i

A.2.3 Fitting procedure

The modulus empirical CDF of the polymer-modified cement sample de-
scribed in the uncertainty paragraph of A.2.1 was used to investigate the
effect of the fitting algorithm on the deconvolution results. First, both ODR
and LM fitting procedures were used with the same starting parameters. The
parameters were chosen such that the initial phases are regularly distributed
over the range of the empirical distribution, with equal standard deviations

and phase fractions. The best fits for each fitting algorithm and with a sum
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of two and three phases were compared to each other. No experimental noise
was added to the empirical distribution. Then, the results from LM and EM
fitting procedures with a various number of phases were compared. In the
EM fitting procedure, the fit with the largest log-likelihood” is compared to
the fits from the other procedures. Indeed, a larger log-likelihood also means
a lower BIC3, and a better fit.

A.2.4 Comparison criteria between fit results to find best
fit

The modulus empirical CDF of the polymer-modified sample described in

the uncertainty paragraph of A.2.1 was used to investigate the best goodness-

of-fit criterion to determine the number of mechanically homogeneous phases

in the material. The modulus distribution was investigated with the ODR pro-

cedure and two to three phases. First, the goodness-of-fit criteria reduced 2

and the adjusted coefficient of determination 72 were compared. Addition-

a
ally, the AIC and BIC® of both models were calculated using the Rank model
feature provided in Origin'®. There, the ODR fitting procedure is also used
to find the best fitting parameters considering the proposed function. But in
this tool, the fits cannot be controlled by the user, neither the initial parame-
ters nor the fitting algorithm used. Both fits converged with a x> tolerance of
1 x 10~°. Finally, the relative likelihood of the model 2 compared to that of
the model 1 were calculated based on their respective AIC: AIC, for model
2 and AIC; for model 1. The relative likelihood of model 2 is expressed
as exp (%). The consistency and accuracy of each criterion were

compared based on the different numbers of phases investigated.

7 https://de.mathworks.com/help/stats/fitgmdist.html, visited on 4th May 2018.
8 https://de.mathworks.com/help/stats/gmdistribution.bic.html, visited on 4th
May 2018.
° https://www.originlab.com/doc/Origin-Help/PostFit-CompareFitFunc, visited
on 4th May 2018.
100 ginPro 2016, OriginLab Corporation, Northampton, MA, USA
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A.2.5 Clustering as a tool to estimate the number of
mechanical phases

A second sample, a polished cement paste without polymer modification at
age of 28 days, was tested with high-speed indentation at age of 28 days, and
its modulus EDF was fitted with the EM procedure. Fitting functions with
two to five phases were used.

The EM procedure was chosen for this investigation as it allows both the
clustering of each data point into one of the phases, i.e. a hard clustering, and
soft clustering. Hard clustering is based on the phase with highest posterior
probability for the concerned data point. In soft clustering, the posterior
probability is used to compare the probabilities of each phase knowing all
phases and for a given data point. These tools were used to better investigate
the modulus distribution with a various number of phases and thus better

estimate the number of mechanical phases in a material at microscopic scale.

A.3 Parameter evaluation

A.3.1 Experimental noise

The modulus distribution of the investigated polymer-modified cement paste
sample was fitted with and without experimental error, and the modulus
phases were compared for two different numbers of phases (Table A.2). The
difference in the mean modulus values was less than 0.01 GPa for each phase
of both fitting functions. Also the standard deviation difference was less than
0.05 GPa and the surface fraction difference was less than 0.2 %. For the
higher noise of 5 GPa, the differences between the deconvolution results in-
crease to reach less than 0.03 GPa for the mean modulus, 0.1 GPa for the
standard deviation and 0.2 % for the surface fraction in each phase. Thus
a constant noise over the whole experimental distribution does not largely

impact the deconvolution results, even for very noisy experiments.
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Table A.2: Influence of the uncertainty on modulus determination on fitting results as function of the number of phases in the fitting function
and the amplitude of the uncertainty.

. No noise Experimental noise High noise

Fit parameter

2 phases 3 phases 2 phases 3 phases 2 phases 3 phases
Phase 1
Mean modulus (GPa) 17.2 14.611 17.2 14.619 17.2 14.633
St. deviation (GPa) 4.7 2.70 4.7 2.74 4.7 2.80
Phase fraction (%) 65.5 14.7 65.5 14.75 65.5 14.9
Phase 2
Mean modulus (GPa) 30.6 18.7 30.6 18.7 30.6 18.7
St. deviation (GPa) 10.7 4.9 10.7 4.9 10.7 4.9
Phase fraction (%) 32 51 32 51 32 51
Phase 3
Mean modulus (GPa) 30.3 30.3 30.3
St. deviation (GPa) 13.1 13.1 13.1
Phase fraction (%) 32.5 32.5 32.4
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A.3.2 Distribution representation

A modulus distribution was fitted with the same fitting function from both
a PDF and a CDF representation (Figure A.2). Table A.3 summarizes the
main phase properties for each fit. All phases show little differences between
the fits from PDF and CDF representations regarding their mean values and
standard deviations. However, the phase fraction from PDF may vary up to
4 9% compared to that from CDF.

The reduced x2 of the fits was 2.5 x 107 for the fit from the PDF and
8.2 x 107 for the fit from the CDF. This indicates that the fit from the PDF
representation is nearer to the empirical data than the fit from the CDF rep-
resentation.

The adjusted coefficient of determination rZ, however, was 0.992 for the PDF
representation, and 0.9999 for the CDF representation. This indicates that
the fit from the CDF representation more accurately fits the empirical curve
than the fit from the PDF representation. Thus, no clear conclusion on the
best distribution representation can be drawn from the analysis of the fit pa-
rameters x” and r2 only.

The advantage of the PDF representation is that the most important peak in
relative phase fraction is also the peak exhibiting the highest relative fre-
quency (Figure A.2a). Thus, it is easier to infer its location and properties,
compared to for the other peaks of the distribution. This corresponds to the
main drawback of the CDF representation that the phases are nearly impos-
sible to infer (Figure A.2b).

However, the PDF representation requires a binning step (see Section 2.2.5),
which parameter is chosen during the analysis and influences its results. The
use CDF representation does not have this binning step, and thus, prevents

potential issues linked to the choice of this parameter to occur.
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Figure A.2: Three-phase fit of a modulus distribution from a polymer-modified cement paste
represented with (a) PDF and (b) CDF plots.

Table A.3: Fitting results for the same modulus data set fitted by a sum of three Gaussian
functions, from either a PDF or a CDF representation

Data representation

Property

PDF CDF
Phase 1
Mean modulus (GPa) 14.7 14.6
St. deviation (GPa) 2.5 2.7
(Rel.) Phase fraction (%) 10.8 14.7
Phase 2
Mean modulus (GPa) 18.3 18.7
St. deviation (GPa) 4.9 4.9
(Rel.) Phase fraction (%) 53.9 51.0
Phase 3
Mean modulus (GPa) 28.6 30.3
St. deviation (GPa) 12.9 13.1
(Rel.) Phase fraction (%) 35.3 32.5
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A.3.3 Fitting procedure

First, the same data as in the previous section were fitted with the ODR and
the LM fitting algorithms (Table A.4). No significant differences in the mean
values, standard deviations or phase fractions between the phases of a two-
phase distribution from ODR and LM were found. In the case of a three-
phase distribution, the phase fractions of phase 1 and 2 have a difference
of less than 0.4 % (in absolute variation) between the two fitting algorithms.
Thus, the results differences between the ODR and LM fitting procedures are
considered negligible compared to those between optimal fits with different
numbers of phases.

The modulus distribution from the same polymer-modified cement sample
(see Table A.4) was also fitted with the EM fitting algorithm. The phases’
properties and the BIC of the optimum fit for a number of phases between
two and four are summarized in Table A.S.

At the same number of phases, large differences in the fit results are found
when comparing the EM fit results with the LM fit results. For example,
comparing the fit results from LM with two phases and EM with two phases,
the differences in the mean values are as large as 1 GPa and 8 GPa for the
most compliant and the stiffest phase, respectively. Also, the phase fractions
show differences as large as 11 % (in absolute variation). Similar observa-
tions can be made while comparing the fit results from LM and EM with
three phases.

However, comparing the fit results from LM two phases with EM three phases,
the two most compliant phases present many similarities with each other
(Figure A.3). For example, the absolute variation of their mean value and
standard deviation is below 0.8 GPa and the absolute difference in the phase
fraction of the most compliant phase is less than 1%. Indeed, the major
difference in the results from both fitting procedures is the presence in the
EM fit results of the third phase.
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Table A.4: Influence of fitting algorithm, Levenberg-Marquardt (LM) and Orthogonal-Distance Regression (ODR), on the deconvolution of an
empirical modulus distribution from a polymer-modified cement paste.

Fitting algorithm LM ODR
2 phases 3 phases 2 phases 3 phases

Phase 1

Mean modulus (GPa) 17.2 14.6 17.2 14.6
St. deviation (GPa) 4.7 2.7 4.7 2.7
Surface fraction (%) 65.5 14.2 65.5 14.7
Phase 2

Mean modulus (GPa) 30.6 18.7 30.6 18.7
St. deviation (GPa) 10.7 4.9 10.7 4.9
Surface fraction (%) 32.0 51.4 32.0 51.0
Phase 3

Mean modulus (GPa) 30.3 30.3
St. deviation (GPa) 13.1 13.1
Surface fraction (%) 32.6 32.5
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Compared to the other phases of the EM fit with three phases, this third phase
has a low surface fraction (less than 10 %), a high mean value, and a standard
deviation larger than one-third of its mean value. This third phase is thus con-
sidered as a consequence of the constraint on the sum of all phase fractions
in the EM fitting procedure. Such a phase actually describes the outliers with
high modulus or hardness values from the empirical distribution.

These outliers are difficult to catch in a single phase, as they do not repre-
sent a large percentage of the whole distribution and, per definition, exhibit a
large scattering. This leads to a phase with a high standard deviation and low
fraction in the fit. In the following, the third phase as described in the previ-
ous paragraph is not considered as a physical part of the material properties
deconvolution, but as a by-product of the fitting procedure.

The EM fit results with four phases present a similarly unphysical fourth
phase (Table A.5 and Figure A.3). But even without considering this fourth
phase, the results from the EM four-phase fit cannot be so easily compared
to other fit results, independent of the fitting procedure. Indeed, the phase
distribution is quite different from all other investigated distributions: large
differences in mean values, standard deviations and phase fractions are ob-

served.
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Table A.5: Influence of fitting algorithm, LM or EM, on the deconvolution of an empirical modulus distribution from a polymer-modified ce-
ment paste. BIC of EM fits: 24182 (2 phases), 23957 (3 phases) and 23972 (4 phases).

.. . LM EM
Fitting algorithm
2 phases 3 phases 2 phases 3 phases 4 phases

Phase 1

Mean modulus (GPa) 17.2 14.6 18.3 17.3 16.8
St. deviation (GPa) 4.7 2.7 5.5 4.8 4.4
Phase fraction (%) 65.5 14.2 76.1 66.4 53.6
Phase 2

Mean modulus (GPa) 30.6 18.7 38.9 29.8 22.5
St. deviation (GPa) 10.7 4.9 19.0 10.2 7.7
Phase fraction (%) 32.0 51.4 23.9 27.8 26.8
Phase 3

Mean modulus (GPa) 30.3 59.3 35.2
St. deviation (GPa) 13.1 23.0 11.0
Phase fraction (%) 32.6 5.8 15.7
Phase 4

Mean modulus (GPa) 67.2
St. deviation (GPa) 21.6
Phase fraction (%) 4.0
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Figure A.3: Deconvolution of an empirical modulus distribution from a polymer-modified
cement paste with two to four phases and using both the LM and EM fitting algo-
rithms. Each point represents a phase mean value, with the error bar as standard
deviation. The point size is proportional to the phase fraction. The colors indicate
a phase number, ordered by increasing mean value.

A.3.4 Comparison criteria between fit results to find best
fit

Table A.6 summarizes the values of various goodness-of-fit criteria for the
same modulus distribution of the polymer-modified cement paste. The mod-
ulus distribution was fitted using the ODR procedure with two and three
phases. The two fits are compared in Figure A.4. Whereas the models for
both numbers of phases seem to describe well the curve at lower modulus
values, the cumulative fit curve is nearer to the empirical curve in the three-
phase case than in the two-phase case. This holds in particular around 50 GPa
and at moduli greater than 80 GPa. Furthermore, all the criteria indicate that
the three-phase model is the best model for this empirical curve: the three-
phase model exhibits a lower reduced-y2, a slightly higher 2 and a lower
AIC and BIC than the two-phase model. Also, the relative likelihood of
the two-phase with respect to the three-phase model is equal to zero. How-
ever, a fit with four phases was not investigated, thus it is found that the
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Table A.6: Goodness-of-fit parameters for the same modulus distribution of a polymer-
modified cement paste, fitted with the same procedure, but either two or three
phases. The three-phase function gives better values than the two-phase function
for all criteria.

Number of phases reduced x? r AIC BIC
2 28x 1075 0.9997 34060 —34011
3 8.2x107% 0.9999 38074 —38007
1.0 T2 10— ‘
. jm= Empirical CDF| ! | [ Empirical CDF|
08F g = Phase 1 0.8 {|~—Phase 1
; = Phase 2. — 3 :Ph:: 2
u 06p L Y —Phass3
o4 AR R 8 0.4
0.2 ; : 02F--ffi--- At
0.0 S S S T 0.0 i
0 20 40 60 80 100 0 20 40 60 80 100
Modulus (GPa) b. Modulus (GPa)

Figure A.4: (a) Two-phase and (b) three-phase fit of a modulus CDF from a polymer-modified
cement paste

polymer-modified cement paste studied here presents at least three phases
with different elastic moduli.

Having a deeper look at the comparison criteria for the two-phase and three-
phase fits, the largest differences between the two models is found for the
AIC and the BIC, as well as the relative likelihood. The relative likelihood is
also the most explicit and the best comparison criterion, as it represents the

probability of a given model with respect to another one.

A.3.5 Clustering

Hard clustering consists in assigning a cluster, i.e. a most probable phase, to
each data point of an investigated distribution. The cluster of each location
of a hardened cement paste is plotted as function of its modulus measured

by nanoindentation in Figure A.5. Additionally, the posterior probability
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of each phase of the cement paste is plotted as function of the measured
modulus range, which is called soft clustering (Figure A.6).

The hard clustering of the distribution with two phases shows that there are
at least two well defined phases in the material. Indeed, all locations with
modulus greater than 46.6 GPa are clustered into the cluster 2, corresponding
to phase 2, all data points with modulus between 0.6 GPa and 46.6 GPa into
the cluster 1, corresponding to phase 2 and only one data point with modulus
value below 0.6 GPa is clustered into the cluster 2. This one data point might
be considered as an outlier for the distribution, due to its very low modulus
value, and its cluster.

In the distribution with five phases, the indents with modulus above 125 GPa
are hard-clustered into the phase 5. This represents 24 of 2054 indents,
or 1.2 % of the modulus distribution. The physical relevance of this phase
should thus be further investigated.

In the distributions with three to five phases, the assigned cluster increases
with the modulus of the investigated data point. Exceptions are the locations
with the lowest modulus values: the locations with modulus up to 11 GPa
in the three-phase distribution, 16.75 GPa in the four-phase distribution and
17.54 GPa in the five-phase distribution are clustered into the cluster 2. The
cluster 1 comes next, followed by cluster 2 again. Thus, the two most com-
pliant phases actually overlap significantly at the lowest modulus values, and
the phase 1 is “surrounded” by phase 2 in the modulus distribution. This
brings questions about the actual physical presence of phase 1 in the investi-
gated material.

Soft clustering might help understanding the phase distribution further (see
Figure A.6). In particular regarding the most compliant phase, its poste-
rior probability in the three-phase to five-phase distributions never reaches 1
and decreases with increasing number of phases until nearly 0.6 in the five-
phase case. Its width also decreases with increasing number of phases. Thus,
phase 1 loses its physical importance when the number of phases fitting the
empirical modulus distribution increases. The soft clustering of the modulus
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Figure A.5: Hard clustering of the modulus distribution of a cement paste at age of 28 days,
fitted with a sum of (a) two, (b) three, (c) four and (d) five phases.
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Figure A.6: Soft clustering of modulus distribution of a cement paste at age of 28 days, fitted
with a sum of (a) two, (b) three, (c) four and (d) five phases.
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distribution confirms that phases 1 and 2 of this distribution interact strongly
with each other, independent of the number of phases, but in particular for

fits with three or more phases.

A.4 Optimum statistical analysis

A.4.1 Fitting with experimental noise

The influence on the fit results, the phase properties and the number of phases
of the noise amplitude was investigated. The differences between the phase
properties of the investigated empirical modulus distribution between fits
with and without noise were smaller than 0.07 % for the mean values, 3.7 %
for the standard deviations and 1.4 % for the phase fractions. These values
were reached for a three-phase fit with the largest noise values investigated.
The error in determination of the phases’ properties increases with the noise
applied on the empirical modulus distribution.

In general, the standard deviation is the most affected fitting parameter: a
higher experimental noise leads to larger standard deviations. Differently
speaking, not considering the uncertainty on the empirical distribution may
lead to underestimate the phases’ standard deviation. However, from a more
general point of view, a constant experimental noise throughout the empirical
modulus distribution can be neglected in the deconvolution of the modulus
of a heterogeneous material. The differences between the fit results with
and without noise are indeed minimal compared to those generated by other

fitting parameters (see discussion below).

A.4.2 Choice of data representation

The influence of the data representation on the fitting results is significant.
The CDF representation brings better accuracy on the fits, diminishes the

user influence and exhibits more intuitive fit parameters, in particular for the
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phase fraction. Thus, it represents the best choice over the PDF representa-
tion.

Indeed, despite a higher number of degrees of freedom, the whole range of
the empirical distribution is better fitted by the cumulative fitting distribution.
The lower reduced x? value of the fit from the PDF is induced by the small
number of empirical data points in the PDF representation. Hence, the fitting
curve can fit those points very well, inducing a low x2, whereas the fitting
function can take any value between these points. Thus the CDF fit actually
leads to a more precise representation of the empirical distribution and more
precise fit results.

Moreover, the user influence is lower during a CDF fit compared to that dur-
ing a PDF fit. This is first due to the suppression of the binning step and
the subsequent choice of the bin width choice in the empirical data represen-
tation. Also, the much larger number of empirical data points in the CDF
representation of the data decreases the influence of the starting parameters
on the fit results . Last but not least, in a CDF-based fit, the calculation of
the surface fraction of each phase is directly obtained from the weight of the
phase and is thus a direct parameter of the fitting function. On the contrary,
the phase fraction of a peak in a PDF-based fit is a derived parameter of the
height, the width and the weight of each peak of the fitting function, as it is

calculated as the relative surface under the curve.

A.4.3 Choice of fitting procedure

Fits made with the LM and ODR fitting procedures were compared based
on the modulus distribution measured in the investigated polymer-modified
cement paste (Table A.4). The effect of the fitting algorithm on the fit-
ting results of the investigated distribution was negligible, as the differences
between the fit results were minimal. However, the LM fitting algorithm

presents advantages like the flexibility in the choice of number of phases.
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The EM fitting procedure was also investigated and its results compared to
those from the LM procedure. Due to the constraints on the sum of all phase
fractions, the results with the EM procedure differed from the results made
with LM fitting procedure. Indeed, this constraint implies that no part of the
curve can be neglected by the fitting function which means that, in case of
noisy empirical data, the noisy part of the curve would also be fitted.

Based on the modulus analysis of this sample, it is found that both LM and
EM fitting procedures provide accurate, yet different, fit results, which can-
not be distinguished as the actual phase properties distribution is unknown.
The comparison of the LM and the EM fitting procedures can be refined for
materials with a better known composition (see e.g. the Cu-Cr composites
investigated on Chapter 3).

A.4.4 Comparison criteria between fit results

When comparing fitting results from the LM procedure or from the EM pro-
cedure, the BIC is the most informative goodness-of-fit criteria. Indeed, sim-
ilarly to the AIC, the BIC value is not limited to an interval and does not tend
towards a finite number when the fit parameters are optimized. The 72 rather
tends towards 1 and the reduced y? towards 0. A finite limit for the fit crite-
rion implies that the difference between two fits is reduced to an infinitesimal
value when both fits improve. This complicates the differentiation between
both fits and, thus, finding the best model.

The BIC and AIC present similar characteristics, but the BIC is more suitable
than the AIC to determine the best fit at constant number of phases, or the
best number of mechanical phases in an empirical distribution. Indeed, the
AIC favors fits with better accuracy but also with larger complexity, when
the number of empirical data points is increased [106]. But in mechanical
experiments, the analysis results should improve in accuracy with increasing
number of data points, but without necessarily leading to an increased num-

ber of phases, as the number of phases is restricted by the physical number
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of phases in the material. Thus, the BIC was preferably used in this thesis
to select the best fit at a given number of phases, or the best number of me-
chanical phases in an empirical distribution. A lower BIC indicates a better
fit when the number of degrees of freedom is limited, and thus, reduces the
risk of over-fitting!!. As an alternative criterion or when the BIC calculation

is not available, the reduced j? or the 2 parameters should be used.

A.4.5 Determination of the number of mechanical phases

The accurate determination of the number of mechanical phases in a mate-
rial depends on many factors. Besides factors related to the nanoindentation
methods and the unknown experimental parameters, the selection of the best
approximating model must be carefully examined. The physical meaning
of each phase must be considered. For example, the phase parameters or
the posterior probabilities can provide hints on which phase is more likely to
capture spurious experimental effects or to contribute to the replicable part of
the empirical distribution. Furthermore, using BIC model selection or clus-
tering, can also bring the fitting results into perspective and help determining
the best approximating model of a distribution.

see for example https://www.originlab.com/doc/Origin-Help/PostFit-Compar

eFitFunc, visited on 7th May 2018.
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B Tables

Cu-Cr composites data

The Tables B.1 to B.8 are related to the Cu-Cr composites investigated in
Chapter 3. They present the phases’ parameters of hardness and Young’s
modulus distributions measured with either the Continuous Stiffness Mea-
surement (CSM) or the Express Test (ET) nanoindentation methods and fitted
with either the Expectation Maximization (EM) or the Levenberg-Macquardt
(LM) procedures.
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Table B.1: Fitting results of Cu25Cr modulus distribution with CSM from EM fitting procedure

Indentation depth  Phase Mean modulus (GPa)  St. dev. (GPa) Phase fraction (%)
00m 51 0 5
o0mm o3 50 5
to00mm 250 100 5
ts00mm 5 762 v
osom s o 5
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Table B.2: Fitting results of Cu60Cr modulus distribution with CSM from EM fitting procedure

Indentation depth  Phase

Mean modulus (GPa)

St. dev. (GPa)

Phase fraction (%)

200 nm

500 nm

1000 nm

1500 nm

1950 nm

1

2
3
4

N = ek

—_

137
163
246
286

148
254

153
239

128
170
235

171

4.9
1.0

14.2
5.2

10.8
20.8

19.1
17.3

1.7
19.4
7.2

31.1

46
8
13
33

58
42

66
34

20
60
20

100
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Table B.3: Fitting results of Cu25Cr hardness distribution with CSM from EM fitting procedure

Indentation depth  Phase

Mean hardness (GPa)

St. dev. (GPa)

Phase fraction (%)

200 nm

500 nm

1000 nm

1500 nm

1900 nm

1
2

—_—

2.1
54

1.5
34

1.2
2.7

1.0
23

1.0
2.2

0.07
0.9

0.04
1.1

0.03
1.1

0.04
1.0

0.07
0.9

56
44

51
49

47
53

46
54

48
52
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Table B.4: Fitting results of Cu60Cr hardness distribution with CSM from EM fitting procedure

Indentation depth  Phase

Mean hardness (GPa)

St. dev. (GPa)

Phase fraction (%)

200 nm

500 nm

1000 nm

1500 nm

1900 nm

1
2
3

2.5
59
6.1

1.9
3.8
4.2

1.6
3.2

1.4
2.6

1.3
23

0.4
0.7
0.07

0.1
1.0
0.04

0.2
0.8

0.1
0.8

0.1
0.6

54
20
26

48
34
18

52
48

42
58

38
62
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Table B.5: Fitting results of Cu25Cr modulus distribution with ET from both EM and LM fitting procedures with between two and four phases.

EM LM
Phase number Fit parameter
3 phases  Opt. fit 2 phases 3 phases
Mean modulus (GPa) 145 138 144 139
1 St. dev. (GPa) 14.2 7.5 12.4 8.1
Phase fraction (%) 58.2 26.8 53.8 34.2
Mean modulus (GPa) 257 152 241 159
2 St. dev. (GPa) 74.2 18.0 73.6 15.5
Phase fraction (%) 39.9 33.9 42.9 24.4
Mean modulus (GPa) 731 262 - 257
3 St. dev. (GPa) 302 73.6 - 85.9
Phase fraction (%) 1.9 37.5 - 40.5
Mean modulus (GPa) - 736 - -
4 St. dev. (GPa) - 301 - -

Phase fraction (%) - 1.8 - -
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Table B.6: Fitting results of Cu25Cr hardness distribution with ET from both EM and LM fitting procedures with between two and five phases.

. EM
Phase number Fit parameter
3 phases  Opt. fit 2 phases 3 phases
Mean hardness (GPa) 1.2 1.1 1.2 1.1
1 St. dev. (GPa) 0.12 0.04 0.12 0.04
Phase fraction (%) 54.9 20.1 55.6 23.7
Mean hardness (GPa) 2.4 1.2 2.5 1.2
2 St. dev. (GPa) 0.92 0.10 0.90 0.17
Phase fraction (%) 42.9 23.5 42.2 37.4
Mean hardness (GPa) 11.0 1.4 - 2.7
3 St. dev. (GPa) 5.9 0.31 - 0.91
Phase fraction (%) 2.2 25.4 - 37.7
Mean hardness (GPa) - 2.9 - -
4 St. dev. (GPa) - 0.71 - -
Phase fraction (%) - 28.8 - -
Mean hardness (GPa) - 10.6 - -
5 St. dev. (GPa) - 5.9 - -
Phase fraction (%) - 2.5 - -
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Table B.7: Fitting results of Cu60Cr modulus distribution with ET from both EM and LM fitting procedures with between two and four phases.

Phase number Fit parameter EM LM
3 phases  Opt. fit 2 phases 3 phases

Mean modulus (GPa) 171 167 178 169
1 St. dev. (GPa) 24.6 21.3 35.0 24.1
Phase fraction (%) 26.9 22.8 35.0 24.1
Mean modulus (GPa) 307 287 325 298
2 St. dev. (GPa) 65.4 64.6 63.3 70.1
Phase fraction (%) 69.6 63.0 65.2 69.1
Mean modulus (GPa) 564 376 - 375
3 St. dev. (GPa) 186 14.1 - 11.5
Phase fraction (%) 3.5 9.4 - 6.1

Mean modulus (GPa) - 518 - -

4 St. dev. (GPa) - 185 - -

Phase fraction (%) - 4.8 - -

SOIqeL |



€61

Table B.8: Fitting results of Cu60Cr hardness distribution with ET from both EM and LM fitting procedures with between two and four phases.

Phase number Fit parameter EM LM
3 phases  Opt. fit 2 phases 3 phases
Mean hardness (GPa) 1.5 1.5 1.5 1.5
1 St. dev. (GPa) 0.23 0.22 0.25 0.20
Phase fraction (%) 27.0 24.9 27.9 20.3
Mean hardness (GPa) 3.1 3.1 3.2 3.1
2 St. dev. (GPa) 0.68 0.78 0.67 1.0
Phase fraction (%) 63.9 58.9 67.4 64.9
Mean hardness (GPa) 5.7 3.2 - 3.2
3 St. dev. (GPa) 2.1 0.08 - 0.13
Phase fraction (%) 9.1 8.0 - 11.7
Mean hardness (GPa) - 5.9 - -
4 St. dev. (MPa) - 2.1 - -
Phase fraction (%) - 8.3 - -




B Tables

P. discophora data

The Tables B.9 and B.10 are related to the Passiflora discophora pads inves-
tigated in Chapter 4.

Table B.9: Modulus range of the pad structural areas

Modulus limits (GPa)

Structural area Mean value (GPa)
min max
1 0.2 0.9 0.55
2 0.9 1.9 1.4
3 1.4 2.9 2.15
4 2.6 4.3 3.45
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Table B.10: Phase properties in P. discophora attachment pad cross sections and branchlet

Phase 1 Phase 2 Phase 3 Phase 4
o) » T » v v
S s Cf : 2 F 2§ %%
’ - &8 B oE D B B E
o ) = ) = ) = ) =
2 ¢ g3 i i3 i iag i
g = F = £ g = £ 8 = £ 3

e ~ = ~ = ~ = ~

R R £ R
1 0.33 0.16 11 1.6 05 65 27 020 16 32 0.14 7.8
2 0.39 0.05 6.8 1.2 0.14 10 20 0.70 83 - - -
3 0.54 032 21 1.3 028 42 20 021 32 3.1 022 55
4 0.62 030 25 1.5 0.34 38 24 040 35 - -
5 - - - 1.4 044 28 20 087 71 - - -
6 0.53 0.08 44 1.4 027 36 25 034 46 3.8 063 14
Branchlet - - - - - - 1.8 0.65 20 3.5 063 76
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