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Abstract

Nanoporous gold (NPG) is a bicontinuous network of nanoscale gold ligaments and pores,
the dimensions of which can be adjusted to exploit strengthening at small ligament sizes.
Nevertheless, its mechanics are limited by the lack of ductility under tensile loading. Recently, the
impregnation of the open porous structure with an epoxy phase created a metal-polymer
composite that combined strengthening at small structural length-scales with enhanced tensile
ductility. The present work aims to clarify the effect of factors influencing the mechanical
behaviour of composite materials, particularly the properties of the epoxy phase and interface —
properties that are still unexplored in NPG-epoxy composites. To this end, a series of novel
approaches were developed to investigate the independent contribution of each factor, focusing
on the development of representative model samples, micromechanical testing, and finite element

simulation.

A novel method to understand the effect of the composite microstructure in the epoxy
was made possible by isolating the matrix phase. Taking inspiration from mining techniques, an
approach based on gold etching in iodine-iodide solutions successfully leached out the Au from
NPG-polymer composites. The remaining bi-continuous open porous polymer (NPP) was
investigated using nanoindentation to explore possible size effects as those found in nanoporous
gold. The interface was investigated using a model system where a single planar boundary between
gold and epoxy was achieved. Using both nanoindentation approaches and novel microshear
experiments, the interphase regime and interfacial strength were measured. Moreover, the
experimental results inspired a modelling approach of the interfaces for finite element simulations,
which was employed to study the interfacial behaviour as a function of the balance between the
properties of constituent phases and interfaces. The interfacial model was also employed to
simulate the effect of the interfacial strength on the mechanical response and delamination

evolution of NPG-epoxy composites.

The findings from the investigations on the isolated factors improved the interpretation of
the composite mechanical response. No evidence of a structural length-scale effect in the polymer
was found, and the response of the isolated polymer phase could be well predicted by an isostrain
law applied to the properties measured on the bulk polymer. Furthermore, no evidence supporting
the presence of an interlayer was found between the gold and epoxy phases. The measurement of
the interfacial strength showed that the interface in NPG-epoxy composite is the weakest link in
the composite's deformation, which was also obsetrved in the simulations. The isolated effect of
the interfacial properties was attenuated in the composite by the interconnected structure, which

in compression allows the load transfer even after interface failure.



Zusammenfassung

Nanoporbses Gold (NPG) ist ein bikontinuierliches Netzwerk aus nanoskaligen
Ligamenten und Poren, deren Dimensionen eingestellt werden konnen, um die
Festigkeitserhohung bei kleinen LigamentgroBen auszunutzen. Dennoch ist seine Mechanik durch
einen Mangel an Duktilitit unter Zugbelastung limitiert. Kiirzlich brachte die Imprignierung der
offen-porésen Struktur mit einer Epoxidharz-Phase ein Metall-Polymer Komposit hervor, welches
Festigkeitserhohung bei kleinen strukturellen Lingenskalen mit verbesserter Zugduktilitdt
verbindet. Die vorliegende Arbeit zielt darauf ab, den Effekt von Faktoren zu kliren, die das
mechanische Verhalten von Kompositmaterialien beeinflussen, insbesondere die Eigenschaften
der Epoxidharz-Phase und der Grenzfliche - Eigenschaften, die immer noch unerforcht sind in
NPG-Epoxidharz Kompositen. Zu diesem Zweck wurden eine Reihe von neuartigen
Vorgehensweisen entwickelt, um den unabhingigen Beitrag jeden Faktors zu untersuchen, mit
dem Fokus auf die Entwicklung reprisentativer Modellproben, mikromechanischer Tests, und

Finite Elemente Simulationen.

Eine neuartige Methode zum Verstindnis des Effektes der Kompositmikrostruktur im
Epoxidharz wurde méglich gemacht durch die Absonderung der Matrixphase. In Anlehnung an
Bergbautechniken wurde das Gold erfolgreich mittels einer Jod-Jodid Atzlésung aus NPG-
Polymer Kompositen ausgewaschen. Das verbleibende bikontinuierliche offen-porése Polymer
(NPP) wurde mit Nanoindentation untersucht, um mogliche GréBeneffekte zu erforschen, wie
solche, die in NPG gefunden wurden. Die Grenzfliche wurde durch ein Modellsystem untersucht,
in dem eine einzelne, ebene Grenze zwischen Gold und Epoxidharz verwirklicht wurde. Unter
Verwendung  von sowohl  Nanoindentationsansitzen als auch neuartigen
Mikroscherungsexperimenten wurden der Interphasenbereich und die Grenzflichenstirke
gemessen. Dartiber hinaus regten die experimentellen Ergebnisse einen Modellierungsansatz der
Grenzflichen fur Finite Elemente Simulationen an, der angewendet wurde, um das
Grenzflichenverhalten als Funktion des Gleichgewichtes zwischen Eigenschaften der
konstituierenden Phasen und der Grenzfliche zu studieren. Das Grenzflichenmodell wurde auch
zur Simulation des Effektes der Grenzflichenfestigkeit auf die mechanische Antwort und
Delaminationsentwicklung der NPG-Epoxidharz Komposite verwendet.

Die Ergebnisse aus den Untersuchungen der isolierten Faktoren verbesserten die
Interpretation der mechanischen Antwort der Komposite. Es wurde kein Nachweis gefunden fur
einen strukturellen Lingenskaleneffekt im Polymer, und die Antwort der isolierten Polymerphase
konnte vorhergesagt werden durch ein Isostraingesetz, angewendet auf gemessene Bulk-

Polymereigenschaften. Desweiteren wurden keine Anzeichen gefunden fiir die Anwesenheit einer

il



Interphase zwischen der Gold und der Epoxidharz Phase Die Messung der Grenzflichenfestigkeit
zeigte, dass die Grenzfliche in NPG-Epoxidharz Kompositen das schwichste Glied in der
Kompositverformung ist, was auch in den Simulation beobachtet wurde. Der isolierte Effekt der
Grenzflicheneigenschaften wurde im Komposit abgeschwicht durch die miteinander
verbundenen Strukturen, die in Kompression den Lasttransfer selbst nach Grenzflichenversagen

ermdglicht.
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1 Introduction

1.1 Motivation and objectives

Nanoporous gold (NPG) is an ideal model material for studying nanoscale plasticity and
size-dependent mechanical response [1—4]. The bicontinuous network made of nanoscale gold
ligaments is tailorable in structural length-scale, and it is relatively easy to fabricate. More recently,
the interest in NPG has increased due to potential applications in catalysis, sensing, and actuation.
The promising NPG functionality originates from the nanoscale porosity, high surface area to
volume ratio, and large reversible strain amplitude [5-7]. Nevertheless, understanding the

mechanical behaviour is a critical aspect of any NPG application.

The mechanical response of NPG exhibits tension-compression asymmetry due to
densification under compression with stable and uniform plastic flow but density reduction under
tension with brittle failure of NPG structure. Recently, a new design strategy was developed as an
alternative to improve the NPG tensile ductility. It consisted of infiltrating epoxy into the pore
volume of NPG samples, which enhanced the stress distribution under loading, improving the
tensile ductility [8]. It was observed that the NPG network maintains its geometry, and the polymer
impregnation forms an interpenetrating phase of a continuous polymer network. Therefore, NPG-
polymer composites are bicontinuous network structures with a structural length scale dictated by
the initial NPG sample [9, 10]. The mechanics of the NPG-polymer composites is dependent on
NPG's microstructural parameters, such as ligament relative density and mean ligament size.
Mechanical characterizations using micromechanical techniques have shown that a weaker size
effect is observed in the hardness and yield strength than pure NPG and bulk gold. Also, the elastic

response shows the influence of the NPG load-bearing ligament structure connectivity [11].

The mechanical response of NPG-polymer composite, as a composite material, is a
function of the reinforcement phase, i.e., the interconnected Au ligament network, the matrix, i.e.,
the continuous polymer structure, and the interface's capacity to transfer load between the phases.
Much of the understanding of its mechanical behaviour comes from characterisation efforts

performed on the NPG previously to the polymer infiltration, and the contributions of the
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polymeric phase and the interface properties remain unexplored. Initiatives to investigate the
independent contribution of each one of the pieces are complicated due to the complex geometry
and structural length scale of the interconnected phases. Here, the contributions of the polymeric
phase and interface are investigated in NPG-polymer composites. The interaction with the NPG
geometry is circumvented by utilizing model samples with simplified geometry and physically
isolating the composite's polymeric phase. Furthermore, the composite geometry impact in the
constituent phases and their interaction in the interfacial behaviour is analysed in the composites'

overall mechanics. Hence, four basic questions are raised:

1. How do the small length-scales affect the properties of the polymeric phase within the
composite structure?
How does a gold-polymer interface affect the nearby local mechanical characteristics?
How does the bonding strength affect the interfacial behaviour?
What is the influence of the interface properties in the NPG-epoxy composites?

The present thesis is focused on the above four questions for composites made of the
infiltration of epoxy into NPG structures. A four-fold investigation of the composite was carried
out as illustrated in Figure 1.1, focusing on polymer phase characterization, interface
characterization, FEM (finite element method) interfacial modelling and composite properties.
Additionally, the effect of the ligament structure on the dislocation activity of NPG is discussed

based on experimental results. The scientist approaches of the present thesis are as follows:

e Develop a processing route for nanoporous polymer (NPP), which consists of leaching
the Au from NPG-polymer composites, maintaining the geometry and length-scale of the
polymeric phase intact. Characterize NPP structures with contrasting structural length-
scale using micromechanical techniques to elucidate its mechanical behaviour and potential
size effects. Establish an approach to predict the polymeric phase's contribution in the
composite response based on the bulk polymer property and the respective volume
fraction.

* Investigate the interface between gold and epoxy to detect material properties variation
(i.e., the presence of an interphase) or if the measurement of properties shows variation
with the proximity to the interface.

¢ Develop a methodology to measure the interfacial strength of gold-epoxy model samples
with a simplified geometry. Evaluate the influence of a size-dependent response according
to the interfacial area.

e Develop an approach to model the interface of gold-epoxy systems for finite element
simulations. Clarify the influence of the interfacial properties on the mechanical behaviour

of the model samples and extrapolate to the analysis of NPG-epoxy composites.
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N2
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Properties

Figure 1.1: Schematic view of the scientific approaches to approach the independent objectives in this

thesis and their combination in understanding the composite response.

1.2 Structure of the thesis

Based on the objectives and the scientific approaches, this thesis is structured as follows:

* In Chapter 2, the thesis's background is presented, including the mechanics of NPG

composites and the size-dependent mechanical response of its constituent phases. The

metal-polymer interface is also introduced, showing experimental work in NPG-epoxy

composites. Lastly, the mechanical influence of the interface is reviewed in reinforced

composites.

e Chapter 3 introduces the fabrication of composite and model samples and the

experimental approaches of the micromechanical characterization methods utilized in this
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thesis, e.g., nanoindentation and interfacial shear strength based on microcompression
testing. The bases for the FEM simulations are introduced.

e Chapter 4 clucidate the effect of the composite structure on the epoxy phase. A novel
approach to fabricate nanoporous polymer and circumvent the influence of the NPG
structure is presented. A series of nanoindentation was carried out to evaluate the
composite's morphology and structural length-scale effect on the NPP properties.

e Chapter 5 is dedicated to investigating the presence of an interphase and how the local
mechanical response is altered near a gold-epoxy boundary. Composites and planar
interfacial samples are analysed here by several techniques, e.g., chemical analysis,
transmission electron microscopy (TEM) microscopy, nanoindentation.

* Chapter 6 focuses on the measurement of the interfacial strength between gold and epoxy.
A technique is developed based on the microcompression of microcolumn with inclined
interfaces, which allowed for the determination of microshear response. The interfacial
property is separated from the microcolumn response, and it was used as the basis for the
FEM interfacial modelling.

e Chapter 7 brings the finding from the previous chapters together to understand the overall
mechanical properties of NPG-polymer composites. The composite's mechanical
response was simulated using the FEM approach developed in the last chapter, which
revealed the influence of the interfacial properties and allowed the comparison of the
interfacial behaviour with experimental results. Furthermore, the strengthening of the Au
phase is evaluated in terms of the dislocation activity within the ligament structure.

e Chapter 8 summarizes the findings of the work and provides brief suggestions on future

wortks.



2 Background

This chapter introduces the mechanics of NPG-polymer composites. Here, each
constituent phase is reviewed in terms of the size-dependent mechanical response, which is
potentially activated due to the composite's small structural length-scale. The characteristics of a
typical metal-polymer interface are introduced in perspective to the potential impact on the
mechanics of composite materials and the particular case of NPG-epoxy composites. To this end,
the stress conditions and the role of the bonding strength on the composite's properties are given

to polymer reinforced composites.

2.1 Mechanics of NPG-polymer composites

Nanoporous gold (NPG) is a nanoscale porous material made of gold ligaments whose
size can be adjusted to exploit strengthening at a sub-micron scale. [12]. The relatively easy tailoring
of its structural length-scale makes the NPG an ideal model system for studying size-effects on the
plasticity of nanostructures. Additionally, the high porosity allows for significant deformation
under compression, which contrasts with other nanomaterials [13]. The densification of the
ligament network imposed during the accommodation of strain leads to an apparent work
hardening at the macroscopic scale, promoting stable and uniform plastic flow in compression [14,
15]. However, the opposite occurs under tensile loading, with deformation inducing a decrease in

density of the NPG structures leading to work softening and a brittle failure [16—18].

Wang and co-workers presented an alternative to circumvent the tension-compression
asymmetry of the NPG by infiltrating the open porosity with a polymer phase [15]. The polymer
improved the stress distribution under tensile loading, which increased the ductility. However,
adding a second phase created a more complex structure that motivated the investigation of the
mechanical response of these novel materials. Figure 2.1 shows results from Wang's work [15]; it
shows the stress-strain behaviour of millimetre-sized samples under compressive loading. The plot

shows the response of NPG and NPG-epoxy composites at a variety of ligament sizes and bulk
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epoxy samples. The inset presents an NPG sample before and after compression, which illustrates

the absence of transverse plastic flow. Some important remarks were claimed from that study:

e The presence of a yielding point in the composite reflected the property of the polymeric
phase,

e The strength of both NPG and the NPG-epoxy composite increased with the decrease of
the ligament size,

e At any ligament size, the composite material was "much stronger" than each of its

constituents' phases.

Furthermore, other studies addressed the overall mechanical properties of the NPG-polymer
composites using macromechanical techniques [9, 19], micromechanical techniques [11], and
simulations [20-22]. Nevertheless, the actual contribution considering the potential size-

dependent response of the constituent phases and the interface remain unsolved.

true strain [no units]

0 0.2 0.4 0.6 08 4.0 1.2
T 1

T T T T
250 4

200 +

150 +

100 -

50 -

compressive stress [MPa]

00 01 02 03 04 05 06 07
engineering strain [no units]
Figure 2.1: Stress-strain curves of millimetre-sized cuboid samples of NPG, NPG-epoxy composite and

bulk epoxy. The inset presents the side view of an NPG sample before and after the compression to an

engineering strain of 0.6, illustrating the absence of transverse plastic flow. This plot was taken from [15]
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2.1.1 Size effect in NPG

A size effect in the plasticity of gold is well known, and it is commonly accepted that plastic
deformation in small volumes requires higher stresses than in bulk samples. Some of the size-
dependent behaviour are artefacts of the constraints of the surrounding regions of the analysed
volumes, e.g. grain size hardening [23, 24] and confinement of dislocations within a thin film due
to the presence of a substrate [25]. Although these extrinsic mechanisms have been vastly
investigated, they can not explain the size effect from unconfined geometries [20]. Intrinsic size
effects arise when single crystals are deformed in small, unconstrained volumes, usually explained
by strain gradients, dislocation starvation effects and truncation hardening [26—28]. An example
can be found in the size-dependent response of microcolumns' compression of single-crystal gold,
caused by dislocation starvation hardening. In that case, the dislocations leave the crystal more
quickly than they multiply, which requires continual dislocation nucleation during deformation [26,
27].

The nanoporous gold microstructure creates the conditions to activate the same size-
dependent mechanisms from the compression of Au microcolumns but in a 3D structure. Not
surprisingly, high strength has been reported for NPG with small ligament sizes [29, 30]. Figure
2.2 (a) shows a summary presented by Biener et al. [31] and extended by Mameka et al. [19],
displaying experimental measurements on micro and nano-gold objects and nanoindentation of
NPG. As can be observed by the local strength, Gjl,oc, the trend smaller is stronger is consistent
on all the presented data. Biener et al. showed that the yield strength in very fine NPG, with average
ligament size of 10 nm, reaches the theoretical shear stress for Au [32]. The plot in Figure 2.2 (b)
shows the strengthening of samples with decreasing ligament size obtained by nanoindentation
experiments, in perspective to the theoretical maximum yielding stress and the typical yield stress
from bulk gold.

In NPG networks, the deformation is dominated by the bending of the ligaments that
form the open-cell structure. More recently, Dou's modelling work showed that the deformation
is mainly confined to the cell hinge, causing a lattice rotation which accounts for the influence of
geometrically necessary dislocations to the NPG strengthening [33]. This hypothesis was later
supported by TEM microscopy, showing the concentration of defects on the Au structure located
in the nodes of NPG networks [1]. Additionally, TEM imaging has been used to reveal the
dislocation activity in many micromechanical investigations, including micro dog-bone [34] and

microcolumns [35].
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Figure 2.2: (a) Size-dependent strength in NPG showed by the local strength, 0'§,°C, versus the mean

ligament diameter, L. The plot shows experimental data from compression of gold pillars (open triangles),
mm-scale NPG samples (grey stars) and nanoindentation on NPG (open circles). Adapted from [12]. (b)
Yield strength versus the ligament diameter of NPG with decreasing ligament sizes showing the reaching

of the theoretical shear stress for Au. Adapted from [32].

2.1.2 Size effect in polymers

Although the mechanics of polymer materials are unique in terms of the viscoelastic
response, whenever the boundary of the continuum mechanics is pushed, polymers may also
present the trend "smaller is stronger". In the case of polymer materials, a size-dependent
mechanical response has been experimentally observed in various polymers. Some examples are
epoxy [36—42], polystyrene (PS) [43, 44], polypropylene (PP) [45], polycarbonate (PC) [43, 44],
polymethyl methacrylate (PMMA) [43, 44, 40], polyimide (PI) [47], nylon (PAGG) [47],
polydimethylsiloxane (PDMS) [48-52], polystyrene acrylonitrile (SAN) [44] and polyvinyl chloride
(PVC) [44]. Different hypotheses were proposed in the literature as an explanation for the
observed size effects. Some examples of mechanisms are friction [52], higher-order displacement
gradient models[36—40, 46, 53-55], changes in the material properties through the thickness
(heterogeneity of the material) [43, 49] and surface effects [56, 57].

Furthermore, the complexity of the length scale-dependent deformation in polymers is
complicated by the varied molecular structures of polymers and their rate and temperature
sensitiveness. The polymer size-dependent deformation has been observed in various experiments,
such as nanoindentation [30, 43] and microbeam bending [37, 45]. Nanoindentation experiments
are commonly used to study size effects due to the relatively easy adjustment of the analysed
volume by controlling the indentation depth. Shallow indentations probe small volumes on the

sample's surface and reveal strengthening at smaller length-scales, typically referred to as an
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indentation size effect (ISE). Figure 2.3 shows summary results presented by Han containing the
hardness versus indentation depth data for various polymers [58]. As can be observed, the hardness
response increases with decreasing indentation depth for all of the considered polymers. However,
the magnitude of the ISE and the indentation depth at which the hardness response starts to

increase differs significantly among the different polymers.
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Figure 2.3: Size-dependent response in various polymers showed by hardness versus indentation depth.

The plot displays the indentation size effect at shallow depths. Adapted from [58].

2.1.3 Metal-polymer interface

To understand the interaction in a metal-polymer interface, it is necessary first to define
the physical boundary formed between the two materials. Polymeric interphase is typically formed
in a polymer being cured against a solid substrate [59]. This transitional zone may differ from a
sharp solid-solid boundary by displaying a gradient of properties due to the accommodation of the
polymeric chains onto the rough metal surface [59, 60]. Additionally, the interfacial area definition
is complicated by the potential fractal nature of a metal-polymer boundary. Even an apparent sharp
surface at a macroscale is generally not smooth at smaller length-scales which directly affects the
measurable contact area between the two phases. Thus, the interface as a 2D boundary varies in
size according to the scale of the surface features, observation method, and the analysed length-

scale.
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The interaction in a metal-polymer interface combines mechanical interlocking and
interfacial interaction [61]. Depending on the coupling materials, the interfacial interaction may
lead to a weak physical interaction to a strong chemical reaction with the potential formation of
an interlayer. Additionally, chemisorption of the polymeric chains at the vicinity of the interface
can limit the motion of the chains. The end-groups attraction onto the metal substrate and the
temperature might cause the polymer to adopt a three-dimensional conformation or a quasi-two-
dimensional conformation [60]. The ordering at the proximity to the interface can even induce
crystallization to amorphous polymers [62]. Nevertheless, these phenomena are limited to a couple
of nanometres from the metal boundary. Interactions over tens of nanometres, reported on thin

films, are explained only by weak van der Waals forces [63].

The presence of a metal surface may modify the polymeric mechanical response beyond
the molecules in direct contact. The impact on the polymeric properties can be explained by the
local chemical composition variation due to the adsorption of some chemical components. A
classic example is the concentration of amines, which are often used as a hardness component in
epoxy mixtures, and are prone to be absorbed by the metal surface affecting the local concentration
[64—66]. Since the mechanical response of epoxy varies according to the amine concentration, the
local mechanical properties at the vicinity of the interface can be affected. Palmese et al. have
shown that the flexural modulus can be doubled by tuning the amine concentration on the epoxy
resin [606].

In the case of gold-epoxy interfaces, Hu investigated interfacial failure via micromechanical
analyses in NPG-epoxy composites [11]. The delamination of the interface was observed while
uniaxially compressing microcolumns. The deformation led to lateral expansion localized at the
microcolumn's top and bottom, which is consistent with a double-barrel deformation due to the
friction with the indenter on top and constraints from the substrate on the bottom. Moreover, Hu
used a focused ion beam (FIB) slice and view technique to create a 3D-reconstruction of the
deformed microcolumn and identified interfacial delamination between the epoxy and the gold
phase only in the strongly deformed regions. Figure 2.4 shows an adapted image taken from [11]
showing a 3D reconstruction section of a strongly deformed region, in which the gold ligaments
are shown in yellow, and the pores formed due to the delamination are shown in green. The
delamination took place in highly curved regions and formed "horse-shoe" shaped delamination
zones. Furthermore, the analysis of the angles normal to this delamination and the loading axis
showed that the majority of the debonding is oriented perpendicularly to the loading, which points

to a tension induced delamination mechanism.
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Loading

Figure 2.4: 3D reconstruction of a strongly deformed region after the compression of a microcolumn
made of NPG-epoxy composite, showing the gold ligaments in yellow and the porous in green. The

delamination formed "horse-shoe" shaped delamination. Adapted from [11].

2.2 Role of an interface in composite materials

The mechanical response of reinforced materials depends on three factors: properties of
the reinforcement phase, properties of the matrix, and the effectiveness of the bond between the
reinforcement and matrix in transferring stress across the interface. The first two factors are usually
investigated by characterizing each phase separately, but the latter depends on the contact pait's
structural complexity combined with the interaction between the constituent phases. The
mechanics of load transfer at the interface is primarily a mechanical process and often considers a
perfect bonded surface pair [67]. Nevertheless, processing conditions and the interaction between
the constituent phases can lead to complex interfacial regions [68—71]. Here, a distinction is
necessary between an interface and an interfacial region. While the former is the shared surface
between the constituent phases with zero thickness, the latter is the volume affected by the phases'
boundary. This section briefly reviews the interface's contribution to the composite structural
integrity. The following aspects are discussed: stress conditions at the interfaces, intrinsic
properties of an interface, and the effect of the bonding strength in the overall properties of

composite materials.
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Understanding the stress condition near the interface is crucial for predicting the
mechanics of composites materials with very distinct constituent phases, e.g., the polymer
reinforced composites. The interfacial region is prone to concentrated stresses because of the load
applied to the structure, the mismatch in thermal expansion and shrinkage [67, 72]. Additionally,
the interfaces can also modify the interfacial region, acting as a nucleation site, preferential

adsorption site, and being a locus of chemical reactions [72].

In terms of examining the stress condition at the interface, the shear-lag model initially
proposed by Cox and further developed by others is the most widely used model to describe the
micromechanics of load transfer [73—75]. The model centres on the idea that tensile stresses are
transferred from a matrix to the reinforcement phase through interfacial shear stresses. It assumes
perfectly elastic phases, planar and perfectly bonded interfaces, and a regular arrangement between
reinforcement and matrix [67, 74, 75]. In a short fibre embedded in a matrix, the model allows for
relatively simple approximated solutions. Figure 2.5 (a) shows a schematic diagram representing a
short fibre of length Iy embedded in a matrix subjected to a strain &p,. The applied load leads to a

differential displacement between fibre and matrix in the fibre direction. The fibre axial stress oy

and shear stress T; at the interface can be estimated along the fibre length as represented in Figure
2.5 (b). As can be observed, the shear stress peaks at the fibre end then decay rapidly away from
them. On the other hand, the axial stress is minimized near the fibre ends then increases to its
average value in the middle of the fibre. The shear-lag model is known to be inaccurate whenever
the fibres' end is not perfectly bonded to the matrix. In these cases, the short fibres' load-carrying
capability is compromised and becomes reduced compared to a continuous fibre subjected to the
same external loading. Nevertheless, this approach has provided a firm basis for understanding the
loading conditions at the interface of many composites and determining their interfacial properties
[76, 77].

A distinction should be made whenever an interlayer is present regarding the local
mechanical response at the interfacial region. The local property assumes a distinct value from the
other phases at an interlayer length, in contrast to a gradual transition in the absence of an interlayer
[78-80]. However, the local mechanical property vatiation in the latter is an artefact of the border's
constraints (border effect). The interface itself has surface properties, and the most relevant is the
bonding strength [72, 77]. The bonding strength is the force that holds the surfaces together, and
it is a direct result of the adhesion forces and the interfacial conditions. During the loading of
composite materials, the load transfer occurs as long as the interface can withstand the stress levels
at the interfacial region [67, 77]. However, the bond can only withstand loading until a limit, and
then each phase is free to accommodate the strain separately. Although weak interfaces are
explored as a toughness mechanism in the design of some composites [69, 71, 77, 81], the breaking

of the interfacial bonds limits the load-bearing capability and often leads to the composite's failure.
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Figure 2.5: (a) Schematic showing the deformation around a single fibre embedded in a polymeric matrix
under axial loading. (b) plot presenting the variation of the axial stress 0y and interfacial shear stress T;

according to the fibre's length. Adapted from [77]

The interfacial strength can be experimentally evaluated by a series of mechanical tests
such as a pull-out test [82, 83], fragmentation test [84, 85] or transverse tensile test [86, 87].
Nevertheless, the interpretation of the strength measured by these methods is limited since the
interfacial strength may vary according to the loading direction. Therefore, the maximum stress
which an interface can withstand is often described for a specific loading direction. An alpha-factor
describes the ratio between the interfacial strength for under tension and shear as follow:
Y

Aint = 5~
Y
n

4.1)

where Yg and Y, are the interfacial strengths on the shear and normal direction, respectively. The
Qine value was studied using the cruciform specimen method, which typically revealed values
greater than one [88-93]. Moreover, the higher strength in the shear direction was investigated,
and it was attributed to frictional resistance, which occurs whenever the phases slide over each

other [89].

The interfacial property can impact the overall mechanical response of composites. As an
example, a series of studies have investigated the influence of the interfacial bonding on the overall
stiffness and strength of polymer reinforced composites. In the case of stiffness, the degree of
adhesion plays no effect on the observed elastic stiffness [72, 94-96]. The composites display their

maximum stiffness whenever there is full contact between the phases, reinforcing the importance

13



Chapter 2 — Background

of processing conditions to avoid defects in the interfacial region [72]. On the other hand, the
strength and ultimate strain can be tailored by controlling the interface property. An example of
this principle can be found in Kenyon's work [95], in which coupling and debonding agents wete
used in a glass bead-filled epoxy to demonstrate the effect of the bonding strengths. Figure 2.6
shows a stress-strain curve adapted from Kenyon's work for a glass-bead filled epoxy with the
same volume fraction but different interfacial treatments. As can be observed, all treatments

initially show the same stiffness, and the strength increases whenever the bonding is enhanced.
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Figure 2.6: — Stress-strain behaviour of glass bead-epoxy composites, showing the
influence of the interfacial strength on the overall response of the composite materials. The three
curves represent surface treatments that modified the interfacial strength: A-1100 (coupling

agent), no treatment and SC-87 (debonding agent). Adapted from [95].
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3 Methods

This chapter introduces the fabrication methods for the samples experimentally
investigated in this work: NPG, NPG-epoxy composite, and model samples containing planar
interfaces between gold and epoxy. The nanoporous polymer (NPP) processing is also introduced
utilizing two potential gold etching approaches: pure Hg and iodine-iodide solution. The
characterization procedures employed in this thesis are also presented, focusing on microstructural
characterization, chemical analysis, and micromechanical testing. Lastly, the basis for the FEM
simulation utilized on the interfacial modelling is presented, showing the boundary conditions and

constituent laws.

3.1 Sample preparation

3.1.1 Nanoporous gold

The NPG samples used in this work followed the processing route established by Wang,
in which mm-sized samples were fabricated by electrochemical dealloying [97, 98]. First, AuxsAgss
ingots were produced by arc melting Au (99.995%, ChemPur, Germany) and Ag (99.99%,
ChemPur, Germany), followed by homogenization by annealing at 850 °C. The ingot wire was cut

in mm-sized samples, and the surfaces were polished to allow micromechanical experiments.

The dealloying took place in a three-electrode electrochemical cell with a luggin capillary
controlled by a potentiostat. Details on the solutions, electrodes, and processing parameters can
be found in the detailed protocol developed by Wang [97, 98]. After the dealloying, the NPG
samples were washed in ultra-purified water and dried in vacuum. The as-dealloyed NPG structure
is very fine, with a mean ligament size around 20 nm. Coarsening of the Au-ligaments by annealing
in an IRF 10 infrared furnace (Behr, Germany) was conducted following the parameter established
by Hu [11].

15



Chapter 3 — Methods

3.1.2NPG-polymer composite

The processing route of the NPG-polymer composites used in this work is summarized in
Figure 3.1. The NPG structures were impregnated with an epoxy resin, made by mixing Bisphenol
F epoxy resin (BER 20, Buehler, Germany) and amine hardener (BEH 20, Buehler, Germany).
The polymer impregnation took place in a commercial vacuum impregnation unit (CitoVaca,
Struers, Germany) to avoid bubbles. After the cure of polymeric resin, the samples were cut using
a diamond wire saw to fit them on a standard SEM sample stub. Finally, the surfaces to be analysed
were mechanically polished. Then, the samples were mounted in SEM stubs using a silver paste,
which also was applied on the side surfaces of the samples to avoid charging during electron

imaging. Figure 3.2 shows a SEM micrograph of the surfaces of a NPG sample (a) and a composite
(b).

Master alloy Nanoporous gold NPG-polymer
Au,Ag, (NPG) composite

\A

Dealloying Vacuum
Impregnation

Figure 3.1: Main steps on the processing route of the NPG-epoxy composites used in this work. This
image was partially published in [99]

Figure 3.2: SEM micrographs of a mechanically polished surface of a NPG sample (a) and a polymer
infiltrated NPG structure (b). The gold ligaments are shown bright and epoxy in grey.
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3.1.3 Planar interface samples

The processing route of the model samples with planar interfaces used in this work is
summarized in Figure 3.3. First, a laminated piece of bulk gold (99,99% purity, MaTeK, Germany)
was cut in fillets with approximate dimensions of 0.25 x 5 x 25 mm. The fillets were annealed at
850 °C for 12 hours to obtain a large grain structure. Then, a metal wire structure was bent to hold
the gold fillet at a specific inclination angle to the ground. Superglue was applied on the fillet base
in contact with the ground. After the glue was cured, the metal wire structure could be removed.
Finally, the gold was impregnated using the same procedure and epoxy resin as the NPG-epoxy
composites fabrication. Cutting, polishing and mounting followed the processing developed for

the composite's fabrication.

X Metal Wire
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impregnation Polishing SEM stub

Figure 3.3: Processing route of planar interface samples developed in this work. The laminated piece of
bulk gold was mounted at a specific angle for the polymeric vacuum impregnation. The sample was then

cut, mounted and polished allowing for micromechanical experimentation.

The planar interface investigated in this work took inspiration from the morphology and
geometry of the NPG-epoxy composite interfaces. Figure 3.4 (a) presents a SEM image showing
a cross-section in the composite in which it is possible to observe the geometries at the boundary
between the gold ligaments and the epoxy phase. Whenever a cross-section cuts a ligament, the
interface under the upper surface would rarely be perpendicular; more likely, the morphology of
the ligaments would result in an angle to the upper surface. The inset in Figure 3.4 (a) illustrates

this idea for a single ligament. Measurements performed directly on the composite structures are
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complicated due to complexity and the small length-scale of the ligament structure. Therefore, a
planar interface with a 45° inclination was used in this work to allow for a systematic investigation.
Figure 3.4 (b) shows a SEM micrograph of the planar interface used here. Later on, FIB was used
to mill a cross-section perpendicular to the surface at the boundary between gold and epoxy
phases, and SEM imaging was utilized to measure the angle between the phases.

Y

Figure 3.4: (a) SEM image showing the interface geometry in a NPG-epoxy composite. The inset
illustrates the inclination to the upper surface whenever a cross-section cut a ligament. (b) SEM image of
a mechanically polished surface of a planar interface with an inclination of 45°from the sample's upper
surface. The FIB milled cross-sections were performed perpendicular to the surface to confirm the angle

between the phases. Gold appears in bright colour in both pictures, while the epoxy is shown in grey.

3.1.4 Nanoporous polymer

In this work, inspiration from the extraction metallurgy of gold was taken to leach out the
Au phase from the NPG-epoxy composites. This approach allowed to investigate the uncoupled
mechanical properties and potential size effects in the polymeric phase of such nanostructured
composites. A novel processing route was developed in this study to fabricate bicontinuous
nanoporous polymer (NPP) structures that maintain the exact morphology and length-scale of the
polymer phase in the NPG-polymer composites. The etching methods evaluated and the details

of the developed processing route are described in this section.
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Gold etching

Gold etching is a fundamental process in the fabrication of many microscale devices
employed in advanced technologies. Semiconductors, optoelectronic, and microsystems are
examples of industries where the controlled leaching of gold is necessary [100, 101]. Additionally,
gold etching technologies are crucial in mining operations [102—104]. Therefore, processes that
follow the same principles are used to extract gold from ores and fabricate microchips. As the
majority of mining techniques, thin-film patterning is traditionally performed by wet etching [100,
105, 100]. This approach consists of direct contact between the gold and liquid solution, in which
the etching solutions contain two essential components: complexing ligand and oxidant agent. The
former is responsible for forming stable Au(I) complexes. Some of the suitable ligands are cyanide,

chloride, iodide, and bromide. The latter adjusts the surfaces' potential at a value where significant

gold dissolution can occur [100].

In the case of technology to remove the Au from NPG polymer composites, a wet system
would have the advantage of filling cavities and establishing contact with the Au within the
ligament structure. For this reason, a wet etching technology was selected in this work. Similar to
a wet etching process, a technology based on liquid mercury can be used to leach out gold from
the ores. Although mercury is extremely harmful to many living organisms, this method is still
often used in small gold mining operations in sub-developed countries [107, 108]. The pure liquid
mercury is poured over the granulated ores, forming an amalgam phase. As shown in the phase

diagram in Figure 3.5, a series of Au-Ag intermetallic components are formed at room temperature
[109, 110].
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Figure 3.5: Phase Diagram for an Au-Hg System. Adapted from [110].
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Figure 3.6: Schematic showing the experimental setup for the etching processes of NPG-epoxy
composites. In the Hg approach (a), agitation was applied by a vibrating device attached to the pipette,
while in the iodine-iodide approach (b), the solution was stirred.

In this study, the solubility of gold in liquid mercury was explored. Since Hg is liquid at
room temperature, the NPG-composite samples could be submerged, forcing contact with the Au
ligaments, as shown in the schematic of Figure 3.6 (a). The composites samples with approximate
dimensions of 1 x 1 x 2 mm were mounted in a SEM stub and placed on a pipette tip. Gold
solubility in mercury is 0.13 at. % at 25 °C, so 1 g of solid gold could be dissolved in approximately
8 g of liquid mercury. A sufficient amount of mercury (99.999% purity, MaTeck, Germany) was
poured into Becker, where the sample was submerged. A vibrating device attached to the end of
the pipette applied a continuous agitation. The samples were submerged for 40 hours, and the

samples' surface was then observed using SEM imaging.

A second approach based on a wet etching technology was developed using an iodine-
iodide solution, a solution frequently used in leaching Au because iodine forms the most stable
complexes in aqueous solutions with gold [111]. This process initiates when iodine reacts with
iodide ions forming triiodide, which then acts as an oxidant for the gold leaching according to the

following electrochemical reaction [100, 112]:

Lap + 17 =135 (3.1
Au + 217 - Aul; +e” anode reaction (3.2)
[ +2e” =3I cathode reaction (3.3)
2Au + 17 + 15 - 2Aul; overall reaction (3.4)

The setup used for this procedure was similar to the one used in the Hg approach.
However, a stirring agitation was implemented during the submerged period, as represented in
Figure 3.6 (b). After the treatment in the iodine-iodide solution, the samples were washed in
deionized water and dried in air. Figure 3.7 schematically shows the processing route of the epoxy-

infiltrated NPG composites and the subsequent step to produce NPP.
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Master alloy Nanoporous gold NPG-polymer Nanoporous polymer
Au, Ag.. (NPG) composite (NPP)

Dealloying Vacuum Gold
Impregnation Dissolution

Figure 3.7: Schematic on the main steps of the fabrication of nanoporous polymer (NPP) developed in
this work. This image was already published in [99]

3.2 Microstructural characterization

3.2.1 FIB-SEM dual system beam

A Nova Nanolab 200 dual beam system (FEI, USA) equipped with in-situ platinum (Pt)
injection system and an Omniprobe micromanipulator was used in this work for sample imaging,
preparing lamellas for transmission electron microscopy (TEM) and fabricating microcolumns for
micromechanical experiments. A typical Focused Ion Beam (FIB) - Scanning Electron Microscope
(SEM) dual-beam system combines a vertical electron beam column and a tilted focused ion beam
column in a single platform, as shown schematically in Figure 3.8. The former provides a beam of
focused electrons accelerated and then used to scan over the sample surface, creating an image.
Similarly, the latter provides a beam of ions, usually Ga”, that can be focused on extremely small

spot size, usually on the order of 5-20 nm [113-115].
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Focused
ion beam

Figure 3.8: Schematic illustrating a FIB-SEM dual beam system with a sample in the standard milling
position. The electron beam and the focused ion beam cross at the same point of the sample surface
whenever the sample is at the eucentric height. This specific work distance (WD) is 5 mm for the

employed equipment.

Ligament size measurement

An imaging processing technique based on Bone] plugin for the Fiji software package was
utilized to measure the size of the structures analysed in this work. Bone] uses the largest sphere
analysis to assess the dimensions of binary pictures, which provides a systematic method to
evaluate the ligament size of NPG samples and the corresponded porous size. First, SEM imaging
is used to capture the ligament structure on the surface of the sample. Then the image is converted
to a binary form, and later Bone] is run to apply the largest sphere analysis [116]. Each one of
these steps is shown in Figure 3.9 using, as an example, a NPG structure with a mean ligament

size of 550 nm.

In the case of the NPP samples, the ligament size was measured in cross-sections
fabricated on the edge of the samples perpendicular to the upper surfaces to avoid any surface
effect originated by etching treatment. Therefore, the main steps of the fabrication process of the

cross-section are the following:

a) Coarse cross-section milling of rectangular shape on the edge of the sample perpendicular
to the upper surface, as shown in Figure 3.10 (a). The typical dimension of the milling pattern
was 20 pm x 20 pm x 20 um using a 5 nA current.

b) Fine cleaning cross-section milling carried out to remove the rough surfaces produced by
the coarse milling step using a 0.3 nA current.

¢) The sample is then re-mounted to ensure that the SEM beam would image the milled cross-
section perpendicularly, as shown in Figure 3.10 (b).

d) Further image processing followed the same steps as the process done for the NPG samples.
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Figure 3.9: Evolution of the images used during the measurement of the ligament size of NPG structures.
The initial micrograph of the NPG structure is binarized using Fiji software, then Bone] plugin carries out

the largest sphere analysis.

Figure 3.10: Figure 3.10: SEM micrographs showing the upper surface in which the cross-section was
milled on the edge of a NPP sample in (a) and the cross-section itself in (b). The insets present the sample

setup oriented to the beam direction for milling and imaging the cross-section.

3.2.2 TEM

A CM200 Transmission Electron Microscope (Philips, Germany) operated at 200 kV, and
a Titan 80-300 Transmission Electron Microscope (FEI, USA) operated at 300 kV were used in
this work. The former was used to investigate the interfacial region between gold and epoxy in
NPG-epoxy composites, while the latter was used to examine the dislocation activity in deformed
NPG structures. Similar to a SEM, TEM systems are used to obtain magnified images of samples.
However, an electron beam is accelerated to transmit through a sample, allowing for higher
magnification but limiting the sample thickness [117-119]. A TEM operation is well described in
the literature; it consists of generating an electron beam and controlling it with apertures and
magnetic lenses. After transmitting through the sample, detectors capture the signals, forming an

image [119].
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High-resolution TEM (HRTEM) can be used to obtain higher magnifications, which is
often useful for visualising samples' crystallinity in real space. The analysed sample must be
oriented along a zone axis to observe the crystal lattice from the lattice fringe spacing. The images
in HRTEM reproduce the periodicity of a crystal structure but do not necessarily represent the
atomic position. Even at lattice resolution, their interpretation needs to take in considerable
variation in the sample thickness, as the aberrations in the objective lens, defocus, and astigmatism
[119-122]

Lamella preparation

In this work, all the lamellae investigated in the TEM were fabricated by FIB milling.
Although the method for fabricating thin lamella can be found in the literature[123, 124], NPG
lamella preparation is particularly challenging. First, gold is a dense material, which increased the
necessity for a thinner lamella. Whenever the NPG ligament size was bigger than the lamella's
predetermined thickness (bellow 100nm), the porosity of the NPG compromised the structural
integrity of the lamella. Some of the samples investigated in this work were fabricated from NPG
with 400 nm of mean ligament size. For these cases, the lamellae's structural integrity was only

possible because the NPG structure was previously impregnated with epoxy.

A second approach developed to obtain electron transparency samples consisted of using
very fine NPG structures, which mean ligament sizes of 20 and 50 nm. This approach avoids the
necessity of polymer impregnation. However, the thinning down of the lamellae was still limited
due to a severe bending observed in thickness below 100 nm. It was observed that no matter the
ligament size, the electron transparency was compromised whenever two ligaments overlapped.

Thus, the imaging of these samples was limited to regions with a single ligament thick.

These fine NPG structures were used to investigate the dislocation activity within the
ligament structure. The surface was indented using a 15 um diameter flat punch that reached 1 um
deep to promote plasticity in the analysed regions. The main steps of the fabrication process are

the following:

a) Deposition of an 800 nm thick Pt layer over the flat punch indentation or area of interest to
minimise ion damaging.

b) Coarse cross-section milling of two trenches on both sides of the deposited Pt. The trench's
typical dimension was 40 pm x 30 pm x 30 um using a 3 nA current.

¢) Fine cleaning cross-section milling carried out to remove the rough surfaces produced by
the coarse milling step using a 0.5 nA current.

d) The lamella is then tilted to an angle of 7 degrees and partially cut—free from its base and
sides using a current of 0.5 nA. The lamella is afterwards attached to the Omniprobe with a

thin layer of Pt.
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e) After cutting it free from the trench, the lamella is lifted out and attached to a finger of a
TEM Cu grid. Then, the lamella is further thinned down, using a current of 0.3 nA.
f) A final step to remove the ion—damaged surface layer on the lamella is done at a glancing

angle using low voltage and current, 5 kV and 70 pA, respectively.

Two lamellae ready for TEM investigation are shown in Figure 3.11. They represent the
two strategies of the lamellae used in this investigation: (a) coarse NPG impregnated with epoxy
and (b) fine NPG structure. An area of a single ligament thick is shown for the fine NPG structure
in (c). The lamella thickness, measured by SEM, was kept below 100 nm for all lamellae

investigated in this work.

Figure 3.11: SEM images of the FIB milled lamellae used in the works. (a) and (b) show a lamella made
from a coarse NPG-epoxy composite and a fine NPG structure, respectively. (c) shows a region at higher
magnification in the NPG where the ligaments do not overlap. This image exemplifies the regions used

for high-resolution TEM imaging.
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3.3 Chemical analysis utilizing energy-dispersive x-ray

spectroscopy

Chemical analyses were conducted in this work using an in-situ EDAX spectrometer
attachment to the SEM at a voltage of 15 kV. This technique allowed for the elemental
microanalysis of controlled regions of the samples, which was explored to determine the efficiency
of the gold removal during the processing of nanoporous polymer structures. Additionally, a
mapping feature enabled the observation of the element distribution at the interfacial regions
between gold and epoxy planar interface samples, which correlated SEM observation with the local
element composition. In both cases, the specified voltage was selected to identify the presence of

gold [125].

The energy-dispersive x-ray spectroscopy (EDS) system relies on the same incident
electron beam produced by the SEM to generate characteristic X-rays in the specimen's atoms.
This signal is originated from the elastic scattering from the impact of the electrons on the sample.
After the impact, the atoms are ionized, and during the return to their ground state, characteristic
X-rays is emitted. A photon-energy sensitive detector then captures the X-ray emission. Finally,
the characteristic energy contains the information necessary to identify the elements present in the
specimen [126—129]

3.4 Micromechanical behaviour characterization

3.4.1 Nanoindentation

A Nanoindenter XP (MTS Corp., USA) was used in this work to mechanic characterize
nanoporous gold and nanoporous polymer samples. Additionally, a series of indentations in line
crossing a planar interface was carried out to measure the transitional properties between gold and
epoxy. Nanoindentation measurements are commonly used to characterize materials in small
volumes with a spatial resolution at a sub-micron scale [130-132]. A typical experiment consists
of penetrating an indenter into a surface while the load is continuously measured as a function of
the indentation depth until the withdrawal from the material. Figure 3.12 (a) shows a schematic

representation of a load, P, versus displacement, h, for a typical nanoindentation expetiment.

The indenter's geometry plays an essential role in the stress distribution during the contact

with the surface, and it needs to be well defined to allow for the calculation of the contact area
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[133—135]. Ditferent indenter types can be used, such as spherical, Knoop, Vickers, cube corner,
flat punch, and Berkovich indenters. Many studies rely on the Berkovich indenter because they are
manufactured easier to sharper, contributing to more precise control over the indentation process
[136]. Nevertheless, flat punch geometry produces a well-defined stress field under the indenter

and ensures a constant contact area throughout the test [137, 138]

a) b)
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Figure 3.12: (a) Schematic representation of a typical nanoindentation experiment showing a load-
displacement curve. Small dynamic oscillation and unloading cycles are applied during the loading
portion, characteristic of continuous stiffness measurement (CSM) mode. S, Py gy and Rypqy ate the
initial unloading stiffness, the peak load and maximum displacement, respectively. (b) Schematic

illustration of a typical nanoindenter apparatus.

Figure 3.12 (b) shows a schematic representation of the setup used in this work. The load
that drives the indenter tip into the sample's surface is applied using an electromagnetic actuator,
while the capacitive sensor is used to measure the displacement [131]. The load and displacement
resolution of the instrument used in this work are 50 nN and 0.01 nm, respectively. Additionally,
the characteristic string constant, K, is 91 N/m. In terms of analysing the data from
nanoindentation tests, the Oliver-Pharr [139] method is frequently used to calculate the hardness
and the elastic modulus from a measurement. It assumes that a material deforms elastically and
plastically during loading, but only elastic deformation is recovered during the unloading.
Therefore, the elastic contact stiffness, S, can be estimated from the initial slope of the unloading

segment, and it is related to the projected contact area of the indenter, 4, by:

S = (d—P) = 2E,f % (3.5)
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where 8 is a constant that depends on the geometry of the indenter and E) is the reduced elastic

modulus which can be used to determine the elastic modulus of the materials, E, by offsetting the

deformation of the indenter according to:

— = + L 3.6
E, E E; G0

where Ej is the elastic modulus of the indenter and v and v; represent the Poisson's ratio of the
investigated materials and indenter, respectively. Additionally, the hardness, H, of a material can is

determined in terms of the maximum load, Py, 4y, by:

Prax
H = 3.7
A G.7

The accuracy of the measurement of both properties strongly depends on the precision of
the inputted contact area. Generally, sink-in occurs on the rim of the indentation, as represented
schematically in Figure 3.13. Therefore, the area function given by the indentet's geometry needs
to be corrected based on the maximum displacement, Ay, gy, and displacement of the sutface, hg.

Finally, the contact depth of the indenter, h, can be calculated by:

P
h=hpg, —€ ";“" (3.8)

The constant € depends on the indenter geometry, and it is equal to 0.75 and 1 for Berkovich and

flat punch indenters, respectively.

Figure 3.13: Schematic showing a lateral view from an elastoplastic material under the influence of a
conical indenter. The image shows the load (P), the contact atea of the indenter (4), the maximum

measured displacement (Rqy), and contact depth of the indenter (h).

In this work, the indentations followed a "continuous stiffness measurement" (CSM)
approach. This method allows for the determination of the mechanical properties as a function of
the indent depth by measuring the stiffness continuously during the loading segment. Thus, CSM

implies that a small dynamic oscillation with a high frequency over the force signal is imposed, and
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the corresponding displacement signal is measured continuously as a function of the indentation
depth with a frequency-specific amplifier [139, 140]. The amplitude of the force oscillation
represented schematically in Figure 3.12 (a) needs to be sufficiently small to avoid additional

influence on the deformation process.

Although the elastic modulus is often used to describe the elastic property of materials, a
more elaborated analysis is required whenever viscoelasticity comes to play. Polymer materials
present the ability to both store and damp energy. In the case of dynamic loading, a phase shift
between loading and displacement occurs. The complex modulus, E*, is a phase vector, which

combines both responses of the polymer materials:

E*=E'+iE" (3.9)
where E’ is the storage modulus, which quantifies the ability to store energy elastically and
E" is the loss modulus which quantifies the ability to damp out energy. The storage modulus can

be equal to the elastic modulus for materials with insignificant damping [141, 142].

The complex modulus can be measured using a dynamic mechanical analysis in indentation
testing [141, 143]. After the indenter establishes contact with the surface, a compression oscillation
is applied, then and the response of the material can be used to determine the amount of energy

stored and damped. Similar to an elastic solution, the storage modulus of a polymer is given by:

E’—S\/ﬁ 3.10
=257 (310

where [ is a constant depending on the indenter geometry and A is the contact area. On the other
hand, the loss modulus can be determined using the damping coefficient, D, and the harmonic

frequency, w.

wD, [T
E" = -
2 NA

In the investigations on the NPG structures and planar interface samples, the properties

(3.11)

were obtained using a CSM system equipped with a Berkovich indenter. The indentations were
carried out to a prescribed maximum indentation depth varying from 0.1 to 3 um using an
indentation strain rate of 0.05/s and a displacement oscillation amplitude of 2 nm. In the
investigation of NPP structures, a series of nanoindentations were carried out to clarify the role of
the microstructural length-scale on their mechanics. First, the storage modulus was obtained using
a CSM system with a 15 um diameter flat punch indenter. The indentations were carried out at a
strain rate of 0.02/s down to 3 pm, then an oscillation amplitude of 50 nm was applied over a
frequency range of 1 to 45 Hz. A second set of nanoindentations was conducted using a Berkovich
indenter tip to evaluate the hardness of the NPP structures. Here, indentation to a prescribed
maximum indentation depth of 5 pm was catried out using an indentation strain rate of 0.05/s and

a displacement oscillation amplitude of 2 nm.
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Flat punch indentations were also carried out to measure the elastic modulus of the
samples. For these cases, Sneddon's equation was used as an alternative to circumvent the sink-in
effect while considering a cylindrical punch indenting an elastic half-space [144]. The analytical
expression to calculate the compliance of the half-space materials, Cgpeggon, associated with the

deformation is given by

(1 —-v3)Vr
Csneddon = “2EVA

Therefore, the relation between the elastic contact stiffness and the elastic modulus is given by:

(3.12)

s 2
E=—(1-v9) (3.13)
Dp
where D,, is the flat punch diameter, and S can be obtained from the initial unloading segment.

3.4.2 Microcompression

Microcompression technique is a micromechanical characterization method capable of
measuring the stress-strain behaviour at a micrometre and sub-micrometre scale. It consists of
compressing a microcolumn with a defined cross-section area with a flat-punch indenter in a
nanoindentation instrument. Since it was first reported by Uchic [145, 146], it has been vastly
utilized to characterize various materials such as metals [147] and polymer [148]. The schematic of
a typical microcompression testing is shown in Figure 3.14, in which the initial height, Hy, and
diameter, D, are represented for a microcolumn. The relatively simple geometry results in a
uniform and uniaxial stress state, which typically results in a nominally constant deformation of
the microcolumns. Therefore, the analysis of microcompression is relatively straight forward,

especially when compared with nanoindentation testing.

In this work, the compression of the microcolumns utilized a nanoindenter XP (MTS
Corp., USA) equipped with a flat punch indenter with a diameter of 15 pm for the ex-situ
microcompression experiments. The CSM mode with a 2 nm oscillation and a frequency of 45 Hz
at a constant strain rate of 0.005/s was employed. A typical experiment consists of a loading
segment until the prescribed maximum displacement, followed by a 30 s hold segment before an

unloading segment.
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]
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Figure 3.14: Schematic showing a microcompression of a cylindrical microcolumn by a flat punch

indenter. It is indicated the initial height, H,, and the diameter, D, of the microcolumn.

Microcolumn fabrication for microcompression testing

The FIB fabrication of the microcolumns utilized in this work consisted of two single-pass

milling steps, as follow:

e SEM was used to locate the position in which the microcolumns should be milled.

e The first step of single-pass milling is done to create a cylindrical structure with 35 and 16
um of outer and inner diameter, respectively. A high current was used for this coarse milling
(3 nA).

e The second step of single-pass milling takes place using a circular pattern since all
microcolumns were cylindrical. Again, the inner diameter is equal to the final diameter of

the microcolumn, and fine milling was used with currents of 0.3 nA.

Table 3.1: Typical dwell-times used in this thesis on the fabrication of microcolumns

using two steps single-pass milling.

Solid Gold Solid Epoxy NPG composite
1% Step 5 ms 3.5 ms 1.5 ms 3 ms
2™ Step 7 ms 5ms 2.5 ms 4 ms
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Since the removal rate by FIB varies according to the materials, the microcolumn
fabrication differed in the dwell time. In this study, microcolumns were fabricated in solid gold,
solid epoxy, NPG, and NPG-composites. Examples of typical microcolumns for each material are
shown in Figure 3.15 (a), (b), (c) and (d), respectively. The microcolumn fabrication using a single-
pass milling approach produced microcolumns with adequate tapering in all materials tested here.
The typical dwell-time for the first and second milling steps for each material is shown in Table
3.1

Figure 3.15: Typical microcolumns fabricated using two steps single-pass milling in solid gold (a), solid
epoxy (b), NPG (c) and NPG composite (d).

Compression analysis

In the measured displacement, the overall compliance during a microcompression test
includes the microcolumn compliance, the compliance associate with the substrate being pushed
by the microcolumn, and the load frame compliance. Since the compliances, in this case, are

additive, the displacement of the microcolumn, Agopymn, is given by:

hcolumn = hraw - hsurface - hLF - hsubstrate (3'14)

32



Chapter 3 — Methods

where Ry.qy is the raw displacement given by the system, Agyrrqce is the surface height identified

at initial contact by the system, h;p is the load frame displacement and Agypserare is the substrate

displacement. The load frame displacement is determined according:

P column

K¢

h’LF = (3.15)

where Peopymn 15 the applied load and K is the load frame stiffness of the nanoindentation
instrument. Sneddon's equation is used to determine the substrate displacement, and it can be

expressed as:

Pcolumn _ (1 - 1/Z)Pcolumn

Ssubstrate EDbottom

hsubstrate -

(3.16)

where Sqypstrate 1S the stiffness of the substrate and Dy ¢rom is the diameter of the column at the

bottom.

The expressions for the engineering strain, €.y, can be obtained from Equation 3.14, as
followed:

hcolumn

Eeng = H (3.17)
0

where Hy is the initial height of the microcolumn measured by SEM imaging. Additionally, the

expression for the engineering stress, Gepg, for a cylindrical microcolumn is delivered by:

_ Pcolumn _ Pcolumn
Oeng = AO -

T (3.18)
7D

whete Pooyumn is the load applied, Ay and D are the area and the diameter of the microcolumn,
respectively. Moreover, the yield stress was defined using an approach based on the loading
stiffness described in [149, 150]. Finally, the elastic modulus, E, is obtained by combining the
Equations 3.17 and 3.18, as follow:

aeng — PcolumnHO (3'19)

E =
geng hcolumnAO

3.4.3 Interfacial shear test

Evaluating the interface's mechanical integrity is a long-standing topic of interest in
composite materials and coating technologies. Chen recently developed a new testing protocol to
evaluate the shear strength in interlayers between coating-substrates systems [151, 152]. In this
type of experiment, a bi-material cylindrical microcolumn containing an inclined interface is

compressed uniaxially until the interface collapses. Generally, a 45° angle between the phases is
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used to maximize shear from the column's compression. The compression is done by a flat punch
indenter in a nanoindentation device to obtain the load-displacement response and identify the
maximum load in which the interface collapses [151-154]. In this work, a similar approach was
employed to evaluate the interfacial shear strength between gold-epoxy systems using two types
of bi-material microcolumns: cylindrical and square cross-sectional microcolumns. Figure 3.16
shows a schematic of interfacial shear strength testing for a cylindrical microcolumn in (a) and a
square cross-sectional (b). The diagram also contains the initial column height, H,, the height of
the polymeric part, H,,, and interfacial area, A;y;, in terms of the side, [, and diameter, D, of the

microcolumns.

The protocol developed by Chen served as a base for the experimental investigation
developed in this work [151]. Nevertheless, since the microcolumns' fabrication involves a lathe
milling approach, some adjustments were necessary to investigate a polymer-metal system.
Although lathe milling produces "taper-free" microcolumns, it also highly exposes the materials to
the ion beam. The interaction between materials and ions can alter the mechanical properties
measured by micromechanical experiments [147, 148]. Therefore, an alternative using single-pass
milling was developed to produce microcolumns with adequate geometries. Single-pass milling
consists of slowly scanning the beam just once over the same area, spiralling from outside to inside.
The combination of the incident angles and redeposition resulted in deeper cuts, reducing the

tapering of the final microcolumns [27, 113].

Flat punch indenter Flat punch indenter

a) b)

Cylindrical — E—

Microcolumn

Square
Cross-sectional
Microcolumn

- 4-cos45° m r0s45°

Figure 3.16: Schematic showing interfacial shear strength tests from cylindrical (a) and square cross-
sectional (b) microcolumns. A flat punch indenter is driven into the top of the microcolumns. It is

indicated the height of the microcolumns, Hy, the height of the polymer part, Hy,, and the calculated

interfacial areas, An¢, for both geometries.
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Furthermore, the compression of the microcolumns followed a similar approach as the
nanoindentations carried out in this work. A nanoindenter XP (MTS Corp., USA) equipped with
a flat punch indenter with a diameter of 15 pm was used for the ex-situ microcompression
experiments. The CSM mode with a 2 nm oscillation and a frequency of 45 Hz at a constant strain
rate of 0.005/s was employed. A typical experiment consists of a loading segment until the
prescribed maximum displacement. Due to the nature of the test, the analysis of the collected data
is limited after the interfacial failure. Nevertheless, the details and possible interpretations are

further discussed in Chapter 6.1.

Microcolumn fabrication for interfacial shear testing

Samples containing a planar interface between gold and epoxy were used to fabricate
microcolumns with size in the micrometre scale using FIB milling. The following is a list of the

main steps used in the fabrication process:

e SEM was used to locate the position of the interface between gold and the epoxy.

e The first step of single-pass milling was done to create a cylindrical structure with 35 and 16
um of outer and inner diameter, respectively. This coarse milling step used a relatively high
current (3 nA) and a dwell time of 3 ms. The positioning of the circular pattern in the FIB
imaging and the resultant milled structure by SEM imaging is shown in Figure 3.17 (a) and
(b)-

e For the cylindrical microcolumns, the second step of single-pass milling takes place using a
circular pattern, in which the inner diameter is equal to the final diameter of the
microcolumn. Fine milling is used here with currents of 0.3 nA and dwell time varying from
3 to 4 ms according to the microcolumn height. The positioning of the circular pattern in
the FIB imaging and the resultant milled structure by SEM imaging is shown in Figure 3.17
(c) and (d).

e For the square cross-sectional microcolumns, the second milling step takes place using four
rectangular patterns. They are positioned according to Figure 3.17 (d), leaving an intact
square in the middle, in which the dimensions account for the microcolumn's side. Again,
fine milling was used (0.3 nA), and the dwell time varied from 3 to 4 ms according to the

height of the microcolumn.

The polymer height of the microcolumns could be adjusted by positioning the milling
patterns closer or farther from the interface. Furthermore, the interfacial area between gold and
epoxy in each microcolumn was measured in the SEM before the microcompression. This area

was then used in the calculation of the interfacial shear strength.
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Figure 3.17: Steps on the fabrication of cylindrical and square cross-sectional microcolumns for interfacial
shear strength testing. A structure is coarse milled first to facilitate the subsequent removal of materials
(b), then single pass-milling is used to fabricate cylindrical (d) and square cross-sectional (e)
microcolumns. The position of the milling pattern in the FIB imaging for each one of the previous steps

can be found in (a), (), and (e), respectively.
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Shear analysis

Extracting the interfacial strength response from a microcolumn compression test requires
considering several critical issues, most of which are inherent to a regular compression test.
Therefore, factors such as the geometry and aspect ratio of the microcolumns, the misalignment
to the flat punch, the deformation of the underlying material, the friction between the indenter
and the top of the microcolumn would impact the measured values [155-160]. As an already
established good practice, the microcolumn aspect ratio between 2:1 and 4:1 is a good compromise
between batrelling and buckling. Additionally, keeping the misalignment angle lower than 1°

avoids several artefacts that underestimated the measured properties [155]

Specific to microcolumns containing an inclined interface, the angle between the phases
and the interfacial area are crucial to estimate the representative shear stress in which the interface
collapses. Assuming that the shear failure of the interfacial regions initiates with a uniform shear
deformation and that before the initiation, the stress is uniaxially distributed, the critical interfacial
shear stress at the interfacial plane, 7450, is given by:

tyg. = [max SO (3.20)
Aint
where P qy is the maximum load, A;;,; is the interfacial area, and 6 is the angle between the phases
to the top of the microcolumn. Furthermore, the analysis of the measured displacement in the
interfacial shear strength testing followed the same adjustment performed on analysing the

microcompression experiments presented in the last section.

3.5 FEM simulation

Finite element simulations were carried out using Abaqus v.6.14 (Dassault Systems Simulia
Corp, France) to evaluate the effect of the bonding strength on gold-epoxy systems. First, the
compression of microcolumns with an inclined interface was simulated using a three-dimensional
model. The simulated microcolumns contained the same dimensions as the physical experiments
carried out to investigate the interfacial shear strength described in Chapter 6.1. For this purpose,
the ABAQUS mesh generator was used to create the finite element mesh that consists of 8-node
brick elements (C3D8). The approximate length of each element edge was requested to be smaller
than an eighth of the column's side. An example of FE-mesh for a microcolumn with an inclined
interface is shown in Figure 3.18 (a). In all simulations, the materials assigned to the top and
bottom parts of the microcolumns were epoxy and gold, respectively. The constitutive law for

each material is described later in this section.
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Figure 3.18: (a) 3D mesh of 8-node brick elements (C3D8) used to model the microshear test, the top and
bottom sections were assigned the properties for epoxy and gold, respectively. (b) 3D mesh of 10-node
quadratic tetrahedron elements (C3D10) used to model the NPG-epoxy composite compression. This

mesh consists of a section of a larger mesh made from the reconstruction of the NPG-epoxy composites
made by a FIB slice and view technique [11]. In both meshes, the elements assigned with the epoxy and

gold properties are represented in blue and yellow, respectively.

Second, a finite element approach was also utilized to simulate the compression of NPG-
epoxy composite. Kaixiong Hu first developed a FIB based slice and view technique to create a
3D reconstruction of NPG [11]. Moreover, he used Amira software to generate a triangular surface
mesh based on the NPG's 3D reconstructions, converted to a C3D10 mesh (10-node quadratic
tetrahedron). In this mesh, the element size was kept small enough to preserve the Au ligaments'
geometry [11]. Further, an epoxy phase was added to the model filling the porosity on the initial
NPG mesh. Hu simulated the compressive response of these structures, assuming a perfect
bonded interface between the two phases that stayed bonded throughout the compression [11].In
this work, the composite’s 3D mesh created by Hu based an expanded model accounting for the

interfacial behaviour between gold and epoxy materials.

The experimental investigation with the inclined interfaces inspired the development of a
surface-based cohesive behaviour approach to simulate the interface in the interfacial shear
strength test and the compression of NPG epoxy composites. Since the assignment of a surface
property made the model exceptionally computationally demanding, the total volume simulated
was reduced compared to previous works. An example of FE-mesh for a NPG-epoxy composite
is shown in Figure 3.18 (b). Here, the input for the interfacial behaviour was taken from the
microshear experiments. The details of the development of interfacial modelling are described in

Section 6.2.
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3.5.1 Boundary conditions and materials properties

The boundary condition applied to the microcompression model of the interfacial shear
strength testing is illustrated in Figure 3.19 (a). The load was applied as a homogeneous
displacement of all nodes on the top side of the microcolumn. Meanwhile, a symmetry boundary
condition (Yy=0) was applied to the bottom surface on the bottom part of the microcolumn. All
nodes on the side faces of the microcolumn were free to move during the uniaxial compression
simulation. Regarding the boundaries on the composite simulations, symmetric boundary
conditions were applied to the nodes on the planes Xy, Yo, Zo= 0, as shown in Figure 3.19 (b). The
load was applied as a homogeneous displacement in all the nodes of the opposite surfaces (X1, Y1,

Z4) accordantly to the analysis.

a) Displacement b) v Displacement

* (%1, Y1,Z4)

) y4 T
Y0=0 Y0=0

Figure 3.19: Symmetry boundary condition was applied in (a) to the nodes on the bottom surface of the
gold part of the microcolumn while the displacement was applied to the top nodes of the epoxy part, as

represented by the black arrow. The symmetry boundary conditions in (b) were applied to the nodes on
the planes Xg, ¥, Zo= 0, while the displacement was applied to the nodes of the surface, as represented

by the black arrow.

In this study, the same constitutive laws from similar works were adopted for describing
the properties of gold and epoxy phases. Although gold's size effect and epoxy's time-dependent
response are not considered, this approach was capable of a reasonable fit to the experimental
results. It considers an isotropic elastic-linear plastic stress-strain relation, as illustrated in Figure
3.20. In terms of the actual properties, gold's yield stress, elastic modulus, and work hardening are
700 MPa, 81 GPa, and 1000 MPa, respectively. Moreover, for the epoxy, an elastic modulus of 4.7
GPa and hardness of 97 MPa were considered. No work hardening was considered for the epoxy

property. Finally, the Poisson's ratio of gold and epoxy computed were 0.42 and 0.35, respectively.
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Figure 3.20: Plot showing the constitutive laws for gold and epoxy used in this work, represented by the
yellow and blue lines, respectively. Constitutive law of gold with yield stress 0y, 5010 = 700 MPa, elastic
modulus Eg1q=81 GPa and work hardening rate yg1¢=1000 MPa. Constitutive law of epoxy with yield

Stress Oy epoxy= 97 MPa, elastic modulus E¢poxy=4.7 GPa and no work hardening.
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4 The mechanical response of the polymeric phase

In this chapter, the independent mechanical response of the polymeric phase of NPG-
epoxy composites is investigated. Questions regarding the influence of the sub-micron scale of the
polymer phase in the composites, the possible presence of an interlayer, and the complex
morphology of the NPP structure are addressed experimentally. First, the effect of the small
length-scales in bulk epoxy is investigated by carrying out shallow nanoindentation measurements.
Then, the nanoporous polymers are introduced as the separated polymeric phase from NPG-
polymer composites, which allowed for the investigation of the effects of the small length-scale
and the morphology on these structures. A better understanding of the presence of an interlayer
and the possible impact on the mechanical response was obtained by comparing NPP samples
with fine and coarse structures. Finally, the results from the micromechanical characterization of

the NPPs structures are then presented and discussed.

4.1 Considerations on the bulk polymer properties

In this study, nanoindentation experiments were carried out to evaluate the size-dependent
mechanical response of the epoxy used in the NPG-polymer composites. Here the measurements
were conducted in polished bulk samples, as shown in Figure 4.1 (a). CSM method was used to
measure the hardness and elastic modulus as a function of the indentation depth, as described in
Chapter 3.4.1. The measurements are reproducible, reaching 2 pm at a maximum load of 18 mN
approximately. The average modulus and hardness for ten measurements as a function of the
indentation depth are shown in Figure 4.1 (b) and (c), respectively. As can be observed in both
plots, the response presents an exponential decay as a function of displacement until a plateau
appears. The bars representing one standard deviation about the mean show a considerable
variation at small depths, which can typically indicate heterogeneities on the polymer composition

or surface roughness, inducing errors in determining the contact area [161].
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Figure 4.1: (a) Load-displacement curves from 10 nanoindentation tests in bulk epoxy. The displacement
plateaus are associated with creep relaxation during the hold segments in the loading cycle. (b) and (c)
shows the average elastic modulus and hardness from continuous stiffness measurement as a function of
the indentation depth, respectively. Each data point represents an average of 10 measurements, and the

error bars indicate one standard deviation about the mean value.

These results agree with many studies in the literature showing experimentally observed
length scale-dependent deformation of epoxies by nanoindentation testing [16, 22—-27]. Although
graphically, a trend on the average values indicates ISE on hardness and modulus, a statistical
analysis is necessary to reduce the uncertainties in comparing data at different depths. Figure 4.2
shows a section of the values measured in the plots from Figure 4.1 (b) and (c), in which it is

possible to observe the overlapping of averages and standard deviation at small depths.
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Figure 4.2: (a) and (b) present the bulk epoxy average elastic modulus and hardness, respectively, from
continuous stiffness measurement in the depths analysed on the t-tests. Each data point represents an

average of 10 measurements, and the error bars indicate one standard deviation about the mean value.

In this investigation, traditional hypothesis testing was used to investigate the indentation
depth involved in the ISE of bulk epoxy. A two-sample t-test allows the comparison between
average results of two populations determining if the difference is statistically significant or if it is
due instead to random chance. In this context, a population is a group of measurements carried
out under the same circumstances, e.g., indentations carried out at the same indentation depth.

Here, t-tests were conducted to compared three sets of pairs of populations, as follows:

e Properties at 50 nm against properties at 300 nm,
e Properties at 100 nm against properties at 300 nm,

e Properties at 300 nm against properties at 2000 nm.

In a t-test, the null hypothesis Hy states that there is no statistically significant difference
between the two populations, and it can be rejected whenever the calculated t-value is greater than

a critical value that depends on the level of significance. The ¢4,y can be calculated according to:

S
tvalue -
2 2 1
of L7 @1
n, n

Where X, 0, n are the mean value, the standard deviation and the population size,
respectively. The subscripts 1 and 2 represent the two populations in a set. If the calculated t;,45¢

is greater than a critical value, the Hy can be rejected, which suggest a statistically significant

difference between the two populations. The calculated t-values for hardness and modulus are
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presented in Table 4.1. It is considered a normal distribution, and for 18 degrees of freedom, the

critical values for a confidence level of 95% and 99,9% are 2.11 and 3.922, respectively.

Table 4.1: ty,q1e calculated for the comparison of different indentation depths into bulk epoxy. The red

font was used to represent values smaller than the critical values, in which the hypothesis of no statistical

difference in the comparison can not be rejected.

- tvalue tvalue tvalue
16529 Pty 50 am to 300 nm 100 nm to 300 nm 300 nm to 2000 nm
Hardness 12.675 7.855 10.279
Modulus 7.115 1.553 0.840

In the case of hardness, t},q¢ 1s greater than the critical values in all comparisons. This
indicates a factor acting on the measured values according to the indentation depth, which could
be evidence of size effects. Nevertheless, the critical values in modulus are greater than the t-values
in the comparisons between 100 to 300 nm and 300 to 2000 nm. This means that the null
hypothesis can not be rejected for these comparisons, and there is no statistically significant
difference between these groups. The difference found between 50 to 300 nm is unlikely to be due
to size effects. Instead, at indentation depths below 100 nm, the calculation of the contact area is

susceptible to bluntness on the indenter tip [57].

4.2 Composites made from polymeric infiltration

The open porous polymeric structure remaining from the Au-etching of NPG-epoxy
composites is presented in this section. Figure 4.3 shows a cross-section milled in a representative
NPG-epoxy composite before the Au etching in which the mean ligament size of the NPG was
400 nm. The Auligaments appear in the bright phase, and the dark phase is the polymeric structure.
A low voltage was used in this picture (2 kV), revealing the Au ligaments surrounded by the
polymer phase entirely. The mean ligament sizes of the NPG from the composites presented in
this section were 50 nm and 400 nm, and here they are referred to as fine and coarse NPP

structures, respectively.
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Figure 4.3: SEM micrograph showing a FIB milled cross-section of a NPG-epoxy composite with a
ligament size of 400 nm. The gold ligaments appear in a bright colour and the epoxy in grey.

4.2.1 Leaching of Au in NPG-polymer composites

Figure 4.4 shows the surface of an NPG-epoxy composite with a mean ligament size of
200nm that was submerged in liquid mercury for 40 hours. The SEM imaging at a low voltage
reveals that some exterior features were leached out, leaving open holes on the surface.
Nevertheless, by increasing the electron beam voltage, it is possible to recognize the gold ligaments
below the immediate surface of the polymer. The mercury was not able to penetrate the small
ligament structure, and the dissolution of the NPG was restricted to the superficial features of the
sample. This behaviour can be readily explained by the high surface energy of the liquid mercury

that prevented direct contact with the Au inside the submicron ligament structure.

Fortunately, the treatment using the iodine-iodide solution was more effective. In this case,
the dissolution started on the surface, where the solution first established contact with the NPG.
Thereupon, as the NPG was dissolved, the solution penetrated the core of the sample. Figure 4.5
(a) shows the aspect of a surface of an NPG-epoxy composite sample treated in the iodine-iodide
solution. Figure 4.5 (b) shows a cross-section of the same composite after just one hour in the
iodine-iodide solution. It is possible to distinguish the leaching out of the nanoscale Au ligaments
on the surface region and their presence at the core of the samples. The cross-section was prepared
with a Ga” based focused ion beam (FIB) at a final aperture current of 0.1 nA to ensure an adequate

smoothness of the analysed surfaces.
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Figure 4.4: SEM micrograph showing the microstructure at the surface of an NPG-epoxy sample after
40h submerged in liquid mercury. A low voltage is applied in (a) revealing some small open holes on the
sample's surface, indicating the partial removal of Au ligaments. Nevertheless, increasing the voltage in (b)

showed that the gold ligaments are still present underneath the outer surface.

It was observed that the iodide-iodine solution was not able to effectively remove the Au
from the deep regions of composites made from very fine NPG (mean ligament size of 20 nm).
Figure 4.6 (a) shows the resulting microstructure after the etching process. The schematic in Figure
4.6 (b) presents a further increase in magnification on the removing front showing that the small
porous structure gets blocked, which prevents the penetration of the solution into the sample.
This behaviour was only found on very fine structured samples; for NPG ligaments larger than 20

nm, the solution was able to complete leach out the Au.

Figure 4.5: SEM micrographs showing the microstructure after a short period in iodine-iodine treatment.

(a) shows the outer surface of the sample and (b) a FIB-milled cross-section, in which the removing front

of Au can be observed.
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All the nanoporous polymer samples fabricate in this work were prepared using a wet
etching approach based on the iodide-iodine solution. It was found that the Au removal rate was
directly related to the NPG ligament size. Stirring agitation and long periods of more than 24 h
were sufficient to dissolve the small NPG ligaments from volumes large enough to ensure reliable

micromechanical measurements.

. R‘emo{:iﬁé
Front

Removing

Composite Composite

Figure 4.6: (a) SEM micrograph showing the microstructure in a FIB milled cross-section of a very fine
NPG-epoxy composite treated in iodine-iodine solution. Some ligaments were partially leached out;

however, gold can still be observed behind the removing-front in (b).

4.2.2 Morphology of the isolated polymeric phase

After the iodine-iodide treatment, the Au phase is completely removed, and the polymer
phase is left preserved. Similar to the NPG, these nanoporous polymers are bicontinuous
structures made of polymer and porous. Figure 4.7 (a) shows the aftermath in a sample in which
the NPG before the etching procedure had a mean ligament size of 400nm. A cross-section was

prepared using FIB milling, revealing that Au was entirely removed from the interior of the sample.

In addition to the SEM imaging, energy dispersive x-ray spectroscopy (EDS) was carried
out and confirmed the absence of gold on the NPP structures. The EDS spectrum is shown in
Figure 4.7 (b); this analysis was conducted in an EDAX spectrometer attachment to the SEM at a
voltage of 15 kV, which is sufficient to identify the presence of gold [125]. The in-situ EDS allowed
the mapping feature to localize the distribution of the elements on the sample surface. The section
in Figure 4.7 (b) shows the arrangement of the carbon element overlapping with the features of
the analysed microstructure, and the iodide element spread in a lower intensity. Only 1% of the
atoms on the sample surface was quantified as iodine by the EDS analysis after washing the sample
for 24h.
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Figure 4.7: (a) SEM micrograph showing a FIB milled cross-section on the aftermath microstructure in a
sample in which the NPG before the etching procedure had a mean ligament size of 400nm. (b) EDS
spectra of NPP sample after the etching treatment, showing no presence of gold element. The gallium

and iodine peak in the spectra are present because of the FIB milling of the cross-section and the etching

treatment, respectively. The inset pictures present the elemental mapping of carbon and iodine.

Figure 4.8: FIB milled cross-section of nanoporous polymer (NPP) showing at same magnification a fine

(a) and a coarse (b) structures. This image was already published in [99]

Figure 4.8 shows SEM micrographs of FIB milled cross-sections at the same magnification
from the two NPP configurations investigated in this study. Although the structures are similar,
the porosity was tailored to achieve a different length scale. The bicontinuous NPG network
structure dictated the microstructural length-scale of the NPP structures, in a self-similar way, the
pore size of NPG, the ligament size of the polymer phase is found to be approximately two times
larger than the ligament size of the gold phase. Bone] plugin for the Fiji software package was
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utilized to measure the mean pore size from both NPP configurations. Figure 4.8 (a) and (b)
presents fine and coarse NPP structures, with mean ligament size of approximately 100 and 600

nm, respectively.

4.2.3 Mechanics of the isolated polymer phase

A series of nanoindentations were carried out to investigate the effect of the
microstructural length-scale on the NPP mechanics. The influence of the iodine-iodide solution
on the polymer phase was also investigated by indenting the bulk polymer before and after
submitting it to the leaching treatment. First, the storage modulus was obtained using continuous
stiffness measurements equipped with a 15 um diameter flat punch indenter. The indentations
were carried out to 3 um displacement, followed by a hold segment in load with an applied
oscillation amplitude of 50 nm over a frequency range of 1 to 45 Hz, followed by unloading. A
second set of nanoindentations was conducted using a Berkovich indenter tip to evaluate the
hardness of the NPP structures. The storage modulus, which represents the ability to store
deformation energy in an elastic manner, was observed to be constant over the tested frequency
range for all samples. More importantly, it was found that no significant difference in mechanical
response between the bulk polymer before and after being treated to the leaching solution was
found. This indicates that the polymer preserved its mechanical integrity during the long period of
immersion in the iodine-iodide solution and allows the NPP data to be interpreted as
representative of its properties in the Au-epoxy composite structure. Furthermore, a prediction of
the storage modulus of the NPP was computed using the bulk polymer results assuming an
isostrain condition [162] and the known volume fraction of the polymer phase of 75%. The

isostrain prediction serves as a very good lower bound to the data.

It was found that the storage modulus obtained by flat-punch indentation on the coarse
and fine NPP samples showed similar behaviour across the frequency range, as shown in Figure
4.9 (a). These results suggest that the microstructural length-scale does not affect the amount of
elastic stored energy of the NPP samples, consistent with microcompression studies of bulk epoxy
[163]. The corresponding loss moduli from the same set of indentations are shown in Figure 4.9
(b). The loss modulus, which represents the measure of the energy dissipation, was found to be
two orders of magnitude lower than the storage modulus, which indicates the predominant
elasticity of this material system. Interestingly the fine NPP behaved differently to the coarse NPP,
maintaining the dissipated energy over the tested frequency range, while the coarse NPP showed

a decrease in the loss modulus with increasing frequency.
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Figure 4.9: (a) The storage modulus and (b) loss modulus as a function of excitation frequency for the
coarse NPP (black), the fine NPP (red), and the bulk polymer before (green) and after (blue) leaching
solution treatment, and the isostrain calculated response (purple) based on the bulk measurement. Each
data point represents an average of 15 measurements, and the error bars indicate one standard deviation

about the mean value. This image was already published in [99]

Generally, frequency sensitivity in polymers is understood in terms of molecular motion
[164], which can be strongly inhibited if the molecules are highly cross-linked [165] or strongly
anchored by particles [166]. Conversely, the motion could be facilitated by the addition of a
plasticizer [167]. Some studies have shown that relaxation of the constraints to motion can also be
achieved by introducing free surfaces into the system [168, 169]. It is suggested here an
interpretation of the difference between coarse and fine NPP based on the higher internal free
surfaces of the smaller structured NPP, which might facilitate molecular motion in the vicinity of
the pores. Although both NPP samples have the same volume fraction of polymer, the surface
area of the fine NPP is larger due to its smaller microstructural length-scale. The molecular motion
occurs at a much smaller scale than the pore size [170], resulting in the correlation with internal
surface area and not on the volume occupied by the porous phase. At lower frequencies, the
structures have sufficient time for relaxation, and the response of the fine and coarse NPP

structures converge.

Berkovich indentations are needed here to compare the hardness of the samples. The sharp
tip ensures plastic deformation instead of the elasticity dominated response of flat punch
indentations. However, identifying the actual contact area can be difficult, especially for polymeric
materials prone to various types of time dependency. The load divided by the square of the contact
stiffness, P/S?, is a directly measured expetimental parameter that does not depend on the contact
area; it is proportional to the hardness and inversely proportional to the square of the modulus
[140]. Since the flat punch indentation results indicated that the elastic response is independent of

the microstructural length-scale, any variation in the P/S? should reflect changes in the hardness.
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Figure 4.10 (a) presents the ratio between load and stiffness squared by the indentation depth from
three representative curves showing the response of coarse and fine NPP structures and the bulk

epoxy scaled using the isostrain law.
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Figure 4.10: (a) The load divided by the square of the stiffness response, as a proxy for the hardness
divided by the square of elastic modulus, as a function on indentation depth for the fine NPP (red line),
the coarse NPP (black line) and the bulk polymer (blue line). Each data point represents an average of 10
measurements, and the error bars indicate one standard deviation about the mean value. (b) An SEM
micrograph of a cross-section through an indent in the fine NPP sample revealing the densification below
the indenter. The image is taken with the sample tilted 52° to reveal the indented surface and the cross-

section. This image was already published in [99]

The indentations on bulk epoxy revealed an indentation size effect at depths smaller than
100 nm. Studies have shown that the indentation size effect in polymers might be attributed to the
formation of strain gradients caused by a molecular kinking mechanism [38]; epoxies are prone to
exhibit this behaviour due to their aromatic components [162]. A similar behaviour could be clearly
identified in the fine NPP but not in the coarse NPP. Instead, a strong scatter in the initial response
of the coarse NPP is observed, expectedly due to the proximity between indentation depth and
ligament size resulting in the indenter tip touching single ligaments or pores for the first few
hundred nanometres. After the first hundred nanometres, the response for coarse and fine NPP
could not be differentiated. Using the measured modulus from the flat punch indentation, the
indentation hardness is computed from the P/S? data in the plateau region to be 110 MPa.
However, both fine and coarse responses are shown to deviate from the scaled bulk behaviour at
deeper indentation depths. This behaviour is readily explained by the densification of the porous
structure, leading to an increase in the effective modulus and thus a decrease in P/S% An SEM
micrograph of a cross-section made using FIB through an indent into the coarse NPP structure is
shown in Figure 4.10 (b). The reduced pore size in the vicinity of the indent is observed, confirming

such densification.
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4.3 Conclusions

The existence of size-depend mechanical response in epoxy was evaluated by
nanoindenting bulk samples and characterizing size tailored structures of nanoporous polymers.
Indentation size effect was observed in the bulk polymer in the hardness response. However, no
statistically significant difference was found to support the hypotheses of a size-depend elastic

modulus. A trend also observed in the response of the small structured nanoporous polymer.

It was found that a standard approach used in the mining industry for leaching Au from
rocks can be adapted to nanoporous Au composite materials in order to create novel nanoporous
polymer (NPP) structures. The treatment of NPG-epoxy composites in an iodine-iodide solution
led to bicontinuous NPP structures. Nanoindentation studies showed that the solution did not
degrade the epoxy phase. It was found no evidence supporting the influence of the structure size
in the elastic or plastic response, and the modulus of the NPP structures could be well predicted
by an isostrain law applied to the modulus measured on bulk epoxy using the corresponding
volume fraction. The storage modulus was found to be two orders of magnitude higher than the
loss modulus for all samples, as expected for bulk epoxy resin. Nonetheless, significant differences
in the loss moduli were found; the fine NPP showed a constant if not increasing loss moduli with
excitation frequency, while both the coarse NPP and bulk epoxy showed a decreasing modulus.
The preservation of the energy dissipation across all tested frequencies in the fine NPP with an
inherently high specific surface area points to the role of free surfaces in the relaxation of polymeric

chains.
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5 On measuring the mechanical characteristics near

the gold-epoxy interface

In this chapter, the mechanical characteristics near the gold-epoxy interface are
investigated using planar interfaces as a simplified model sample to NPG-polymer composites.
The planar interface sample was utilized as an alternative to circumvent the influence of the
complex morphology and geometry of the composite. Questions regarding the presence of
interlayer are addressed experimentally. An interlayer would display a region with constant
properties and defined thickness, while a direct transition between two phases may result in a
gradient of the local mechanical properties. Both possibilities are cover by the approaches in this
chapter. First, the presence of an interlayer was investigated by chemical analysis, observing the
distribution of gold elements near the interface. Then, transmission microscopy was used to image
at very high magnification the interfacial region of NPG-epoxy composites. Finally, a better
understanding of local transitional mechanical properties between gold and epoxy was obtained
by carrying out a series of nanoindentations in line crossing the phases' boundaries. Furthermore,
the impact of the nanoindentation parameters, e.g., depth or spacing, was estimated for the lines
on the bulk materials and crossing the interfaces. Lastly, the local properties were analysed in terms

of the proximity to the interface and the bulk properties.

5.1 Interlayer formation

This section aims to evaluate the presence of an interlayer between gold and epoxy phases,
using planar interfacial samples and the NPG-epoxy composites itself. Under typical conditions,
an interlayer between bulk metal and the bulk polymer could be explained by two possibilities: an
oxide layer, previously present on the metal's surface [171, 172], or a layer originated by the
interaction and association of two phases [68]. Regarding the oxide layer, gold is known as the
noblest of the metals, typically forming unstable oxides [171, 173]. Therefore, in contrast to most

metals [172, 174, 175], the presence of an oxide layer is not predominated on gold surfaces [173,
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1706]. In electrolyte-controlled conditions in which an oxide layer is formed on the surface of gold
electrodes, the final oxide layer is often described as very thin with thickness below 1 nm [171].
Additionally, Canning and colleagues have observed that oxygen does not adsorb into a gold
surface [177]. Therefore, any interlayer formation would necessarily occur from the interface into

the polymer phase, and the gold phase can be assumed as a constant solid material.

) )

Figure 5.1: (a) SEM micrograph of a planar interface between bulk gold and epoxy showing a sharp
boundary between the phases. (b) Gold elemental mapping from in-situ EDS showing the sharp
distribution of gold in blue and no diffusion into the epoxy phase.

The interaction and association with gold were investigated using chemical analysis. The
adsorption of gold element into the epoxy phase was examined in a planar interface. The SEM
image in Figure 5.1 (a) shows a sharp interface between bulk gold in bright colour and the
embedded epoxy in grey. At this observed interfacial region, an in-situ EDS spectrometer using
an elemental mapping feature was used to observe the gold element distribution. The gold mapping
in blue presented in Figure 5.1 (b) shows a sharp interface, at least at this scale. The few blue pixies
in the polymer phase do not necessarily imply gold diffusing toward the polymer phase. Instead,

this can be associated with the limit of the measurement resolution.

A second approach to evaluate the interfacial region utilized in this work consisted of
imaging the interface with a transmission microscope at very high magnifications. This method
was explored by Putz et al. to investigate the interlayers as thin as a couple of nanometres between
metal and polymer systems [68, 178]. In this study, inspiration was taken from Putz et al. [68] to
investigate the interface formed between gold and epoxy. The methodology developed to fabricate
for the first time FIB milled lamellae from NPG-epoxy composites is explained in Section 3.2.2.
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Figure 5.2: (a) and (b) show TEM micrographs of Au-ligaments embedded in epoxy. The black arrows
indicate the edge of the lamella, and consequently, the edge of the epoxy phase. The green arrows indicate
the epoxy's degradation due to the interaction with the high voltage electron beam. (c) shows at higher

magnification the boundary between the two phases in which no interlayer can be observed.

The TEM images presented in Figure 5.2 (a) and (b) show the cross-section of two
ligaments embedded in the epoxy. The gold phase appears in dark colours, and the epoxy
surrounds the ligaments. In Figure 5.2 (b) is possible to observe the edge of the lamellae, which is
indicated by a black arrow. Additionally, green arrows indicate small bubbles-like shapes observed
near the Au-ligaments and on the edge of the lamella. It was observed that these features originated
from the degradation of the epoxy by the high voltage electron beam, which is a well know artefact
of the TEM imaging polymer [179, 180]. Not surprisingly, it was observed that the intensity of the
degradation increased by increasing the exposure time and the voltage of the beam. A closer look
at higher magnification into the very boundary between the two phases is shown in Figure 5.2 (c).
No interlayer can be observed between the Au ligament and the epoxy phase, and the interface
appears as a sharp boundary. The interlayers reported in the literature have a thickness extending
from couples to hundreds of nanometres [172, 174, 175, 181], and consequently, they would be
visible at the analysed length-scale.
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5.2 Local mechanical response near a planar interface

Although it was found no evidence supporting the presence of an intetlayer, the
mechanical response near an interface between gold and epoxy s still an open question. Therefore,
a series of nanoindentations were carried out in a line crossing a planar interface to reveal the local
transitional property between the two phases. Nanoindentation technique is often used as a reliable
method to measure the mechanical response from small volumes [139], which was essential to
combine adequate spatial resolution and reliable mechanical property measurements. The
geometry and morphology of the interfacial region play an essential role in the local properties. As
discussed in Section 3.1.3, a sharp perpendicular boundary is unlikely due to the Au ligaments'
morphology in the NPG-epoxy composite. Therefore, the planar interface selected in this study
with a 45° inclination is a simplified sample model for the composite structure that allows for a
systematic study. In these samples, the gold phase decreases in thickness with the proximity to the
interface, as shown in Figure 5.3. The arrows indicate the nanoindentation line and the increasing
thickness of gold under it. Thus, the gold thickness is a factor of the distance to the boundary and
the phases inclination. In this section, the indentation line parameters are optimized first separately

in the bulk materials, and then their impact is evaluated on the measured transitional response.

Nanoindentation
“Line

‘Gold

Thickness

T

Figure 5.3: Schematic showing a SEM picture on an inclined interface between a planar gold-epoxy
sample, in which FIB was used to mill a cross-section. The 45° inclination between the phases results in a
decreasing gold thickness with the proximity to the interface. The arrows indicate a line of
nanoindentations crossing the interface and the decreasing gold thickness with the proximity to the

interface.
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5.2.1 Line of indentations on the bulk materials

This section focuses on optimizing the parameters for the indentation lines performed first
separately on each bulk material. The objective was to develop a single indentation protocol
capable of a satisfactory spatial resolution in the line direction combined with a suitable
reproducibility among the measured values in both materials. Although small indentations would
allow for a higher number of measurements per length, the small volumes tested in shallow
indentations are more sensitive to noise (uncontrolled variations on the experiment). A second
possibility was to reduce the spacing between the indentations. Often the spacing is defined
relatively to the indentation depth, and according to the material, the spacing between the
indentations as large as 20 times the indentation depth should be utilized [182]. Questions
regarding the interaction between indentation depth and spacing among indentation and the
difference in behaviours between the indentations performed in gold and epoxy reinforce the

necessity for a detailed investigation.

An experimental analysis was designed considering two factors: indentation depth and
spacing among the indentations. Figure 5.4 shows the sample tree illustrating a crossed experiment
with eight repetitions for each configuration. Here, the indentation depth was investigated in 3
levels: 100, 200, and 300 nm. Additionally, four spacing levels between the indentation were
evaluated: 5, 7, 10, and 15 times the indention depth. Although a small spacing could result in
overlapping of the indentation plastic zones and even overlapping of the contact areas, these
configurations were investigated as an alternative to increasing the spatial resolution of the
indentation lines. Thus, for a reliable characterization of a matetial, the indentations should not

impact one another.

The hardness and modulus results from 192 indentations separated by each material are
presented in Figure 5.5, in which the colours represent the different indentation depths within
each investigated level of spacing. In this experiment, 12 indentation protocols are evaluated as
the combination of the two investigated factors. The bars represent an average of 8 measurements
within each treatment, and the error bars indicate one standard deviation about the mean value. A
two-way analysis of variance (ANOVA) was performed to analyse the data presented in Figure 5.5.
This statistical hypothesis test is often used in quantitative outcome experiments with two
categorical explanatory variables [183, 184]. In this case, the considered variables were the
indentation depth and spacing among indentations. ANOVA analysis allows testing the
significance of the main effect of the factors and the interaction between them, which calculates a
separated probability value (p-value) for each factor and their interaction. The definition of the p-
value is the probability of obtaining outcomes as extremes as the ones observed, assuming a correct
null hypothesis (no relationship between the measured effects and the tested factors). Typically, a
p-value smaller than 0.05 indicates strong evidence favouring the alternative hypothesis (an existing

relationship between the measured effects and the tested factors).
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Baseline Gold and Baseline Epoxy

Indentation 100 nm 200 nm 300 nm
Depth
Spacing 5 7x 10x  15x 5x 7x 10x  15x 5x 7x 10x  15x
among

Indetations Depth Depth Depth Depth Depth Depth Depth Depth Depth Depth Depth Depth

Repetiton 1-=—8 1-=—8 1-—8 1-—38 1—8 1—8 1—8 1—38 1—8 1—8 1—8 1

Total

16 32 48 64 80 96 112 128 144 180 176 192
Measurements

Figure 5.4: Sample tree designed to study the optimization of the indentation lines parameters, evaluating
two factors: indentation depth and spacing among indentations. The levels for the indentation depth are
100, 200, and 300 nm. The spacing levels are 5, 7, 10, and 15 times the indention depth. The same

experimental investigation was conducted in bulk gold and epoxy.

The ANOVA analyses and p-value calculations here presented were conducted on the data
analysis tools from MS Excel. Moreover, a significance level («) of 0.05 and 8 replications for each
treatment were considered. The p-values of the two factors and their interaction regarding
hardness and modulus analyses are plotted in Figure 5.6 separately for each material. Since only
the p-values from the factor indentation depth are below 0.05, it is assumed that only this factor
has a statistically relevant effect on the measured values in this experiment. Thus, the initial concern
about the interaction between the factors can be disregarded. On the other hand, the confirmation
of the indentation depth's impact on the measured results was expected due to indentation size

effects.

Although the ANOVA analysis indicated the indentation depth as the only statistically
significant factor affecting the results, this does not guarantee a low spread of the data within the
measurements carried out under the same indentation depth. Selecting an indentation line
configuration that presents a low spread of the data within the same material is critical to attribute
a property variation to the proximity to the interface. The spread of the data from an experiment
can be directly analysed by the coefficient of variance, which is the ratio between the standard
deviation, g, over the mean values, X. Therefore, the coefficient of variance for each testing
protocol was plotted in Figure 5.7 for each level of the statistically significant factor (indentation

depth), each material, and separately for the hardness and modulus results.
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Figure 5.5: Results for the nanoindentations in line carried out in gold and epoxy samples
evaluating the effect of two factors: indentation depth and spacing between the indentations.
Each bar represents the average result of 8 measurements performed for each treatment, and the

error bars indicate one standard deviation about the mean value.
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Figure 5.6: The plots present the p-values on the hypothesis testing for the effects of two factors
(indentation depth and spacing among the indentations) and the interaction between them for the
modulus in blue and hardness in black separated by the two materials. A p-value < 0.05 indicates strong

evidence against the null hypothesis.
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The analysis presented in Figure 5.7 showed a broader spread in the data, i.e., a larger
coefficient of variance, in the hardness results than the modules ones. In the epoxy, the average of
all coefficients of variance in hardness was 0.13, while in the modulus, it was 0.07. Similatly, the
average values were 0.17 and 0.1 for hardness and modulus in gold, respectively. The relative
higher coefficient in the hardness can be attributed to the size difference between the plastic and
elastic zones in nanoindentation experiments [185, 1806]. Since the elastic zone is bigger than the
plastic zone, the effect of any local artefact is diluted in the larger volume of analysis, which can
contribute to a smaller spread of measurements. On the other hand, the plastic zone is more
susceptible to the local variation due to the comparatively smaller size. Additionally, the
comparison within the levels of indentation depth showed that the indentation performed at 100
nm presented the spread of the data twice as high as the other indentation depths. This again

indicates the more susceptibility of shallow indentation to localized phenomena.
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Figure 5.7: Coefficient of variance plotted for each level of indentation spacing separated by the
indentation depths. The spacing levels among indentations are relative to the indentation depth, and the
colours represent the results for the gold in red and black for the epoxy. The dotted line shows the

average of all data within each plot.
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In summary, the ANOVA analyses showed that varying indentation depth would affect
the measured properties. For this reason, experiments in which the line of indentation crosses the
interface must consider the depth of the carried-out indentation. The analysis of the coefficient of
variance showed within the indentation depth levels the configuration with a smaller spread of
results. Therefore, two indentation protocols from the indentation depth with a smaller spread
were selected to continue the experiments crossing the interface: 200 nm deep and spacing of 5
times the indentation depth, and 300 nm deep and spacing 7 times the indentation depth. The
abbreviation used for each protocol is D200S5 and D30087, respectively.

5.2.2 Properties crossing an inclined interface

This section focuses on measuring the transitional properties of a gold-epoxy inclined
interface by carrying out series of nanoindentations inline using the indentation configuration
developed in the previous section. The plastic deformation created during a nanoindentation
experiment generates dislocation that affects the local dislocation density, altering the response of
a subsequent nearby indentation. In the previous section, the ANOVA analysis showed that this
effect was not significant on the indentation lines performed in bulk gold. Nevertheless, the
inclined interface's geometry leads to a reduced volume of gold at the very boundary, which can
potentially increase the local dislocation density. Questions regarding the effect of the dislocation
density on the measured properties near the interface are addressed here by varying the indentation

line's direction.

Line Crossing an Inclined Interface

Indentation D200S5 D300S7

Configuration

Line Direction Epoxy — Au Au — Epoxy Epoxy — Au Au — Epoxy

Indentations 1=50 1=50 1-=50 1-=50 1-=50 1-=50 1-30 1-30 1=-30 1-30 1-30 1-30

Total
Measurements

Figure 5.8: Sample tree designed to evaluate the transitional properties in an inclined gold-epoxy interface.
The test protocols D200S5 and D300S7 were utilized on the nanoindentation lines, and two line

directions were tested: gold into epoxy and epoxy into gold.
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Whenever a line starts in the gold phase, every subsequent indention may influence the
dislocations generated by previous indentations. At the interface, where the inclined geometry
reduces the gold volume, this artefact might be increased, affecting the local mechanical response.
Nevertheless, lines starting on the epoxy phase would prevent this dislocation/deformation effect
toward the crossing of the interface. Therefore, an experiment was designed to address this issue
and measure the transitional properties of an inclined gold-epoxy interface, in which the sample
tree is represented schematically in Figure 5.8. In addition to the line direction, two configurations

of indentations are tested, as follow

e D200S5: 200 nm of indentation depth and spacing of 5 times the indentation depth
e D300S7: 300 nm of indentation depth and spacing of 7 times the indentation depth

A total of 50 and 30 nanoindentations were carried out for each line of the D200S5 and
D300S7 test protocol, respectively. The lines were performed 60° relative to the interface, which
allowed for more measurements near the interface, increasing the spatial resolution comparing to

a line perpendicular to the interface.

The local transitional mechanical response for the 12 lines separated by the
nanoindentation treatments is presented in Figure 5.9 concerning hardness and modulus results
and the distance to the interfaces. Red and blue colours represent lines starting in the gold and
epoxy phases, respectively. The hardness response transitions from an expected bulk epoxy
property in both tested indentation treatments. Nevertheless, the local modulus response did not
reach the expected values for bulk gold. The local modulus response goes from the bulk epoxy
into a slope that does not reach a plateau, as observed in the hardness response. Thus, this could
be evidence that the lines were not long enough on the gold side. Regarding the line directions,
the overlapping of red and blue lines indicates no difference near the interface for lines starting in
the gold or the epoxy phase. Therefore, no evidence was found supporting the idea of pre-existing
dislocations near the interface affecting the results of the nanoindentation line experiment for the

tested length-scale.

Finally, the effect of the nanoindentation treatments on the measured transitional property
was evaluated for the hardness and modulus responses. The data presented in Figure 5.10 shows
the average of six lines and their corresponded standard deviation for each nanoindentation
treatments. In terms of hardness response (Figure 5.10 (a)), a clear distinction can be observed on
the gold side in which the D200S5 treatment reached higher values. This behaviour can be
explained by the indentation size effect in gold, which presented strengthening as shallow
indentation depths. Since the gold size effect is related to the plasticity of the material, the elastic
response should not be affected. The results for the modulus response in Figure 5.10 (b) point
also in this direction, showing no difference in terms of modulus response for the two tested

nanoindentation treatments.
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Figure 5.9: The four plots present the result from nanoindentation experiments performed in lines
crossing an inclined gold-epoxy interface, in which 0 is the interface, and the positive values represent
going toward the gold phase. The nanoindentation protocols are presented in separated plots, and the

colours red and blue represent the lines starting in the gold and the epoxy phase, respectively. Three

indentation lines were performed for each configuration.

In summary, no evidence was found that the direction of the lines plays a role in measuring
the transitional properties on a gold-epoxy inclined interface. Additionally, 15 um into the gold
phase was enough to reach a plateau for bulk properties on hardness but not on the modulus,
which indicates that a long line could be needed. Finally, the nanoindentation configuration can
alter the transitional properties once the measurements are susceptible to depth-dependent
responses. Nevertheless, even the D300S7 indentation protocol had 40% fewer indentations per

line, and the same transitional behaviour could be observed in both configurations.
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Figure 5.10: The two plots show the average of the transitional response for hardness (a) and modulus (b)
crossing an inclined golf-epoxy interface. 0 is the interface, and the positive values represent going toward
the gold phase. Each data point represents the mean of 6 measurements, and the error bar represents one

standard deviation about the mean value.

5.2.3 Analysis of the transitional properties

This section aims to identify evidence of local mechanical response disturbances due to
the interface. Therefore, the nanoindentation lines' transitional response was analysed separately
into two parts: interface into epoxy and interface into gold. First, the analysis of the properties
from the interface into the epoxy is presented. Figure 5.11 shows the results for eight
nanoindentation lines, in which 0 is the interface. The negative values for distance mean moving
away into the polymeric phase, consistent with the results presented in the last section. The solid
grey lines represent the mean values for hardness and modulus measured in Section 5.2.1 for the
D300S7 nanoindentation treatment. Additionally, the dotted lines represent three standard
deviations about the mean values. Assuming that nanoindentation results follow a normal
distribution, it is expected that 99.7% of the data spread to be contained within the dotted lines.
As it can be observed, no trend could be identified on the results presented in Figure 5.11 on either

the hardness or modulus responses.
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Figure 5.11: The two plots present the hardness and modulus response from the interface (0 distance)
into the epoxy phase (negative values). A different colour represents each one of the eight
nanoindentation lines. The solid grey lines represent the mean values for hardness and modulus found in
Section 5.2.1 for the utilized nanoindentation parameters, and the dotted lines represent three standard

deviations about the mean value.

Furthermore, the spread of data for all the lines was within the expected values for a normal
distribution, which indicates no significant factor acting in the results. Thus, the data could not be
differentiated from the spread of results in the bulk response. Therefore, for the length-scale tested
in this investigation, no evidence of the interface influencing the local mechanical response on the

vicinity of the interface into the epoxy side could be found.

Moreover, the analysis of the properties from the interface into the gold is presented. The
transitional responses for two long lines of nanoindentation are presented in Figure 5.12, in which
0 is the interface, and the positive values mean moving away into the gold phase. Again, the solid
grey lines represent the mean values for hardness and modulus measured in Section 5.2.1 for the
D300S7 nanoindentation protocol, and the dotted lines represent three standard deviations about
the mean values. It is possible to observe that the hardness response quickly reaches the bulk
values of gold, and then the data spreads within the expected values considering a normal
distribution in a bulk material. Concerning the modulus response, 80 um into gold was enough to
reach bulk values, but the transitional is less steep than the hardness response. Nevertheless, 80
um is a very long distance for the interface to be influencing the mechanical properties, which

motivated the analysis to consider a second possibility.
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Figure 5.12: The two plots present the hardness and modulus response from two long nanoindentation
lines, in which the interface is in 0 distance, and moving into the gold phase leads to positive values. The
solid grey lines represent the mean values for hardness and modulus found in Section 5.2.1 for the
utilized nanoindentation parameters, and the dotted lines represent three standard deviations about the

mean value.

The inclined interface shown in Figure 5.3 shows that moving away from the interface
increases the distance to the epoxy boundary and increases the thickness of gold under the
nanoindentation. The influence of a decreasing gold thickness on the transitional property is
unclear. Therefore, inspiration was taken from the approach used on thin films over soft substrates
to analyse nanoindentation properties on the gold phase over epoxy in inclined interfaces. In this
case, the gold phase would be considered a film over a soft substrate made of epoxy, and the film

thickness decreases with the proximity to the interface.

The mean hardness response of 8 lines and the error bar representing one standard
deviation is presented in Figure 5.13 to the gold thickness under the indentations. The solid grey
lines represent the mean values for hardness measured in Section 5.2.1 for the D300S7
nanoindentation configuration, and the dotted lines represent three standard deviations about the
mean values. It can be observed that the hardness reached the expected bulk values of gold
whenever the gold thickness is about ten times the indentation depth. Typically, nanoindentation
measurements are performed in indentation depth not greater than 10% of the film thickness to
avoid the influence of the substrate [187—189]. The results presented in Figure 5.13 point to the

same behaviour, suggesting the gold thickness is governing the transition of the hardness.
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Figure 5.13: Hardness response to an increasing gold thickness resulted from nanoindentation lines
performed in inclined interfaces. Each data point represents an average of 8 points, and the error bar is
one standard deviation about the mean. The red line shows the point at which the gold thickness reaches
ten times the indentation depth. The solid grey line represents the mean values for hardness found in
Section 5.2.1 for the utilized nanoindentation parameters, and the dotted lines represent three standard

deviations about the mean value.

The measurement of the elastic modulus in a thin film over soft substrates has been the
subject of investigations for the last 30 years. Doerner and Nix first proposed an empirical model
based on the offsetting of the indenter deformation to determine the elastic modulus presented in
Equation 3.6. The model introduced weighting factors to the influence of the film and substrate
and considered the film thickness and effective depth of the indentation [190]. Moreover, the work
done by King [191] and then a second work from Saha-Nix [192] expanded the empirical model
first developed by Doerner and Nix in order to uncouple from the measured reduced modulus E;.
the contributions of the indenter, film, and substrate. Nowadays, Saha-Nix model is the typical
approach utilized concerning investigations of the elastic properties in thin-film substrates system.

The governing equation is:

1 1-v? 1-vf ) —a(ty=h)\ 1 —v2 [ zalty-h) -
E_r = Ei + Ef —e a + ES e a ( . )

where the subscripts i, f and s refer to the indenter, film and substrate properties. Additionally,
a, tr and h are the square root of the projected contact area, the film's thickness, and the
indentation depth, respectively. Finally, & is a numerically determined scaling parameter which is

a function of a/t.
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Table 5.1: Evolution of the weighting factors on the analysis of the elastic response in thin-file over soft

substrates and the proposed weighting factor concerning inclined interfaces.

Doerner-Nix Model King Model Saha-Nix Model Proposed Model
[192]
—at; —aty —a(tf—h) —a-2-In(tg—h)
it e @ e a e a

The differences in a thin-film and an inclined interface sample motivated an adaptation on
the weighting factors. Since a 45° inclined interface has only half of the gold phases a film would
have, it is safe to expect that the local responses would be more complied considering the same
thickness of gold. Therefore, an adjustment on the weighting factor was developed empirically,
still using the same variable of previous models. The evolution of the weighting factor is shown in

Table 5.1, and the proposed empirical model for analysing the inclined interface cases is:

1 1-vF 1- vf —a-2In(tr—h) 1—v2 [ —a2intr=h)
T 1- T a 5.2
E, E; * Ef < ¢ ¢ ) + E, <€ ¢ ) (5-2)

Figure 5.14 shows the transition of the reduced modulus response from the interface into
the gold phase in terms of the increasing gold thickness for experimental results (black), and the
simulated values to King's model (red), Saha-Nix model (blue) and the proposed model (green).
For the simulated values, the properties of the materials followed the characterized properties
found in Section 5.2.1. The only difference among the models is the weighting factor that balances
the contributions of film and substrate according to the film thickness. As shown in Figure 5.14,
the models for thin-films present good agreement with the experimental results in the extremes of
the evaluated gold thickness. The experimental results confirm that the inclined interfacial sample
is more compliant than the simulated values for the thin-films. The proposed model captures the
transitional behaviour of the inclined samples, as it does with the extreme cases of very thin and
thick thicknesses. In summary, it was possible to predict the local properties on inclined interfacial
samples based on the underlying thickness of the gold below the indentation by adjusting the
weighting factors on a well-established thin-film model [192]. Therefore, the modulus and
hardness analyses converge, indicating the gold thickness as the governing factor on the transition

properties near a gold-epoxy inclined interface.
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Figure 5.14: Reduced Modulus response to an increasing gold thickness measured experimentally (black)
and simulated using King model (red), Saha-Nix model (blue), and the proposed model presented in
Equation 5.2 (green).

5.3 Conclusions

In closing, no evidence was found supporting the presence of an interlayer between gold
and epoxy. For the investigated length scales, both materials could still be assumed as a continuous
solid with a sharp interface, which circumvents the implications of a geometrically undefined
polymeric interphase. The measurement of the transitional properties in the interfacial region was
challenging since the measurement system affected the mechanical response. Nevertheless, using
statistical methods, a nanoindentation protocol was developed to ensure the reliability of the
measured transitional response. No evidence was found supporting the interface affecting the
transitional properties in an inclined interfacial sample. Also, measurements carried out in the
polymer phase at the vicinity of the interface could not be differentiated from the bulk polymer
ones. On the gold side, the hardness and modulus analyses converge, attributing the transitional

response as an artefact governed by the gold's thickness.

The absence of an interlayer and the direct transition of bulk properties are fundamental
characteristics of a gold-epoxy interface. Therefore, it is expected that the same findings found in
the planar samples can be assumed to the NPG-polymer composites. Despite the difference in the
constitutional length-scale and morphology, it is reasonable to assume no interlayer and the local

mechanical response not being affected by the proximity to the interface.
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6 The effect of the interfacial strength

In this chapter, the interfacial strength is investigated in a simplified sample model
composed of the same constituent phases of an NPG-epoxy composite. The inclination between
the phases was explored to evaluate the interfacial shear strength by compressing bi-material
microcolumns. Here, the characteristic bonding strength between gold and epoxy at a small length-
scale is measured, and the interfacial failure mode is presented. In addition to the micromechanical
experiments themselves, this section presents the development of a finite element method to
simulate the interfacial behaviour of a gold-epoxy contact. Based on the properties measured
experimentally and the interfacial characteristic presented in Chapter 5, a surface-based cohesive
behaviour model was employed. The comparison between the FEM simulations and experimental
results is presented for the compression of bi-materials microcolumns. Additionally, the influence
of the model's parameters (damage initiation and fracture energy) is evaluated in relation to the

stress conditions at the interface.

6.1 Measuring the bonding strength between gold and
epoxy

6.1.1 Failure mode identification

In this section, interfacial shear strength testing was utilized to evaluate the bonding
between a two-material system. The approach developed by Chen and colleagues tested the shear
strength of the Ti intetlayer in a TiN/Ti/Si(100) sample [151]. Although this methodology was
developed to evaluate the critical shear strength of thin interlayers between two phases and the
results from Chapters 4 and 5 found no evidence regarding the presence of an interlayer between
gold and epoxy, a similar experimental approach could be employed here to estimate the direct
bonding between the two phases. Additionally, a micromechanical approach would probe

extremely small interfacial areas compared with traditional macromechanical methods. Therefore,
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the bonding strength measured would circumvent the contribution of the mechanical interlocking
mechanism originated by macroscopic surface features. Assuming the fractal nature of a polymeric
interphase, the mechanical anchoring acting in the experiments comes only from submicron

features that resemble the smooth contact in a NPG-epoxy composite.

An example of the square cross-sectional microcolumns with an inclined gold-epoxy
interface is shown in Figure 6.1 (a). The top part of the column is made of epoxy, while the bottom
solid gold. It was found that this design provided a relatively small deformation of the substrate
during the compression process in comparison to microcolumns with an epoxy substrate.
Additionally, in microcolumns with gold on the top part, the small gold volume was prone to

deform throughout slip band deformation, which unnecessarily complicated the analysis.
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Figure 6.1: (a) SEM image showing a microcolumn milled in a planar model sample with an inclined
interface with epoxy on the top and gold on the bottom. (b) load-displacement data for the same
interfacial shear strength test. (c) the same microcolumn after the compression in which can be observed

the collapse of the interface.

The representative curve presented in Figure 6.1 (b) shows the load-displacement response
for microcompression, which testing protocols are described in Section 3.4.2. The overall
behaviour is similar to the one reported by Chen on the shear strength testing of the Ti interlayer
[188, 193]. The load reaches a peak and then displays a displacement burst attributed to the
interfacial collapse. Furthermore, the SEM image of the aftermath of the microcompression
confirmed the interfacial failure, and the top part of the microcolumn slid over the bottom part.

Figure 6.1 (c) shows the microcolumn after the microcompression.

The interface strength has been calculated using the maximum load in previous works
[151-154], which can be problematic since there is no evidence that the interfacial failure occurs
entirely at the peak load. Here, a more reliable approach to identifying the interface's failure is

proposed based on the loading stiffness response. The loading stiffness is the first derivative of
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the load over the displacement, and it was calculated in this work as the slope of every five
neighbour points in the loading segment of the load-displacement curve. Figure 6.2 shows the
loading stiffness and the load over the displacement in red and black, respectively. The first
inflexion point in the loading stiffness curve is typically associated with establishing full contact
between the indenter tip and microcolumn. The subsequent multiple inflexions indicate a more
complex yielding behaviour than fully dense epoxy microcolumns, which are later discussed. It is
proposed here that the interface can be considered completely debonded at a critical displacement
when the response starts being governed by the indenter spring. The critical displacement can be
identified whenever the loading stiffness reaches the characteristic response of the spring constant
from the nanoindenter equipment. The inset in Figure 6.2 shows a plateau being reached by the
loading stiffness at the characteristic load spring constant of the nanoindenter instrument used in
this wotk (Kg= 91 N/m). In the approach developed in this work, the load at the beginning of the
stiffness plateau was considered to calculate the interfacial strength. At this level, only the springs
barres the applied load. Consequently, the displacements bursts in the load curve can be
interpreted as an artefact of the measurement system, which should not be associated with the
material's response. Further loading segments are likely related to localized deformation necessaty

to the sliding of the top part of the microcolumn.
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Figure 6.2: Load and loading stiffness per displacement for the test present in Figure 6.1. The loading
stiffness during the displacement burst is shown in detail in the inset. The constant value can be

associated with the spring constant of the nanoindenter equipment (Kg= 91 N/m).

The microcompression of fully dense gold and epoxy microcolumns allows for identifying
each constituent phase's failure mechanics. The details of the microcompression testing protocol

are described in Section 3.4.2. Figure 6.3 shows a diagram compiling the mechanic response and
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SEM pictures of the compressed cylindrical microcolumn of gold (a), inclined interface (b), and
epoxy (c). Additionally, the plots present the load, loading stiffness, and harmonic contact stiffness
(HCS) versus displacement. The difference between the loading stiffness and the harmonic
stiffness is that while the former gives the slope of the loading segment, the latter is related to the

small dynamic oscillation of the CSM indentation mode.

Although the absolute values can not be correlated, the comparison of the mechanical
responses revealed how the microcolumns withstood the applied load. Figure 6.3 (a) presents the
microcompression results of a solid gold microcolumn. The loading segment starts whenever the
flat punch indenter first established contact with the top of the microcolumn. Then,
accommodation occurs, which alters the slope of the loading curve until full contact is established
between the indenter tip and microcolumn. The reaching of a plateau in the HCS curve indicates
establishing the full contact, and from that displacement forward, the microcompression data can
be interpreted accurately as the materials property. The loading stiffness before the yielding display
fluctuations that may relate to localized events. Moreover, the yielding is reached, and due to the
size of the microcolumn, slip band activity occurs, which can be observed by the rapid drops on
the HCS response. Although the plot only presents one slip activity, the deformed microcolumn

presents the microcolumn further compressed in which multiple slip activities took place.

Figure 6.3 (c) presents the results for a solid epoxy microcolumn. After the HCS curve
indicated the full contact between indenter and microcolumn, the HCS remains stable throughout
the compression. The loading stiffness first increases and then decreases, indicating the start of
yielding. The single inflexion point in the loading stiffness curve indicates that the epoxy column
deformed as one, which was later confirmed by the SEM image showing the compressed

microcolumn.

The microcolumn results containing an inclined interface between gold and epoxy are
shown in Figure 6.3 (b). Once again, the full contact is indicated by the HCS curve, which remained
in a plateau. Then, the lack of rapid drops on the HCS curve indicates the absence of slip activity
in the gold part of the microcolumn. Not surprisingly, the first section of the loading stiffness
curve is similar to the epoxy microcolumn response. Then, after the maximum point on the loading
stiffness curve, the response fluctuates, resembling the response of the fully dense gold
microcolumn. Nevertheless, no slip-band activity could be identified either on the HCS curve and
after the compression by imaging the microcolumn. Instead, the loading stiffness drops and forms
and plateaus in the level associated with the spring constant from the nanoindenter. Imaging the
microcolumn after the compression confirmed the interface's failure, and consequently, the two
parts were separated. In closing, the mechanical response of microcolumns with inclined interfaces
combine the deformation response of both constituent phases, but the interfacial failure was

activated here before the failure mechanism observed in the solid microcolumns.
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Figure 6.3: Figure 6.3: Microcompression of a gold (a), inclined gold-epoxy interface (b) and epoxy (c)
microcolumns. The plots show the load, loading stiffness (3—2) and harmonic contact stiffness (HCS)

versus displacement from each microcolumn configuration. The SEM micrographs show the aftermath of
the microcompression. In the bi-material microcolumn in (b), the response displays the deformation
characteristics from the solid microcolumns, but the interface collapsed before the activation of other

failure mechanisms.
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6.1.2 Interfacial shear strength

In this section, the interfacial shear strength method is used to measure the characteristic
bonding strength between gold and epoxy and to investigate the sensitivity of the measured
strength to the size of the analysed interfacial area. Figure 6.4 shows the mechanical response of 5
microcolumns with different interfacial areas but with the same inclination and proportion
between the constituent phases. As shown in Figure 6.4 (a), the load-displacement behaviour
shows increasing peak loads, which was expected due to the difference in size among the
microcolumns. Nevertheless, all samples presented the characteristic displacement bursts after
reaching the peak load, which is typical attributed to the interfacial collapse in interfacial shear

strength testing.
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Figure 6.4: (a) Load-displacement response of 5 microcolumns with different interfacial areas submitted
to interfacial shear strength testing between gold and epoxy. (b) the loading-stiffness response for the

same microcolumns showing the plateaus in which the tests are governed by the indenter spring.

Moreover, the loading stiffness was used to identify the exact displacement associated with
the interface collapsed, as described in the last section. Figure 6.4 (b) presents the loading stiffness
response showing the characteristic plateau for all measurements. This behaviour indicates that all
tested microcolumns had the same failure mechanism and that the indenter spring governed the
mechanical responses. Nevertheless, reaching the spring constant can only be correlated with the
end of the interfacial failure, and the determination of the beginning of the interfacial delamination
remains complicated in an experimental approach. The subsequent rise and drops in the loading
stiffness attributed to localized mechanical deformation during the slide of the top part of the

interface are present independently of the microcolumn size. However, the number of cycles
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varied considerably, with the larger microcolumn presenting a higher fluctuation. This can be
explained readily since larger microcolumns can accommodate more localized deformation during

the slide of the top part of the microcolumns.

The stress-strain curves presented in Figure 6.5 were obtained by calculating the shear
stress in the 45° plane using Equation 3.20 and estimating the strain considering the microcolumns'
total height. The critical displacement in which the interface collapsed found by the loading
stiffness method is represented using dotted lines in the corresponded colour for each test. Then,
the critical shear stresses were determined by the shear stress level crossing the dotted lines. It can
be observed that the interfaces collapsed in shear levels close to 45 MPa for the microcolumns
with interfacial area equal to 12, 26, and 50 um? No evidence pointing to the influence of the
interfacial area could be found regarding the critical stress for the tested microcolumns, which
agrees with resulting in the literature showing the lack of correlation between increasing interfacial
area the interfacial fracture toughness [194]. Although the different sizes, the microcolumns
behave similarly with interface collapsing in strain levels between 0.03 and 0.04. Here, it is
necessary to differentiate the interface's collapse from the start of the sliding of the microcolumns.
The sliding might imply further deformation, such as regions adjacent to the interface and regions
due to the geometry tapering of the microcolumns. Thus, both can be influenced by the sample
size. This could explain the further loading of the larger microcolumns after the interfacial failure.
Finally, the responses of two other microcolumns (22 and 23 um?) contrast with the first three,

reaching only a fraction of the first measured critical stress.

In addition to the mechanical responses, the microcolumns were imaged by SEM before
and after the compression. Figure 6.6 shows the SEM micrographs of the two representative
microcolumns before and after the microcompression. It can be observed that in the
microcolumns, which presented a higher interfacial shear strength, the interface was perfectly
bonded before the test, as seen in Figure 6.6 (a). On the other hand, the microcolumn showed in
Figure 6.6 (b) presented apparent delamination before the compression took place. However, the
mechanical response of this column shows evidence that the interface was bonded since the
microcolumn was able to care a considerable load before the peak load. Finally, the microcolumn's
stiffness, which can be estimated by the slope of the loading segment in Figure 6.5, shows that the
defects on the interface turned the microcolumn more compliant, which could be explained by a

reduced area transferring the load from the epoxy into the bottom of the microcolumn.
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Figure 6.5: Shear stress in the 45° plane versus strain for five microcolumns with an inclined interface
between gold and epoxy. Each line represents a microcolumn with a specific interfacial area. The
microcolumns with 22 and 23 pm? presented defects on the interface observed by SEM before testing.
The dotted lines for each corresponded colour indicate the exact strain in which the interface collapsed

identified using the loading stiffness approach.

In addition to the fundamental bonding strength between a perfect bonded gold-epoxy
sample, the results are presented here as experimental evidence of the influence of interfacial
defects on the measured bonding strength. As presented in Chapter 2, the interface strength is a
characteristic of a contact pair. Therefore, even that the microcolumns are composed of the same
constituent phases, the surface’s defect can drastically alter the measured critical shear stresses. A
micromechanical approach allows for testing interfacial areas small enough that no visible flaw can
be identified at a micron to submicron scale. In principle, these quasi-flawless interfaces should
present higher bonding strength since they have a reduced influence on surface defects presented
on a larger scale. Macromechanical method to evaluate the interfacial shear strength such as single
lap joints and pull-out testing examine much larger interfacial areas, which are statistically more
likely to present defects. Some typical critical shear stress values reported for these
macromechanical approaches in a bi-materials interface with epoxy are 20 MPa to aluminium [195,
196], 12 MPa to steel [197] and 35 MPa to bronze [198]. Not surprisingly, these values are similar
to those found in this investigation for the interface with defects rather than those that perfectly

bond together.
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Figure 6.6: SEM micrographs showing the microcolumns before and after the interfacial shear strength
test. The colour coding matches the respective data presented in Figure 6.5. While the microcolumn with
26 um? interfacial area presented before the test a perfectly bonded interface, the microcolumn with 23

um? displayed defects on the interface even before the compression.

6.2 Finite element method for a gold-epoxy interface

The interfaces modelled in this work follow a surface-based cohesive contact approach,
primarily intended for cases in which the interfacial thickness is negligibly small [199-202]. The
cohesive contact behaviour allows for interfaces initially in contact to separate due to an applied
load. Thus, the established bonds may be damaged and fail due to a loading process. The same
laws govern the cohesive contact as a cohesive element method. However, as a surface property,
the calculations are done for each contact constraint, which is related to the number of nodes

acting as slave nodes [203]. Although a small element size may be computationally demanding, this
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method allows for localized interfacial behaviour, even for complex geometries. First, the contact
state needs to be adequately defined between the contact pair. For the simulations in this work, no
gap between the phases was considered. Then, the resolution of the method according to the
loading process takes place. Its constitutive behaviour is detailed by a linear elastic traction-
separation mode, damage initiation, and damage evolution laws [203]. Each one of these pieces is

following described and are represented in Figure 6.7.

Abaqus assumes a linear elastic behaviour initially for the traction-separation model, in
which tractions are defined as the nodal cohesive force divided by the contact surface area at each
contact node [204]. The elastic response can be represented in terms of an elastic constitutive
matrix that correlates the normal and shear stresses to the normal and shear separations across the
interface. The nominal traction stress vector, t, consists of three components t,,, tg and t;, where
they represent the normal, first, and second orthogonal in-plane shear components of the traction
vector, respectively, and are defined within the cohesive contact element coordinate system [203].
The cotresponding separations are denoted by &y, 85, and &;, which are related to the tractions

via the cohesive stiffness matrix, K. The elastic behaviour can then be wtitten as:

tn Knn  Kns  Knt] (6n
t=3{tst=|Kns Kss Kg|{65¢=K6 (6.1)
tt KTLt KSt Ktt 5['

In this work, elastic isotropy was assumed for the interfacial stiffness. Therefore, the contact
enforces the interfacial stiffness independent of the direction. Also, a penalty stiffness is set against

contact penetration following Abaqus' default of ten times the underlying element stiffness.

Damage initiation and evolution need to be defined to describe the criteria in which the
bond fails and the subsequent stiffness reduction during failure propagation. The damage initiation
criteria set the starting of the degradation on the cohesive interaction at a contact pair. In this
study, a maximum stress criterion is used to define the damage initiation. It assumes that damage

initiates whenever a prescribed maximum contact stress is reached. This criterion can be written

max{<tn> 's tt}z 1 (6.2)

T

as:

where t,, ts and t; are the already defined stresses in normal, first shear, and second shear
direction, respectively. And, t5, tJ and t{ represent the limiting stresses for damage initiation in
normal, first and second shear directions, respectively. A purely compressive stress state does not

trigger the damage initiation, which is represented by Macauly brackets.

After the criterion for initiation is reached, the damage evolution initiates the degradation
of the cohesive stiffness. The damage at any contact pair of the cohesive surfaces follows a linear

softening, which can be represented by a scalar damage variable D,, defined as:
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_ Sn(8mer — 59)
S (8 — 57

(6.3)

v

Where 5,];, O and 677 are the effective separation at complete failure, the effective separation
at damage initiation and the maximum value of the effective separation attained during the loading
history, respectively. The value of D, lies between 0 to 1, where 0 is an undamaged case, and 1 is
a fully damage interaction. Intermediary values represent cases in between the beginning of the
damaging process up to failure. Then, the contact stress components that softens through damage

evolution are affected by the scalar damage variable D according to:

_(1=-Dyt,, t, =0
tn = { T,  otherwise ©4)
t, = (1—D,)E, 6.5)
tt = (1 - DU)ET," (6.6)

where t,, tsand t; are the contact stress components predicted by the elastic traction-separation
behaviour for the current separations without damage in normal, first and second shear directions,
respectively. Although the damage evolution formula is given about the separation, it can also be
defined in energy [201, 203]. In this case, the energy dissipated during the damage or the fracture
energy, G, is used to define the damage evolution. Which can be associated to the area under the

curve from the plot presented in Figure 6.7.
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Figure 6.7: Schematic of a bilinear traction-separation law for cohesive zone model. The damage initiation

and damage evolution criteria are indicated by Oy qx and G, respectively.
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In the simulations developed in this work, the damage initiation and evolution described
the interaction properties of a gold-epoxy interface. The findings of previous chapters allowed for
the surface-based cohesive behaviour modelling, in which no interlayer was considered, and the
properties at the vicinity of the interface maintained their underlying responses. The damage
initiation of 45 MPa was defined by a maximum stress criterion, obtained experimentally by the
interfacial shear strength experiment described in the last section. Additionally, the damage
evolution was described in terms of fracture energy. A typical value for metal-epoxy fracture energy
is relatively low [205-208]; the value adopted in this work was 0.05 kJ/m? The materials
constitutive laws and the boundary conditions of the simulations in this chapter are presented in

Section 3.5.1.

60.2.1 Simulating the interfacial shear strength test

In this section, the interface between gold-epoxy was modelled to simulate an interfacial
shear strength test. The surface-based method allows for assigning the interface characteristics as
a surface interaction, which was limited to the two surfaces in contact between the top and bottom
parts of the microcolumns. The comparison between the simulation and experimental results is
presented in the diagram of Figure 6.8. Here, simulated cylindrical and square-cross-sectional
microcolumns are compared with the experiment presented in Figure 6.1, considering the same
interfacial area in all microcolumns. In addition to the load-displacement curves, the diagram

presented in Figure 6.8 shows the simulated microcolumns in three instances:

1. Before the load is applied, showing the phases are in full contact with one another.

2. Before the peak load, showing the accommodation of the deformation, mainly at the top
of the microcolumn.

3. After the interface failure, showing that the top part has slid over the bottom part of the
microcolumns, which was also the failure mechanism observed in the physical experiment

shown in Figure 6.1.

A good agreement in terms of the load-bearing capability of the microcolumns was
observed, which indicates that a maximum stress criterion is adequate to determine the collapse of
the interface. The response of the two simulated microcolumns was very similar once the
interfacial areas were equal. Furthermore, the comparison of the stiffness shows that the
experimental results were more compliant during the loading segment. Nevertheless, since the
simulations avoided all the implications of establishing contact between the indenter and the top
of the microcolumn, a stiffer response is expected. Finally, as discussed in Section 6.1.1, the
experimental response is governed by the indenter springs after the interface's collapse. Therefore,
the comparison between simulation and experiment can not be correlated after the beginning of

the sliding process.
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Figure 6.8: Comparison between physical experiment and FEM simulations of cylindrical and square
cross-sectional microcolumns for interfacial shear strength testing. The representation of the two
simulated microcolumn shows how the displacement is accommodated in three instants during the

compression, which are indicated in the load-displacement curves.

The FEM allowed for a more detailed investigation of the stress conditions at the interface.
Here, the surfaces in contact at the interface were analysed using two of Abaqus’ outputs: CShearl
and CSMAX. The former gives the shear stress component in the slip direction, while the latter
tracks the damage initiation criterion in the cohesive surface on a 0 to 1 scale, in which values <
1.0 indicate that the damage initiation criterion has not been met. Figure 6.9 shows the load-
displacement curve of the simulated microcolumn compression with an inclined interface. The
two indication points in the curve indicate the beginning and the end of the interface collapse.
Additionally, the CShearl and CSMAX outputs are shown in the interfacial surface of the epoxy
part of the microcolumn. The colour in the CShear] transition gradually from blue (0 MPa) to red
(45 MPa), while in the CSMAX, only two colours constitute the scale, blue (0) and red (1).
Therefore, in both cases, the colour red represents that the damage initiation criterion has been
met. Additionally, Figure 6.9 also shows the stress distribution along the loading direction before

interface collapse.

As shown in Figure 6.9, the microcolumn's structural integrity is intimately related to the
interfacial behaviour. Although some interfacial regions start to fail at relatively low loads, the
microcolumn's collapse only occurs whenever the whole interface fails. The microcolumn

geometry prevents the delaminated regions from sliding before the critical stress is reached in the
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totality of the interfacial area. Therefore, the microcolumn's load-bearing capability is directly
proportional to the bonding strength between the phases and the stress distribution. Hence, the

simulation reproduced the experimental results.
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Figure 6.9: Load-displacement curve of an interfacial shear strength test. The diagram shows the
corresponding outputs for CShearl and CSMAX on the interfacial surface and stress on the loading
direction. The colour red represents that the damage initiation criterion has been met in the CShearl and
CSMAX outputs.
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0.2.2 The effect of interfacial properties on the interfacial
behaviour

In this section, the influence of the simulation parameters is investigated in an interfacial
shear strength test. Three parameters are investigated here: damage evolution, damage initiation,
and the height of the polymer part in the inclined microcolumn. First, the influence of the damage
evolution was investigated by simulating three levels of fracture energies: 0.03, 0.05 and 0.07
KJ/m?2 These values represent the typical range of property for a metal-polymer interface [205,
207]. Here, a low damage initiation (5 MPa) relative to the value measured experimentally was used
to simplify the deformation analysis. Figure 6.10 shows the load-displacement curves for three
simulation runs with an increase in damage evolution criteria. As it can be observed, the peak load
remains constant for all curves, but the decay on the post-debonding behaviour is affected.
Increasing the fracture energies allowed the microcolumns to carry slightly higher loads after the
interface's debonding. Nevertheless, the influence of the damage evolution is limited since
simulating higher fracture energy would diverge from a typical metal-polymer interface. Therefore,

for epoxy-metal systems, the damage evolution does not alter the observed behaviour significantly.
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Figure 6.10: Load-displacement curves of three FEM simulations showing the effect of the damage
evolution parameter on the load-bearing capability. The range of the simulated fracture energies

corresponds to a typical property of metal-epoxy interfaces.

The influence of the damage initiation was investigated by simulating five levels of
interfacial strength: 5, 20, 35, 50, and 65 MPa. Additionally, a damage evolution parameter of 0.05
kJ/m? was utilized in all simulation runs [205, 207]. Figure 6.11 shows the load-displacement
curves for five simulation runs with increasing damage initiation criteria. As it can be observed,
the damage initiation is proportional to the peak load in the interfacial shear strength test. The

simulations for the 50 and 65 MPa showed the same peak load, which will be further discussed
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later. Moreover, all the microcolumns presented the same stiffness until the maximum stress is
reached, which is consistent with the literature presented in Section 2.2 regarding the effect of the
interfacial properties in the stiffness of composite materials. After the interface collapses, the
crossing of the curves can be understood as an artefact of the constant damage evolution. Since
the damage evolution can be interpreted as the area below the curve in a stress-strain curve,

reaching a higher peak load results in a steeper decay after the debonding.

Moreover, the stress distribution at the loading direction for the five simulations is shown
in Figure 6.12. The microcolumns were compressed to a displacement of 650 nm. The colour
scales show the stress distribution in MPa, except for the simulation for an interfacial strength of
65 MPa. Although the stress distribution is similar in all microcolumn, the stress levels increased
with the increase of the bonding strength. In the 50 and 65 MPa interfacial strength simulations,
the stress levels were sufficient to yield the top epoxy part of the microcolumns. In the 50 MPa
interfacial strength simulation, the deformation is slightly concentrated at the top of the
microcolumn. However, the interface does not delaminate entirely in the 65 MPa interfacial

strength and instead results in a substantial deformation to accommodate the applied displacement.
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Figure 6.11: Load-displacement curves of five FEM simulations showing the effect of the damage

initiation criteria on the load-bearing capability.

The combination of the plot in Figure 6.11 and the diagram in Figure 6.12 indicated that
a low damage initiation activates interface collapse before the epoxy yielding. Due to the
microcolumn's geometry, the top part slides over the bottom part, which allows the
accommodation of the applied displacement without plastic deformation in the epoxy part. For an
increasing bonding strength, the epoxy yielding starts before the interface collapses entirely. The

balance between stress distribution and bonding strength determines if the interface collapses after
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an initial deformation or the deformation of the epoxy entirely accommodates the displacement.

The simulation 50 MPa and 65 MPa exemplifies these two possibilities, respectively.

The influence of the stress distribution on the interfacial behaviour motivated the
investigation on the effect of the polymer height in the simulation of interface shear strength tests.
The height of the polymer part is shown in Figure 3.6, and for the analyses here presented, the
simulations included three heights levels: 2, 3, and 4 um. Figure 6.13 shows four plots presenting
microcolumns with a specific bonding strength: 5 MPa (a), 20 MPa (b), 35 MPa (c) and 50 MPa
(d). In each plot, three curves are shown representing the simulated levels of polymer heights. In
a general way, the stiffness of the microcolumns was affected by the polymer height. Not
surprisingly, increasing the polymer height results in more epoxy in the simulated volume, which

decreases the observed stiffness.
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Figure 6.12: Stress distribution on the loading direction for the five simulations runs. The colour label is
consistent with the damage initiation (bonding strength) presented in Figure 6.11. The presented
microcolumns were compressed until 650 nm, the interface collapsed in all presented microcolumns but
the 65 MPa simulation.
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Moreover, no additional difference was found when varying the polymer height in the
simulations of the bonding strength of 35 MPa and below, which indicates that the yielding stresses
were not reached. However, the plot of 50 MPa (Figure 6.13 (d)) shows the interfacial behaviour
varying according to the polymer height. For the 2 um polymer height, the peak load is immediately
followed by the decay, which indicates that the debonding happens before the epoxy yielding. In
the case of the 3 pm polymer height, the decay only happens after a short plateau, which is
substantially more significant in the 4 pm polymer height simulation. These plateaus represent the
epoxy yvielding, which continues until the interface collapses, and the top part of the microcolumn

is free to slide.
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Figure 6.13: Plots showing the influence of the polymer height on the interfacial shear strength tests.
Each plot shows the simulation of 3 microcolumns with an increasing polymer height at a specific

damage initiation (bonding strength).

The interfacial behaviour observed in an interfacial shear strength test may vary according
to bonding strength and the stress conditions at the interface. The interface's collapse only occurs
whenever the stress distribution allows the critical stress levels to be reached on the entire
interfacial area. Before that happens, the epoxy yield may occur, as represented in two cases in
Figure 6.14. The first case exemplifies a microcolumn with strong bonding between the two phases

(65 MPa in this case), which was sufficient to keep the interface attached during the totality of the

88



Chapter 6 — The effect of the interfacial strength

applied displacement. In the second case, even with a lower bonding strength (50 MPa), the higher
polymer height is sufficient to alter the stress distribution and activate yielding near the top of the
epoxy part of the microcolumn. Nevertheless, further compressing the microcolumn allows the
critical stress to be reached on the entire interface area, which then actives the sliding of the top
part. The load-displacement curves are presented in Figure 6.14 (a), and the magnitude of

deformation on both examples is shown in the same colour scale in (b). The dashed outlines show

the shape before deformation.
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Figure 6.14: (a) Load-displacement curves showing the comparison between the two possible yielding
behaviour observed in this work for the interfacial shear strength testing. The red curve represents a short
microcolumn with a strong interfacial bonding, which does not collapse during compression. The grey
line represents the response of a taller microcolumn with a lower bonding, which is slightly deformed
before the debonding of the interface. (b) The deformation's magnitude on the top part of both

microcolumns, where the dotted outlines show the shape before deformation.

89



Chapter 6 — The effect of the interfacial strength

6.3 Conclusions

The interfacial behaviour of the gold-epoxy interfaces was investigated experimentally
using a shear-based method, which successfully activated the interfacial failure mechanism
throughout the microcompression of microcolumns with an inclined interface. An analysis of the
interfacial collapse from the load-displacement curves was developed using the loading stiffness
response, which separated the slipping of the top part of the microcolumn to the load necessary
to collapse the interface. The characteristic interfacial strength in the gold-epoxy interface was
found to be 45 MPa, and no correlation between the interfacial shear strength with the interfacial
area of perfectly bonded microcolumns was observed. However, whenever the interface presented
defects, the measured strength dropped to levels similar to those measured using macromechanical

approaches in similar materials systems [195, 190].

The interfacial shear strength measured here and the results from previous chapters
allowed the development of a modelling approach based on the finite element method. The
interfacial characteristics were assigned to the interfaces of bi-materials microcolumns, which the
simulations presented a good prediction of the load-bearing capability. Additionally, the simulation
approach was capable of replicating the interfacial failure and exhibited the sliding of the top part
of the microcolumn after the interface collapse, as observed in the physical experiments. The
tuning of the simulated parameters allowed for investigating the interfacial properties' independent
effects on an interfacial shear strength test. In closing, the interfacial behaviour was found to be a
balance between the bonding strength, the properties of the underlying materials, and the stress
distribution as dictated by the morphology of the two phases.
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7 The overall mechanical response of NPG-polymer

composites

In this chapter, the findings of previous chapters are combined to improve understanding
of the mechanics of NPG-epoxy composites, focusing on the contribution of the constituent
phases and their bonding strength. A mesh of the 3D representation of NPG-epoxy composite
was recently developed [11], and here it was adapted to account for the interfacial characteristics
and the size-independent mechanical response of the epoxy phase. The FEM simulation was
utilized to evaluate the composite's mechanical response under compression, and the interfacial
failure was compared with the experimental delamination reported in the literature [11].
Furthermore, the strength of the bonding between constituent phases was extrapolated to reveal
its contribution to the composite's overall response and to evaluate its potential in tailoring the
composite properties. Moreover, the properties of the NPG-epoxy composites are analysed in
relation to the bulk properties, and the values found for the characterisation of NPG and NPP
samples. The results from the separated phases (NPG and NPP) are compared to the composite's
response, revealing the phases' interplay to accommodate the loading in the composite material.
Here, the hardness and elastic modulus results are discussed in terms of analytical models
considering the bulk properties and respective volume fractions. Furthermore, the strengthening
at small length-scales is evaluated in both the isolated phases and the composite, which motivated
further study on the mechanisms behind the size effects in Au ligaments. To this end, TEM
microscopy was used to investigate the dislocation activity of NPG samples with contrasting

ligaments sizes.

7.1 On the effect of the interfacial property

The effect of the interfacial behaviour in NPG-epoxy composites is investigated here by
finite element simulations. Hu recently developed a meshed 3D reconstruction of the composite

with mean ligament size of the NPG, <D>, equals 400 nm [11]. Hu also identified the minimum
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representative volumes (RVs) for the global structural properties of the composites investigated in
this thesis. Nevertheless, only a section with a cubic length of 2 um of the original reconstruction
was utilised in this thesis since simulation volumes closer to the RV were unable by the increased
computational demand of the interfacial processing. Figure 7.1 (a) shows the simulated volume, in

which the materials inputs and boundary conditions were introduced in Section 3.5.1.

The mechanical response of simulation volumes smaller than the RV may diverge from
the global properties. Effects on the spatial variation and proportion of phases on the simulated
volume can impact the load-bearing capability. Depending on the local structure, the mechanical
response may also be affected by the load orientation. This artefact could be further impacted by
the concept of an interfacial strength dependent on the load direction (@;;,;) introduced in Section
2.2. 'The shear-lag analysis, also introduced in Section 2.2, shows that axial and shear stresses vary
drastically according to the position and load orientation. A simulated volume was selected
containing a similar volume fraction of the constituent phases as the RV, which reduced the
responses' deviation. Also, adopting an @;;,¢ equals to one ensures the interfacial failure at the same
stress levels independently of the load orientation. Nevertheless, the effect of the internal
constraints from the ligament network and the connectivity of the load-bearing structure are

reduced in the simulations presented here.

Figure 7.1 shows the responses of the simulated volume according to the load orientation,
in which the arrows in (a) represent individual uniaxial compressions of the composite
reconstruction on the x, y, and z-directions. The engineering stress-strain behaviour for an 8%
compression is shown for the three directions in Figure 7.1 (b). Additionally, two dashed lines are
plotted, showing the literature result for FEM simulation of the composites' RV with unbreakable
interfaces in black and experimental data from the microcompression of NPG-epoxy composites
in grey [11]. Here, the elastic modulus obtained from the initial slope is 9 GPa for all the curves,
which is slightly below the value found using the RV (9.7 GPa) [11]. However, the original RV
mesh has 67 % of polymeric volume fraction, while the simulation volume simulated here have
70%. Therefore, the slight difference in the elastic modulus can be easily attributed to the higher

volume fraction of polymer in the composite mesh simulated in this thesis.

Moreover, the yielding stresses, calculated by the 0.2% strain offset in the stress-strain
curve, were 0.08, 0.1 and 0.11 GPa for compression along the X, y and Z axes, respectively. As
discussed in Section 2.2, the strength of composite material is a function of the interfacial strength.
Although the interfacial model was the same in all simulation runs, the responses were different
since the ligament network's orientation inside the simulated volume vatied according to the
analysed direction. Not surprisingly, the curves converge at higher strain levels when all the
interfaces have collapsed. The yielding above the bulk epoxy strength (dotted line) confirms that

the ligament network acts as a reinforcement, constraining the epoxy deformation. Nevertheless,
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the comparison with the experimental results shows that the influence of the structural constraints

is reduced in the simulations presented here.
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Figure 7.1: (a) Section with a cubic length of 2 pm of the 3D mesh developed by Hu from the 3D
reconstruction of the NPG-epoxy composite [11]. The arrows indicate the directions in which the cube
was uniaxially compressed. (b) engineering stress-strain curves of the FEM simulation on the x, Y and Z -
directions. The dashed lines show literature result for FEM simulation of the RV of the composites with
unbreakable interfaces in black and experimental data from the microcompression of NPG-epoxy

composites in grey [11], and the dotted line represents the yield strength of the bulk epoxy.

The interfacial behaviour is further investigated for the compression in the x-direction,
shown in Figure 7.2, where the stress-strain curve and the first derivative of the engineering stress
are plotted for computing the slope every ten points. The diagram presents pictures showing the
simulation outputs on the stress distribution, the criteria for collapsing the interface, CSMAX, and
the deformation's magnitude. The colour scale indicates the stress levels and the deformation
magnitude, while the CSMAX red indicates the interface failure. The outputs are shown in four

instances, which are represented by the circles in the stress-strain curve.

Before the stress levels are capable of collapsing the interface, the stress and strain are well
distributed throughout the cube., The phases are still in full contact with each other, which results
in the composites maximal stiffness, as discussed in Section 2.2. The slope is constant, indicating
a purely elastic response. Then, the criteria for collapsing the interface are widely reached, allowing
the accommodation of the displacement separately. The slope fluctuates, which is likely a
consequence of the localized interfacial collapse and further redistribution of stresses in
accommodating the displacement. Nevertheless, the polymer yielding has not been initiated yet,

and the strain distribution is still reasonably uniform.
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Figure 7.2: Engineering stress-stress behaviour and the first derivative of the stress curve complemented
by the simulation outputs showing the stress distribution, the criteria for collapsing the interface
(CSMAX)), and the deformation's magnitude. The progression shows the interface collapsing while the
stress is distributed all over the network structure. After the interface breaks, the phases are free to

accommodate the displacement separately, and the polymer yielding governs the response.
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As the load increases, the interface has collapsed in the entire structure, and the phases are
not bonded anymore. Stress levels higher than the polymer yielding lead to the deformation
concentrated near the face where the displacement is being imposed. The slope stops to present
characteristic drops due to the localized interfacial collapse and follows a regular softening, which
is reasonable associated with the composite yielding. Finally, the polymer phase further yields
against the compressing plane and the Au ligaments concentrates stresses, acting as a constraint to

the polymer deformation.

The delamination process was investigated by observing a cross-section of the simulated
volume perpendicular to the loading direction. Figure 7.3 shows the same cross-section at 0, 1, 2,
6 and 10% of global strain, where the load was applied perpendicular to the paper plane and the
Au ligaments are indicated by arrows. Once again, the colour scale shows the CSMAX output with
red colour indicating interfacial failure. The progression in Figure 7.3 shows that the interface fails
completely. Delamination takes place after the phases are free to accommodate the stress
separately, creating some porous between the phases. The delamination sites are localised near
regions of high curvature, and the shapes of the created porous resemble a “horseshoe”, which
was also observed experimentally in NPG-epoxy composites [11]. As an example, the inset in
Figure 7.3 shows experimental delamination observed in a cross-section of highly deformed
microcolumns in which a very similar porous shape can be identified [11]. The formation of these

delamination sites was associated with the lateral expansion under uniaxial compression [11].

The simulation results presented here reinforce the difference between the observed
delamination and the actual debonding of the interfaces. In the case of the NPG-epoxy composite,
the experimental observation of delamination sites is indicative of a weak interface since localised
deformation to create the delamination pores required the separated deformation of the phases.
The measurement of the characteristic interfacial strength in Section 6.1 and the simulation results
in Figure 7.2 sum on the evidence for a weak interface in NPG-epoxy composites. However, the
simulations results showed that the interfaces were weak enough so that the interfacial breaking
took place in the entire structure. Thus, phenomena that depend on interfacial breaking could be
exploited in these materials. Composites with weak interfaces are discussed briefly in Section 2.2,
and generally, the energy dissipated in the breaking of the interface is explored as a toughness
mechanism. On the other hand, the premature interfacial collapse could prevent the composite
from reaching higher strengths. In the case of NPG-polymer composites, there is potential

tailoring of the properties, and the effect of the interfacial properties can be exploited.

95



Chapter 7 — The overall mechanical response of NPG-polymer composites

0% Compression

¢’A‘%‘\

2% Compression
a&’ﬂvxv~;‘§?¢§g§gw—" K77
4 <

y .-

R ) ) 4 N SA
SENEW S F ) b ko =) 2
BNV TS 7 v e A Q) N AN i
VE A S SIS e RSN A
CfSeoid kL WA st 2y S
S AT kvl N A A A KA M ok
aments =y R S e A ?
BV A TESN O % Y FRSEeAvelp Say o A %
AN g S AT USE A =
4 oA o R RN ISR
SO ATANRNN A TSN AN I P TS
e Siv sian W80 A SV S g O Ny
00 KNy ' C }’\:94'.&‘!77" S4 X % aw e
02 B N A SNV e N N | PR D e
LS. AV S = p N AN s AL AT AR

0000000000 00R

Figure 7.3: Composite cross-sections showing the CSMAX simulation output during a uniaxial

compression in which the load is applied perpendicular to the paper plane, and red colour represent the

reaching of the criteria for breaking the interface. The Au ligaments are indicated by arrows in the first
cross-section before the load was applied. Additionally, four cross-sections show the delamination

progression at 1, 2, 6 and 10 % of global strain, and the porous at the delaminated sites are indicated by
red arrows. The last picture shows experimental delamination observed in a cross-section of highly

deformed microcolumns in which a very similar porous shape can be identified [11].

The simulation results showed so far in this chapter utilized the interfacial strength
measured experimentally in Section 6.1 (45 MPa). In Figure 7.4, the relationship between the
interface property and the composite response is further addressed, in which various bonding
strengths are simulated and compared with simulation from perfectly bonded interfaces and
experimental results. The simulated interfacial strengths were 20, 45, 97, 150 and 200 MPa,
represented respectively by the colours red, blue, green, pink and yellow. Additionally, two dotted
lines are plotted, showing the literature result for FEM simulation with unbreakable interfaces in
black and experimental data from the microcompression of NPG-epoxy composites in grey [11].
The dotted lines appear in Figure 7.4 (a), showing the stress-strain curves as upper and bottom
limits for the simulated results at the initial strain levels. At first, all the simulations presented
similar stiffness, with the elastic modulus obtained from the initial loading slope in the strain range
up to 0.002 is 9 GPa. This behaviour can also be observed in Figure 7.4 (b), which shows the slope
of the engineering stress as a function of the strain. Here, the purely elastic response can be
observed. Although the experimental data is initially more compliant, this behaviour is likely an

artefact of the measurement process. The elastic modulus of the composite measured by CSM of
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microcompression testing, which circumvents the establishing of contact between indenter tip and

sample's surface, also report values about 10 GPa [11].
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Figure 7.4: Simulated mechanical response of NPG-epoxy composite showing the effect of increasing
interfacial strength compared to the literature value of simulation of perfectly bonded phases and
experimental results. [11] (a) Stress-strain curves in which the literature values act as upper and bottom
boundaries to the simulated interfacial strength. (b) Stress's first derivative according to engineering strain.

Here, the first drops can be associates with the initiation of the interfacial failure.

The simulated responses start to differ at relatively low global stress levels whenever the
weakest interface breaks. The drops in the first derivative response show the exact instants when
each of the simulation responses stops being perfectly elastic, which could be correlated to the
start of the interfacial debonding process. It is reasonable to assume that the location of the first
interface to collapse depends on the stress distribution in the composite structure, but the
progression of the interfacial debonding would diverge according to the stress levels in which the
first interface breaks. This behaviour could explain the different fluctuations in Figure 7.4 (b).
Therefore, the structures accommodate and redistribute the stresses differently according to the
stress level. As can be observed, a higher interfacial strength allows the simulated composite to
withstand higher loads retaining its initial stiffness, which ultimately would allow for higher

strength, as discussed in Section 2.2.
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Figure 7.5: Engineering stress-stress and the first derivative of the stress curve complemented by the
simulation outputs showing the stress distribution, the criteria for collapsing the interface (CSMAX) for
the simulation of a weak (45 MPa) and strong (200 MPa) interfaces. The progression shows the interface

collapsing entirely on the simulation with a weak interface, but there are regions still attached after the

polymer starts to yield on the strong interface simulation. Arrows indicate these bonded regions.
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In the simulated results presented here, the polymer yielding activation limited the potential
to increase the composite strength, explaining the converging of all simulated curves at higher
stress levels. Therefore, even as the weakest link in the deformation, the interfacial properties have
a reduced impact under the compression. The interconnected composite structure allows the load
transfer by the internal constraints even after the interfaces' debonding. Here, similar to the
microcolumns simulation results in Section 6.2.2, local activation of polymer yielding or interfacial
collapse depends strongly on the simulated structure. In the composite structure, the simulation
results from strongly bonded interfaces show that interfacial debonding initiates before the
polymer starts to yield. The contribution of the regions still bonded after the polymer starts to
yield could be estimated by comparing the simulation curves presented here to the perfectly

bonded simulation from the literature.

The effect of bonding strength between the constituent phases in the NPG-epoxy
composite is analysed by comparing the compression behaviour from weak and strong interfaces.
Figure 7.5 shows the stress-strain curves (a) and the first derivative of the stress curve (b) for the
simulations of the interfacial strength of 45 and 200 MPa. In addition to the plots, pictures show
the simulation outputs on the stress distribution and the criteria for collapsing the interface. The
colour scale indicates the stress levels, while the CSMAX red indicates the collapse of the
interfaces. The outputs are shown in two instances represented by the circles in the plots. Both
simulations behaved similarly at lower load, displaying the same initial stiffness in Figure 7.5 (a).
Initially, the stress is well distributed in both simulations. The phases are entirely bonded, which
agrees with the influence of the interfacial strength in Section 6.2.2. Here, the elastic moduli equal

to 9 GPa can be obtained directly from the first derivative curve.

As higher loads are reached, the response of the weak interface composite starts to soften,
while the strong interface one keeps its purely elastic behaviour with the same stiffness. The
softening can be explained by the accommodation of the imposed strain, mainly by the polymer
deformation. Therefore, the CSMAX output shows the total collapse of the interface and the stress
is well distributed on the Au network in the weak interface simulation. On the other hand, the
strong interface composite remains partially attached after the polymer starts to yield. The CSMAX
output shows that the interfaces have collapsed near the plane under compression, but many

regions are still bonded together, indicated in Figure 7.5 by arrows.

This behaviour concentrates the stress distribution so that the ligaments adjacent to the
debonded region reach higher stress levels, which further constrains the polymer yielding. It is
debatable that whenever the interface is much stronger than the polymer strength, the simulation's
interfacial failure could be activated by phase's separation criteria instead of the maximum stress
criteria. In these cases, the deformation in one phase is so extensive that it breaks the interface,
which could ultimately reduce the strength of the simulated composites. Although this effect could

help explain the accentuated drop in the slope of the strong interface composite, a larger separation
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criterion would be unrealistic to the properties of a metal-polymer interface. Therefore, it is
reasonable that the weakest link of the chain, the polymer yielding here, would still govern the

simulations' response.

7.2 On the contribution of each individual phase

This section further explores the mechanical response of NPG-polymer composites. When
first introduced by Wang [97], the macrocompression response was reported as "much stronger"
than each of its constituent phases. As presented in Section 2.1, the composite was compared by
Wang to the NPG and the bulk epoxy property. Here, the composite response is put in perspective
to its constituent phases and typical analytical models. Figure 7.6 shows a schematic of the bulk
constituent phases, the separated constituent phases within the composite structure, and the NPG-
epoxy composite. The morphology and structural length-scale of the composite can alter the
response compared with the material's bulk property. Although the properties measured in the
bulk materials lack the composite structure's influence, the alternative to characterize the
composite combines the effects of structure with the interaction between the phase during a
loading process. Therefore, an appropriate approach to evaluate a composite's property should

acknowledge both the underlying bulk property and the effect of the composite structure.

As discussed in Section 2.2, gold and epoxy can present size-dependent mechanical
responses at small sizes, but not necessarily these are activated from the structural length-scale. In
the case of NPG, the small ligament size activates size effects, which improves strengthening at
small structural length-scales. Additionally, dangling ligaments in the structure affect the
connectivity and, therefore, the actual volume fraction contributing to the load-bearing capability.
The idea of an effective load-bearing structure was proposed in the literature [11, 209] and recently
supported by studies on the topological states showing rings on the NPG structures [210]. On the
other hand, the investigation presented in Chapter 4 allows for a simplified analysis of the epoxy
phase. Since no evidence supporting the structural size-effect was found and the higher volume
fraction prevents dangling parts, the NPP property can be predicted based on the composite's

actual volume fraction and the bulk property.
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Figure 7.6: The diagram shows the NPG-epoxy composite, its bulk constituent phases and the separated
phases within the composite morphology (NPG and NPP). Each of these pieces was separately

characterized by nanoindentations.

The NPG can be characterized before the epoxy infiltration, and the properties of NPP
were characterized in Chapter 4. Here, experimental results from the bulk materials, the separated
composite phases, and the overall composite are analysed against themselves and analytical models.
Figure 7.7 (a) and (b) show the respective hardness and modulus responses from nanoindentation
results according to the average NPG ligament size, <D>, including the responses of NPG, NPP,
NPG-epoxy composite, and isostress and isostrain conditions. The dashed lines represent the bulk
gold and epoxy's average properties using nanoindentation experiments from Chapter 5. The
composite response was taken from Hu's works [11], which correspond to the same samples used
in this NPP fabrication thesis. The value of <D> for the NPP samples corresponds to the average
NPG ligament size before the etching treatment. Therefore, NPG, NPP, and composite can be
analysed directly at the same corresponded <D>. Each data point represents an average of at least
ten measurements, and the error bars, whenever visible at the presented scale, indicate one
standard deviation about the mean value. The isostrain and isostress conditions (dotted lines) were
calculated using the bulk material properties and the effective relative density from the NPG
structure identified by [11].
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Figure 7.7: Nanoindentation results showing hardness (a) and elastic modulus (b) versus the NPG
ligament size (<D>) from nanoporous gold (NPG), nanoporous polymer (NPP) and NPG-epoxy
composites. In the NPP results, <D> represents the size of the NPG ligaments before the etching
treatment. The dashed lines represent the bulk gold and epoxy responses, and the dotted lines are
analytical models. Each data point represents an average of at least ten measurements, and the error bars,

whenever visible at the presented scale, indicate one standard deviation about the mean value.

Figure 7.7 shows higher values for hardness and modulus from the composite response
than the separated constituent phases (NPP and NPG). Nonetheless, a comparison between the
response of composite and the isolated parts, as presented in Figure 2.1, is not necessarily
meaningful. The deformation processes in NPG and NPP are fundamentally more complaint due
to the porosity that easily accommodates the imposed displacement. In the composite, internal

constraints force a combined deformation of both phases bonded by the interface.

A more appropriate manner to evaluate a composite's response is to compare it with the
bulk properties. As shown in both plots of Figure 7.7, the composite responses were between the
range of the dotted lines representing the bulk gold and bulk epoxy properties. The values higher
than the bulk epoxy confirm that the gold phase acted as the reinforcement in the NPG-polymer
composite. Although the size effect can be observed, the NPG-epoxy composite responds as
expected for reinforced materials. Therefore, the properties are in between the isostress and
isostrain calculation. Importantly, in both analytical approaches, the volume fraction of gold
needed to be adjusted by the effective relative density of the NPG, which deducted the dangling

ligaments from the analysis.
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Figure 7.8: Structural length-scale strengthening compared with the response at <D>=400nm for NPG,
NPP, and NPG-epoxy samples. The dotted green line represents the rule of mixture calculated from the
NPG properties and the effective volume fraction of gold. The error bars indicate one standard deviation

about the mean value obtained by the division of uncertainties values.

The plot in Figure 7.8 furthers analyses the strengthening at small structural length scales.
Here, the strengthening was calculated by dividing the hardness responses by the coarse structute's
property (400nm). The error bars indicate one standard deviation about the mean value obtained
by the division of uncertainties values. Once again, the <ID> of the NPP corresponds to the NPG
ligament previous to the etching process. Therefore, NPG, NPP, and the NPG-epoxy composite
can be compared. The comparison with bulk properties is not applicable here since the structural
size effect is examined. In this case, the composite response is between the NPP and the NPG
responses. Nevertheless, it is surprisingly high relative to the actual amount of NPG in the
composite. A rule of mixture calculation is presented by the dotted green line using the NPG and
NPP properties and their respective effective volume fraction. As it can be observed, the
composite response is closer to the NPG boundary and considerably higher than the analytical
calculation, which might be evidence that additional strengthening mechanisms in the composite

deformation.

7.2.1 Considerations of the strengthening of the gold phase

In this section, the dislocation activity within the NPG ligaments, without the epoxy
infiltration, was investigated by TEM microscopy. As described in Section 3.2.2, flat punch
indentations were used to deform NPG structures with contrasting ligament sizes. Figure 7.9

shows TEM images of lamellae fabricated from deformed regions of NPG of average ligament
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size of 20 nm (a) and (b), 50 nm (c) and (d) and 400 nm (e) and (f). To analyse the dislocation
activity from the deformation process, it is necessary first to identify some particularities and

artefacts of TEM microscopy in NPG samples.

First, it was found that the combination of the typical thickness of a lamella fabricated by
FIB milling (=100nm) and the gold’s high-density complicate the imaging transparency process.
Therefore, the analysis was limited in thickness to regions where the ligaments did not overlap, an
obstacle common to other TEM investigations in NPG [1, 211-214]. Although HRTEM was only
possible in fine NPG ligaments, the structure's tortuosity created thickness variation, which might
affect the brightness uniformity. Blue arrows indicate examples in Figure 7.9 (a), (b) and (d), in
which the ligament seems to bend over itself and overlap, and the thick regions appear in darkest
contrast. The same artefact could be identified in the coarse structure shown in Figure 7.9 (e) and
(f), in which only the central parts of the ligaments are visible in bright, and the thick nodes appear
in black. Similarly, the Moiré fringes indicated by green arrows in Figure 7.9 (b) and (c) are
associated with the overlapping of atomic layers [215]. Lastly, the presence of stacking-fault
tetrahedra (STF) was found all over the ligaments and are indicated by red arrows in Figure 7.9 (a),
(b), (c) and (d). In addition to the defects originated by plasticity, STF is typical artefacts of the
ion-bean preparation of Au TEM samples already reported in bulk gold [216] and observed in
other NPG investigations [213, 214].

The comparison between fine and coarse NPG reveals contrasting behaviour regarding
the dislocation activity within the ligament structure. The 20 and 50 nm NPGs display eventual
dislocations in the nodal region, which is likely a consequence of the ligament bending typic of the
NPG deformation [1]. In contrast, dislocation activity can be easily observed in the central segment
of the coarse ligaments. Even after deformation, the fine ligaments appear relatively free of
dislocations which points to the dislocation starvation mechanisms on the strengthening of NPG.
Therefore, the higher strength of fine NPG could be explained by the requirement of the continual

dislocation nucleation, which contrasts with the pre-existing dislocations in the coarse structure.

Moreover, the dislocation activity is further investigated by comparing the dislocation
configuration in ligaments of deformed and undeformed fine NPG structures. Figure 7.10 presents
the HRTEM of undeformed ligaments in (a) and (c), while (b) and (d) show deformed ones. Red
arrows indicate the stacking fault tetrahedra, characteristic of the sample preparation. Here, the
physical aspect of the ligament surface with a free boundary is analysed. The surface of an
undeformed ligament is shown in picture 7.10 (c). Although the surface is not perfectly straight as
the ones fabricated by deposition techniques [217], it is relatively smooth, and no geometrical

pattern can be identified.
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Figure 7.9: TEM micrographs showing the dislocation activity in deformed regions of NPG samples with
<D> of 20 nm in (a) and (b), 50 nm in (c) and (d), and 400 nm in (e) and (f). The arrows show contrast
disparities due to thickness variation (blue), Moiré fringes due to the overlapping of atomic layers (green)

and stacking-fault likely due to the ion-beam irradiation from the sample preparation (red).
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In contrast, a well-defined profile could be observed on the surface of deformed ligaments.
Figure 7.10 (d) shows that a stepped staircase profile is easily identified. A similar pattern was
observed during the in-situ deformation of sub-10 nm Au crystal, which attributed the primary
carrier of the deformation in this system to the dislocation glide [218]. The escaping of the
dislocation through the free surface creates slip steps associated with their Burgers vectors [219].
Figure 7.10 (e) shows an in-situ deformed microdog-bone of an Au single crystal showing the
staircase profile taken from [218]. Additionally, the same profile was observed in the simulation of
fracture behaviour of NPG using molecular dynamics [220]. The stepped pattern emerges from
the accumulation of slip steps on the dislocation motion of atomic planes, which has a similar look

to the aftermath of deformation in microcolumns by single slips [27].

The comparison presented in Figure 7.10 imply on dislocation activity involved in the
deformation of the fine NPG, and the staircase profile on the surface indicates that the dislocations
were able to emitted towards the free surface. Although this is strong evidence on the
strengthening mechanism of NPG, questions arise regarding the behaviour in the NPG-polymer
composites. In the composites, the dislocation interacts with the polymeric interface instead of a
free surface. The implications of a boundary with a polymeric phase in the dislocation activity
(propagation and nucleation) is unclear for the composite investigated here. Dislocation
propagation occurs via glide, cross-slip, and climb, and many studies focused on the interaction
with interfaces [221-224], thus in free surfaces, image forces act in the very vicinity to the interface
driving the dislocations to emit towards free surfaces. In the case of a polymeric interface, it is
expected the existence of similar forces driving the dislocation segments toward the softer material
[224]. An example of dislocation interacting with a polymeric interface is given in the work of Ho
Oh et al,, in which the dislocations in Al films were able to emit towards a polyimide interface
[219]. Therefore, the dislocation propagation required the breaking of the interface and
rearrangement of the interfacial atoms. On the other hand, the dislocation nucleation is reasonable
not altered since it usually takes place near a GPa regime [225, 226], which is well above the

interfacial strength and yielding stress of the polymer phase.

The difference in the strengthening of NPG and NPG-polymer composites is that extrinsic
mechanisms, i.e., size effects, can occur in the composite. The dislocation emission can only occur
after breaking the interface to allow the polymer deformation at the vicinity to the interface and
the formation of the staircase profile. In addition to other metal-polymer systems [219], interfacial
strength would play an essential role in controlling the stability of interfacial dislocations. A weak
interface would allow the interfacial atoms to slide freely and rearrange without the polymer
substrate's influence. On the other hand, a stronger interface would restrict the sliding of interfacial
atoms, which tend to pin dislocations near the interface, as observed in passivated surfaces [24,
219].
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Undeformed Deformed

Figure 7.10: HRTEM micrographs showing undeformed NPG in (a) and (c) and deformed NPG in (b)
and (d). The red arrows indicate stacking-fault likely due to the ion-beam irradiation from the sample
preparation. Comparing the edge profile between (c) and (d) reinforces the staircase profile emerging
from the rearrangement of interfacial atoms whenever dislocation emits towards the free surface. The
same profile can be observed in the (¢) showing an in-situ deformed microdog-bone of an Au single

crystal, adapted from [218].

As shown in the previous chapter, gold and epoxy form a weak interface, which potentially
activates mechanism related to the interfacial breaking and polymer deformation in the overall
composite’s response. Both mechanisms increase in effect with the increase of the interfacial area,
which could explain the plot in Figure 7.8. Since the interfacial area is increased by reducing the

average ligament size, it is expected that the strengthening would increase for smaller ligament
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sizes, irrespective of the volume fraction of the Au phase. Here, a simplified analytical model is
presented to evaluate the relation between the surface area and strengthening. First, the specific
surface area of the NPG, taken from [227], was used as a reference for the interfacial area in the
composites. Since it was observed that the hardness and specific surface areas, Sg, seems to follow

a natural logarithm relation, the following relation is proposed:

Heps InS

a<p>
= 7.1
Hegoo> In§ 1)

a<400>

where the strengthening is the ratio between the evaluated ligament and the coarse response
(<D>=400 nm). A comparison of the experimentally measured hardness and the prediction from
the analytical model on Eq. 7.1 is shown in Figure 7.11. As can be seen, there is a good agreement
between the strengthening and the specific surface area, as an indicator of interfacial area, for the

composite response.
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Figure 7.11: Hardness response versus the specific surface area for the NPG-epoxy composite. The red

line corresponds to the analytical model proposed in this thesis based on the natural logarithm presented

in Equation 7.1.
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7.3 Conclusions

This chapter analysed the overall mechanical response of NPG-epoxy composites based
on the findings from the previous chapters, including the interfacial characteristics from Chapter
5 and the interfacial properties of Chapter 6. The simulation work presented here showed the
contribution of the constituent phases' properties and the interface on the composite deformation
under compression. The interfacial strength measured experimentally is weak enough so that the
interface fails ultimately on the entire composite. The extrapolation of the simulation parameters
showed that in strong interface composites, the interface remains partially bonded after the
polymer yield activation, which increases the composite constraints. Nevertheless, the
interconnected composite structure allowed the phases to transfer load in both cases, which
reduced the potential to tailor the composite strength based on controlling the interfacial property.
Even though the interface was the weakest link in the deformation, the composite behaviour under
compression was strongly dependent on the polymer deformation constrained by the Au ligament

structure.

Moreover, the mechanical properties of NPG-epoxy composite were evaluated against the
individual response of each constituent phase. It was found that hardness and elastic response
behaved as expected for composite materials, with the composite response in between the
responses of reinforcement and matrix phases. The composite's strengthening was attenuated
compared to the NPG alone, but it is much higher than the expected strengthening considering
the correspondent volume fraction. This finding motivated an investigation on the mechanics
behind the strengthening in NPG-epoxy composites. The observation of the dislocation activity
by TEM imaging of deformed NPG ligaments with contrasting sizes points to starvation
mechanism in small ligaments. It was found evidence showing the emission of dislocations to the
free surface, forming a staircase profile on the ligaments' surface. The same process in the
composite would necessarily imply breaking the interface and local deformation of the polymer
phases, which could explain the disproportional strengthening found in the NPG-epoxy
composites. This idea is further supported by the correlation between the specific surface area of

the samples with the respective increase in hardness results.
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8 Summary and future work

8.1 Summary

The NPG-polymer composite was studied in this thesis by independently investigating
each of the factors that build up its mechanical response, focusing on the reinforcement phase,
i.e., the interconnected Au ligament network, the matrix, i.e., the continuous polymer structure,
and the interface's capacity to transfer load between the phases. A set of strategies were developed
to isolate the contribution and effect of each element. This included mechanical characterization
of the polymer phase, potential size effects therein; characterization of the interfacial strength,
investigation of possible interphase; and the evaluation of the composite as a whole as was
achieved using FEM (finite element method). Ultimately, the findings were able to address the

overarching questions posed in Chapter 1:

How do the small length-scales affect the properties of the polymeric phase within the composite

structure?

The polymer phase within the composites assumes an interconnected structure with a sub-
micron structural length scale. Here, nanoporous polymer (NPP) structures were fabricated for
the first time, exploring mining etching technologies adapted to NPG-epoxy composites. The
separation of the polymer phase allowed the investigation of the composite structure's effect
without the contribution of the Au phase. It was found no evidence supporting the influence of
the structure size in the elastic or plastic response, and the modulus of the NPP structures could
be well predicted by an isostrain law applied to the modulus measured on bulk epoxy using the
corresponding volume fraction. Therefore, differently from the NPG, the polymer phase does not
show the strengthening potential at smaller structural length scales, and its contribution is mainly

as the composite's matrix to improve stress distribution during loading.
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How does a gold-polymer interface affect the nearby local mechanical characteristics?

No evidence was found supporting the presence of an interlayer between gold and epoxy
in the interfaces of NPG-epoxy composites investigated in this work. For the examined length
scales, both materials could still be assumed as a continuous solid with a sharp interface, which
circumvents the implications of a geometrically undefined polymeric interphase. Mechanical
characterization with nanoindentations shows no evidence supporting the interface affecting the
transitional properties in an inclined interfacial sample. The lack of interphase simplified the

subsequent evaluation of the complex composite structure as a whole.

How does the bonding strength affect the interfacial behavionr?

The interfacial behaviour of the gold-epoxy interfaces was investigated experimentally
using a shear-based method, which allowed for a systematic experimental investigation throughout
the microcompression of bi-material microcolumns with an inclined interface. The characteristic
interfacial strength is 45 MPa, which was not dependent on the interfacial area but decreased
significantly with interfacial defects. These experimental findings were used to develop a modelling
approach of the interfaces based on a finite element method, which systematically evaluated the
bonding strength's effect in the interfacial behaviour of the interfacial shear strength testing. The
interfacial behaviour was found to balance the bonding strength, the properties of the underlying

materials, and the stress distribution as dictated by the morphology of the two phases.

What is the influence of the interface properties in NPG-epoxy composites?

The influence of the interfacial properties in the NPG-epoxy composites was investigated
by finite element analysis (FEA) and supported by the interpretation of experimental results. The
simulations considering the interfacial strength measured experimentally was weak enough so that
the interface failed ultimately on the entire composite structure. Additionally, the delamination
process could be correlated with the experimental observation of highly deformed composite
regions. The extrapolation of the interfacial properties showed that the phases remain partially
bonded in a composite with a strong interface. Nevertheless, the potential to tailor the composite
yielding was limited by the polymer yield strength. Overall, the composite's yielding depends on
the polymer deformation constrained by the Au ligament structure. Nevertheless, the interfacial
property could play a role in the strengthening of the composite at small structural length scales,
since the starvation mechanism active in nano-scale NPG ligaments depends on the ability of
dislocations to be emitted at a free-surface, which requires the local rupture of the interface and

deformation in the polymer phase.
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8.2 Suggestions for future work

The work developed in this thesis revealed the potential for further investigations:
Exploiting Fabrication

e The processing of NPP structures opened many possibilities for fabricating novel materials.
The NPG ligament structure could be infiltrated with functional polymers, which would create
functional NPP with an adjustable open porous size.

e The NPG could be coated by a controlled polymerization. After the Au etching, a polymeric
tubes structure would be fabricated in a tailorable sub-micron scale.

e The open porosity of NPP could be further infiltrated, creating other bicontinuous
composites. The characterization of these structures would clarify the effect of the structural
length-scale in other polymer materials and even allow new applications for functional

nanostructured polymers.

Modelling

e The interfacial modelling could be utilized on a simplified representation of the NPG-epoxy
composites, which would allow for simulation volumes closer to the RV of the structure. Many
studies utilize FE beam and level-cut Gaussian random field approaches on the
micromechanical modelling of nanoporous metals. The surface-based cohesive behaviour
could be incorporated in these models, which would provide the effect of the interfacial
strength concerning the structural parameters and load-bearing structure of the NPG

composites.

Mechanisms of deformation

e The investigation of the dislocation activity within the ligament structure of fine NPG could
be facilitated by processing the lamellae's techniques that do not generate defects in the
analysed surfaces. Circumventing the formation of stacking-fault due to the ion-beam
irradiation would allow for a more reliable interpretation of the observed dislocations activity.

e Recent advances in the transmission electron microscopy of polymers could be used to

investigate the interfacial rearrangements during the dislocation emission.
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