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Abstract

Nanoporous gold (npg), a bicontinuous network of nanoscale gold ligaments
and pores, displays tunable mechanical behavior through the variation of internal
length—scales. However, it is severely limited by its lack of ductility in tension. By
infiltrating the porous structure with epoxy, a composite material with enhanced
tensile ductility and flow stress is achieved. The present work aims at a three—fold
investigation of micromechanical behavior, mechanisms of deformation and fail-
ure of the npg—epoxy composite, focusing on 3D microstructural characterization,
finite element simulation and micromechanical testing.

In order to understand the composite microstructure, high resolution 3D re-
constructions of the npg ligament network were achieved with focused ion beam
(FIB) based tomography, taking advantage of epoxy infiltration on FIB machining
of porous media. It is assumed that the infiltration of epoxy does not significantly
alter the geometry of the npg network. Samples of varying structural length—
scales were used, with mean ligament diameters in the range of tens to hundreds
of nanometers, as achieved through isothermal annealing of npg. Quantitative
analyses of the 3D reconstructions were carried out in terms of metric properties
(e.g., relative density, ligament diameter distribution and specific surface area),
topological properties (e.g., connectivity density), and directional properties (e.g.,
directional tortuosity). Importantly, representative volumes (RVs) were identified,
which reflects the global structural properties of the material. It was found that
npg coarsens in a nearly self-similar manner. This allows the identification of
structural parameters, which can be used to describe the mechanical behavior of
the global npg structure over varying length scales. FEM simulations applied to
meshed RVs of the 3D reconstructions strongly suggest that the effective relative
density of the load bearing ligament structure is the critical structural parameter
in determining the mechanical behavior of npg structural geometry, rather than
the solid relative density alone, as is often assumed.

After infiltration with epoxy, the densification during deformation of npg—epoxy
composites is strongly suppressed. This leads to a strongly enhanced strength
compared to pure npg. However, the dependence of the yield strength on the
mean ligament size is much weaker in the composite structure as compared to

pure npg. The size effects in pure npg have been commonly attributed to dislo-
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cation activities within the gold ligaments, whereas in the composite material the
influence of the interface on the motion of the dislocations and the epoxy chains
must be considered. The interfacial behavior leads to a strengthening effect in the
composites but weakens the size effects. The comparisons of the elastic moduli
from the analytical models predictions, the experiments and the FEM simulations
demonstrated the influences of the connectivity, the effective relative density of
the load bearing ligament structure, the directional tortuosity of the ligaments
and the interface on the elastic behavior of the npg—epoxy composites. Interfacial
failure was experimentally observed under compression and tension. The tension—
compression asymmetry investigation revealed that the npg—epoxy composite is
stronger in compression than in tension. These various observations point to the
important roles that the hard phase, i.e., the interconnected ligament network,
the soft phase, i.e., the continuous epoxy, and the interface between them play on

the mechanical behavior of npg—epoxy composites.
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Zusammenfassung

Nanopordses Gold (NPG), ein bikontinuierliches Netzwerk aus nanoskaligen
Goldligamenten und Poren, weist durch Variation der inneren Langenskalen ein ab-
stimmbares mechanisches Verhalten auf. Allerdings ist es schwerwiegend eingeschr-
ankt durch seinen Mangel an Verformbarkeit unter Zugspannung. Durch Infil-
tration der porosen Struktur mit Epoxid erhalt man ein Kompositmaterial mit
verbesserter Zugverformbarkeit und FlieBspannung. Die vorliegende Arbeit strebt
eine dreifache Untersuchung des mikromechanischen Verhaltens, der Verformungs-
mechanismen und des mechanischen Versagens von NPG-Epoxid Kompositen an,
durch Fokussierung auf 3D Mikrostrukturcharakterisierung, Finite Elemente Sim-
ulation (FEM) und mikromechanische Priifung.

Um die Kompositmikrostruktur zu verstehen wurden hochaufgeloste 3D Rekon-
struktionen mit auf fokussierten Ionenstrahlen (focused ion beam, FIB) basierter
Tomographie hergestellt, moglich gemacht durch den positiven Effekt der Infil-
tration mit Epoxid auf die Bearbeitung porcser Medien mit FIB. Dabei wird
angenommen, dass die Epoxidinfiltration die Geometrie des NPG Netzwerks nicht
signifikant andert. Proben mit unterschiedlichen strukturellen Langen wurden
verwendet, d.h. mit mittleren Ligamentdurchmessern im Bereich von einigen 10
bis mehrere 100 nm, erreicht durch isothermes Anlassen. Es wurden quantita-
tive Analysen der 3D Rekonstruktionen durchgefithrt hinsichtlich der metrischen
Eigenschaften (z.B. relative Dichte, Verteilungen der Ligamentdurchmesser und
spezifische Oberflache), topologischen Eigenschaften (z.B. Konnektivitatsdichten)
und richtungsabhéngigen Eigenschaften (z.B. Richtungstortuositiat). Von grofler
Wichtigkeit war die Identifikation von repréasentativen Volumen (RV), die die glob-
alen Struktureigenschaften des Materials reflektieren. Es wurde herausgefunden,
dass NPG nahezu selbstédhnlich vergrobert. Dies erlaubt die Identifizierung struk-
tureller Groflen, die zur Beschreibung des mechanischen Verhaltens globaler NPG
Strukturen iiber variierende Langenskalen verwendet werden konnen. FEM Simu-
lationen angewendet auf vermaschte RV der 3D Rekonstruktionen weisen stark da-
rauf hin, dass die effektive relative Dichte der lasttragenden Ligamentstruktur die
kritische Grofle in der Bestimmung des mechanischen Verhaltens der NPG Struk-
turgeometrie ist, eher als die relative Dichte der festen Phase wie oft angenommen.

Nach der Infiltration mit Epoxid ist die Verdichtung von NPG-Epoxid Kompos-



iten unter Verformung stark unterdriickt. Dies fiihrt zu einer stark verbesserten
Festigkeit im Vergleich zu reinem NPG. Allerdings ist die Abhangigkeit der Flie-
grenze von der mittleren Ligamentgrofie viel schwiacher in der Kompositstruktur
verglichen mit reinem NPG. Die Grofieneffekte in reinem NPG sind tiblicherweise
Versetzungsaktivitaten in den Goldligamenten zugeordnet worden, wogegen im
Kompositmaterial der Einfluss der Grenzflache auf die Versetzungsbewegung und
die Epoxidketten in Betracht gezogen werden muss. Das Grenzflachenverhalten
fithrt zu einem Verstarkungseffekt in den Kompositen aber schwécht die Grofleneft-
ekte ab. Die Vergleiche der Elastizitatsmoduln aus den Vorhersagen der ana-
lytischen Modelle, den Experimenten und der FEM Simulationen demonstrierten
die Einfliisse der Konnektivitat, der effektiven relativen Dichte der lasttragenden
Ligamentstruktur, der Richtungstortuositiat der Ligamente und der Grenzflache
auf das elastische Verhalten der NPG—Epoxid Komposite. Grenzflaichenversagen
wurde experimentell beobachtet unter Kompression und Zug. Die Untersuchung
der Zug—Druck Asymmetrie zeigte, dass das NPG-Epoxid Komposit starker unter
Druck als unter Zug ist. Diese unterschiedlichen Beobachtungen zeigen die wichti-
gen Rollen auf, die die harte Phase, also das verkniipfte Ligamentnetzwerk, die
weiche Phase, d.h. das kontinuierliche Epoxid, und die Grenzflache zwischen ihnen

fiir das mechanische Verhalten von NPG-Epoxid Komposite spielen.
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1. Introduction

1.1 Motivation and objectives

Nanoporous gold (npg) is an open—cell network structure material with pore
and ligament size at the nanoscale. During the past decades, the interest in npg
has been significantly increased due to its promising functionality and ease of fab-
rication. It has potential applications in catalysis, sensing and actuation because
of its nanoscale porosity, high surface area to volume ratio and large reversible
strain amplitude [1-5].

Dealloying is a commonly used method for producing npg from an alloy of Au
and a less noble metal, such as Ag, Cu or Al [6-8]. During the dealloying pro-
cess, the less noble constituent of the alloy is dissolved in the electrolyte, the
remaining gold undergoes a self organization process and a three-dimensional bi-
continuous nanoporous network of interconnected ligaments and pores which have
dimensions in the order of tens of nanometers is formed [9, 10}, as shown in Figure
1.1. The mean ligament size of the porous structure can be easily tuned from
a few nanometers to the very low micrometer scale by controlling the dealloying
conditions, such as the applied potential, the dealloying time, the electrolyte com-

position, and mainly the post annealing [6, [ 1].

Figure 1.1: SEM micrograph of the nanoporous gold (npg) open—cell network
structure. The bright phase is the ligament structure and the dark
phase is the pore structure.



2 Chapter 1. Introduction

The mechanical behavior of npg is a critical aspect of its functionality. Due
to the development of micromechanical testing in the last decades, equipments
and experimental methods with a resolution down to the nanometer scale became
accessible and made it possible to investigate the mechanical properties of npg at
the length scale of the ligament size [12—15]. It was found that the mechanical
properties of npg are strongly influenced by its microstructural parameters, such
as ligament relative density and mean ligament size. For example, npg exhibits a
strong ligament size dependent yield strength, i.e., the yield strength increases with
decreasing mean ligament size. Similar size effects have been found for metals at
sub—micrometer scale, which was attributed to dislocation activities [16-22]. The
size effect in npg makes it a particularly useful material to study nanoscale plastic-
ity, and potentially supports its application in micro/nano scale devices. However,
it was also found that npg exhibits a strong tension—compression asymmetry in
terms of the mechanical behavior, i.e., it shows a strong compressive ductility but
macroscopic brittleness under tension [I1,23-29], which strongly limits its appli-
cations.

The commonly used Gibson—Ashby scaling relations for open—cell porous mate-
rials have been applied for the prediction of mechanical properties of npg, where
the ligament volume fraction is the sole input structural parameter [30,31]. How-
ever, it was found that there are big discrepancies in terms of the yield strength
and elastic modulus of npg compared to the experimental results [28, 29,32, 33].
It is unknown if there are any other structural parameters in determining the
mechanical behavior of npg, considering the complex 3D microstructure of the
interconnected ligament network.

Various experimental and analytical investigations on the understanding of the
correlation of microstructure and mechanical behavior of npg have been carried
out [27,31=37]. The direct analyses of the 3D microstructure of npg have been car-
ried out using various tomography methods, such as electron tomography [38, 39]
and X-ray nanotomography [10,11]. However, these methods either only consid-
ered the idealized structural geometry for analyses, or have the problem of rep-
resentativity, i.e., the volumes investigated were not big enough to represent the
global structure of the material. A 3D microstructural characterization approach
that can provide sufficiently large volumes and a high resolution, and investiga-
tions on the correlation between the 3D structural parameters and the mechanical
behavior are needed in order to understand the performance of npg.

Inspired by the observations of densification under compression with stable and
uniform plastic flow and density reduction under tension with brittle failure of
npg, a new material design strategy for improving the tensile ductility of npg by
infiltrating epoxy into the pore structure was performed recently [12]. It is as-

sumed that the infiltration of epoxy does not significantly alter the geometry of




1.1. Motivation and objectives 3

the npg network, such that the continuous ligament network are preserved, which
act as the reinforcing phase in this interpenetrating phase composite (IPC) with its
bicontinuous network structure. This composite is fundamentally different from
the conventional composite material, which usually consists of discontinuous re-
inforcements, e.g., isolated particles, and a continuous matrix. It was found that
the npg—epoxy composite exhibits tensile ductility and a much higher strength
than pure npg and pure epoxy, whereas the size effect in the yield strength re-
mains [12-11]. To understand the mechanical response of this composite and to
potentially optimize its performance, it is important to understand the correla-
tion of the microstructure and the mechanical behavior of individual phases, i.e.,
the hard phase-the gold which is assumed to be equivalent to npg, and the soft
phase—the epoxy, and their interactions at the interface between them. Three

basic questions are raised:

(1) How do the structural length—scales and 3D geometry of the gold phase influ-

ence the mechanical behavior?

(2) How does the existence of the epoxy phase influence the composite mechanical

response”?

(3) What are the deformation and failure mechanisms?

The present thesis is focused on the above three questions for npg—epoxy com-
posites with different mean ligament diameters. A three—fold investigation of the
composite was carried out, focusing on 3D microstructural characterization, finite
element method (FEM) simulation and micromechanical testing, as illustrated in
Figure 1.2.

The scientific approaches of the present thesis are as follows:

e Establish a comprehensive three-dimensional microstructural characteriza-
tion approach for npg—epoxy composites using 3D FIB-SEM tomography,
taking the advantages of epoxy infiltration on the FIB machining on porous
medias. A list of microstructural parameters of the gold phase of the com-
posites are identified. The representative volumes (RVs) of the 3D recon-

structions are determined and quantitatively analyzed.

e With the meshed 3D reconstruction RVs, mechanical behavior of the struc-
tural geometry of npg and npg—epoxy composites are studied by FEM sim-
ulations to gain sufficient understandings of the influence of salient features

of the microstructure on the overall mechanical response.

e Understanding the influence of the epoxy phase on the micromechanical
properties, the mechanisms of deformation and failure of npg—epoxy com-
posites using nanoindentation based micromechanical testing. The experi-

mental results provide inputs and validate the model for the FEM simulation.
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3D microstructural
characterization

understanding of correlation between
mechanical properties, < microstructural parameters
mechanisms of and mechanical behavior
deformation and failure of structural geometry
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Micromechanical
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FEM model validation
influence of structural geometry

Figure 1.2: Schematic view of the scientific approaches and objectives in this thesis
and their interrelations.

They are interpreted and discussed on the basis of the 3D microstructural

characterization and FEM simulation results.

1.2 Structure of the thesis

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

as follows:

e In Chapter 2, the background of the thesis is presented, including the me-
chanics of the open—cell porous materials, the two—phase composites and the
3D microstructural analyses. The mechanical behavior and the microstruc-
ture investigations of npg and npg—epoxy composites reported in the litera-

ture are reviewed.

e Chapter 3 introduces the experimental approaches of the 3D microstructural
and the micromechanical characterization that have been used in this thesis,
i.e., 3D FIB-SEM tomography and nanoindentation based micromechani-
cal testing. The inputs for the FEM simulations based on the meshed 3D

reconstructions are also presented.

e Chapter 4 is dedicated to the 3D microstructural characterization using FIB-
SEM tomography for npg—epoxy composites of varying mean ligament di-

ameters. Image processing and quantitative structural analyses of the 3D
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reconstructions are presented. The microstructural representative volume
(RVs) are identified and the characteristic structural parameters of the RVs

are analyzed.

e In Chapter 5, the identification of the critical structural parameters of npg
that determine its mechanical behavior is introduced, focusing on the mi-
cromechanical testing of npg and the FEM simulations on the meshed 3D
reconstructions of the gold phase of the composites. The correlations be-
tween the microstructural parameters and the mechanical behavior of npg

structural geometry are discussed.

e In Chapter 6, the effects of the infiltrated epoxy phase are investigated
by nanoindentation based micromechanical testing, i.e., nanoindentation,
microcompression and microbeam bending for the npg-epoxy composites
firstly. A FEM simulation carried out on a 3D meshed reconstruction of the
composite was introduced to explore the mechanical behavior of the struc-
tural geometry of npg—epoxy composites secondly. Lastly, the size effect,
the correlation between the elastic modulus and the microstructural param-
eters, the failure behavior and the tension—compression asymmetry of the

composites are discussed.

e In the last chapter, the findings in the present thesis are summarized and

brief suggestions on future work are addressed.







2. Background

2.1 Mechanics of open—cell porous materials

2.1.1 Gibson—Ashby scaling relations

The mechanical behavior of open—cell porous materials is commonly described
using the Gibson—Ashby scaling relations in terms of the yield stress and elastic
modulus [30,31]. They are derived based on a simplified cubic model representing
the cell of a porous material using beam bending theory. As shown in Figure 2.1,
the model describes the open—cell structure as a cubic unit cell with connected
beams. The beams have a length of [ and square cross section with width of ¢.

It is assumed that the beams exhibit large aspect ratios, which allows to model

cell edge

==

, ?/t
{ A >
=12

™~
w TDo| “open cell face
£

t

(a) (b)

Figure 2.1: (a) A cubic model for an open—cell porous material showing connected
beams with length of [ and square cross section with width of ¢; (b)
linear—elastic deflection of the cell loaded at the midpoint of the beams
by load F results in a deflection of §. Three—point bending is the
dominant deformation mode. (from [31], reprinted with permission
from Cambridge University Press)

the beams as thin flexural components with three—point bending as the dominant

deformation mode. The relative density of the cell p,,/ps and the area moment
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of inertia of the beam [ are related to the beam dimensions by:

Pryp 29
Z o (Z) (2.1)
Ioct! (2.2)

where p,, is the density of a porous material, and p, is the density of the cell
wall material. Their ratio actually equals to the volume fraction of the cell wall
material, as given by:
Prp _ Vs (2.3)
ps Vi
where V,,, is the volume of the porous material, and V; is the volume of the cell
wall material.
The elastic modulus of a porous material E,, is calculated from the linear—
elastic deflection of a beam loaded at its midpoint by the load F', which is given

by:
Eq I

Combining equations (2.1)—(2.4), the ratio of the elastic modulus of a porous

material £, and the cell wall material £ is given by:

S (L (2

2 2.5
B, 0 Vnp) (2.5)

When the porous material is yielded, plastic collapse occurs when the moment
exerted by the force I exceeds the fully plastic moment of the cell edges M,,. This

moment is given by:

1
Mp == ZlO'St3 (26)

where o is the yield stress of the cell wall material. The yield stress of the porous
material o0, is expressed as:
M,
O O l—;’ (2.7)
Combining with equation (2.1), the ratio of the yield stress of a porous material

and the cell wall material is given by:

Onp pnp 3/2 Ls 3/2
; ( 5 ) (‘rnp) ( )

Thus, simple power law relations between the mechanical properties and the cell
wall volume fraction of an open—cell porous material are given by equations (2.5)
and (2.8). These scaling relations are widely supported by experimental evidences

in the case of porous materials with a low relative density p,,/ps < 0.1.
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2.1.2 Nanoporous gold

The majority of the studies on mechanical behavior of npg relies on nanoin-
dentation testing, from which the hardness H and the elastic modulus E can be
obtained directly [24,27]. Microcompression testing carried out on npg micro-
columns enabled extracting uniaxial stress—strain behavior [25,26]. Additionally,
microtensile and microbending experiments were used for the investigations of ten-
sile and fracture behavior of npg [11,28,29,33]. In this section, the experimental

results are introduced and compared with the Gibson—Ashby predictions.

Hardness and yield stress relation

The stress—strain field underneath the indenter is quite complex. Extraction of
uniaxial stress—strain constitutive relations require complex interative methods.
Some empirical relations between hardness and yield stress of materials have been
established [31,15]. It is generally assumed that the hardness is approximately
equal to the yield stress for porous materials with an effective Poisson’s ratio
of nearly 0. For a fully dense material with an effective Poisson’s ratio of 0.5,

indentation produces multiaxial stresses which increase the hardness to 3 times

the yield stress [31,15], as shown in Figure 2.2.

4
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Effective Poisson’s ratio, v

Figure 2.2: Ratio of indentation hardness H to uniaxial yield strength o, as a
function of effective Poisson’s ratio v. For porous materials with an
effective Poisson’s ratio of nearly 0, the hardness is approximately
equal to the yield stress. (from [31], reprinted with permission from
Cambridge University Press)

Residual impressions of Berkovich indentations on bulk npg samples revealed
that the region underneath the indenter was compressed and densified, while the
region outside the indentation remained undisturbed [24,27]. It was concluded
that the deformation is localized underneath the indenter for npg. Thus, it seems
H ~ oy, is a reasonable assumption. However, two exceptions were reported. By

comparing the Vickers hardness and results from macrocompression tests, it was
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found that H ~ 30, [10]. By uniaxial tensile tests, the elastic Poisson’s ratio of

npg was reported as 0.22 and it was suggested that H ~ 2.650,, [37].

Size dependent yield strength

Through micromechanical testing, it was found that the yield strength of npg in-
creases with decreasing ligament size, which is so—called “size effect” [25,27,16,17].
It has been described by a power law relation o, o< <D>%, where <D> is the
mean ligament size and « is the power law exponent. It was reported that «
has values of (—1.04+0.1) [13], (—0.91+0.06) [16], —0.5 [18] and —0.551 [37] for
npg. This length scale dependent effect is consistent with the sample size effects
reported for submicron gold microcolumns and nanowires [16-22]. A good agree-
ment between gold microcolumns and npg was found in [17], which gives a power
law relation of o, oc Dy%%') where Dy is the microcolumn diameter.

Applying the scaling equation (2.8) to npg, from which the yield stress of the
gold ligament can be resolved, it was found that the yield stress of the ligaments
increased from ~880 MPa to 4.6 GPa as the mean ligament size decreased from
40 to 10 nm, which is close to the theoretical shear stress G/27 for gold (4.3
GPa) [25]. Similar results from microcompression testing revealed that the yield
stress of ligaments with a mean diameter of about 15 nm was approaching 1.5
GPa [26]. These results are consistent with the high yield strength of gold mi-
crocolumns from microcompression testing [16—18, 20], which indicates that the
strength of npg can be tailored by changing the mean ligament size.

There are several explanations of the mechanisms that lead to the size ef-
fects. One of the interpretations relates to the dislocation source limited deforma-
tion [17,49-51], i.e., the applied stress needed to activate the dislocation source
increases with decreasing mean ligament size until the theoretical shear strength is
reached. This source activation stress depends on the active source size, internal
stress fields, or the number of sources [19-51]. The lack of efficient dislocation
sources in the small volumes leads to high stresses which are required to initiate
yield. Another widely discussed mechanism is dislocation starvation [16, 18, 20],
i.e, for submicron crystals, dislocations leave the crystal free surfaces more quickly
than they multiply, which leads to the requirement of a high stress to nucleate
new dislocations during the deformation. Additionally, a strain gradient plasticity
model was proposed to explain the high strength of ligaments [18]. The defor-
mation of a ligament is modeled as the plastic deformation of a cantilever, which
is localized near the nodes of the structure where a plastic hinge is formed. A
strain gradient in the plastic hinge is accommodated by the geometrically nec-
essary dislocations, which results in enhanced strengthening of the material or
strain gradient hardening. Through transmission electron microscope (TEM) it

was found that deformation of npg is localized at the nodes with a high density

10
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of microtwins and Shockley partial dislocations [52], which is consistent with the
strain gradient plasticity model [18]. The dislocation mediated plasticity within

ligaments was also observed by in—situ nanoindentation testing in TEM [53].

Elastic modulus

It was reported that the elastic modulus of porous materials is independent
of the cell size as long as the solid phase modulus doesn’t change [54]. At the
nanoscale, the elastic modulus is not expected to increase with the decrease in the
sample or microstructure size [55]. For npg, most of the available experimental re-
sults revealed that there were little or no ligament size effect in terms of the elastic
modulus [56]. One exception was reported in [57]. The length scale dependence
of the modulus was attributed to a combination of surface stress [55], a higher
bending stiffness of smaller ligaments and a density increase caused by shrinkage
and residual Ag [56,57]. The density increase may also happen during plastic
collapse of the structure under compressive stress, which leads to a densification
of npg. Through finite element analyses, it was found that the densification of the
porous structure occurred in a region immediately below the indenter and it had
significant impact on the hardness obtained from indentation. The effect on the

indentation modulus was however insignificant [59].

Validity of Gibson—Ashby scaling relations for npg

The Gibson—Ashby scaling equations only consider mechanical behavior as a
function of relative density. Their validity for npg is still under investigation. One
the one hand, the ligament length scale effect in yield strength as already stated
is not taken into account. On the other hand, npg usually has a relative den-
sity much higher than the Gibson—Ashby model assumes. The mismatch between
experiment and scaling relation predictions were found by various mechanical test-
ings [28,29,32,33,60]. Figure 2.3 shows the normalized yield stress and the elastic
modulus of npg reported in the literature as a function of relative density. The
red solid line indicates the prediction from the Gibson—Ashby scaling relations.
As can be seen from the figures, the strength predictions are much smaller than
observed experimentally. The effect of relative density on the elastic modulus
of npg seems to be much stronger than the one suggested by the predictions.
Additionally, it was reported that the elastic modulus from molecular dynamics
simulations increases during deformation but never approaches the prediction by
the Gibson—Ashby scaling law [01]. All these information indicate that Gibson—
Ashby scaling relations are not adequate to describe the mechanical behavior of
npg. A reconsideration of the application of scaling relations to npg is required.

There are several experimental and analytical investigations on the understand-

ing of the relationship between microstructure and mechanical behavior of npg

11
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Figure 2.3: Normalized (a) yield stress and (b) elastic modulus of npg reported
in the literature plotted as a function of the relative density of npg.
The red solid line is the prediction from the Gibson—Ashby scaling
relations. For comparison, the yield stress and the elastic modulus of
fully dense gold are 200 MPa and 81 GPa, respectively.

[27,34=37]. The size effect in the yield strength was taken into account in the
Gibson—Ashby scaling equation by incorporating a Hall-Petch type relation [27],
as given by:

Tup = ColTygnia + k< D> 12 (2 )3 (2.9)

Where Cj is a fitting coefficient, oy 04 is the bulk gold yield stress, k is the Hall-
Petch type coefficient for the theoretical yield strength of gold in the regime of
10 nm to 1 gm, and <D> is the mean ligament size. A similar scaling equation
considering the ligament size effect was derived recently, which exhibited better
agreement with experimental results [37]. Based on a modified rectangular unit
cell model that accounted for the geometrical dimension of the additional mass
at the nodes, a scaling relation for the dependence of the relative density and the
relative modulus on the geometric parameters such as the mean ligament thickness
and length, and the node size was derived [31]. A finite element simulation study
based on a diamond beam model which consists of cylindrical beams connected
by spherical nodes at randomized positions showed that the structural disorder
in the network might have a strong impact on the elastic and plastic response
[35,62]. Recently, a phenomenological model of the npg structure was developed
to predict the elastic response based on a statistical analysis of ligaments and
nodes in terms of their characteristic lengths from the SEM images of npg. A
cubic node connecting six half ligaments with square cross section and a parabolic
thickness profile was used as the elementary structural unit. It was found that
this model can predict the elastic response of npg correctly and the irregular
shape of ligaments plays a critical role in the determination of the mechanical
properties [36]. These investigations either considered ligament relative density

and ligament size, or treated the npg structure as idealized models. Investigations

12
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on the influence of real 3D microstructure of npg on the mechanical response is

still lacking.

Tension—compression asymmetry

The mechanical behavior of npg under tension and compression is different, as
observed from experiments and computer simulations. From compression testing,
it was found that npg shows strong compressive ductility with densification which
allows the pore/ligament compaction and a distribution of the applied load [25,26].
From three point bending testing, a ligament size controlled ductile-brittle tran-
sition behavior was observed [11]. Transverse fracture led to failure on the tension
side of sample, which indicates that the material is stronger in compression than
in tension [23]. As the crack propagated, the tensile regions spreaded through
the whole sample until it failed in a macroscopically brittle manner. However, it
was found that individual ligaments exhibit strong plastic flow with necking and
slip. Similar observations were made from uniaxial microtensile experiments, per-
formed on dogbone shaped npg microsamples [28,29]. The significant asymmetry
manifested itself in the Poisson’s ratio. Combined with digital image correlation
(DIC), performed on the sample surface, the average Poisson’s ratio of npg under
tension was ranging from 0.16 to 0.22 [28,29]. This is much higher than the value
of 0.08 estimated by measuring the dimensional change during compressive load-
ing [16], which indicates densification of the npg structure. A molecular dynamics
simulation study for a npg model with a mean ligament diameter of 1.8 nm and a
relative density of 25% demonstrated that the elastic modulus under tension and
compression are the same, but the yield strength and the flow stress are much
higher in tension than in compression, which is due to the compressive state of

the ligament surface that provides a bias favoring yielding in compression [63].

2.2 Mechanics of two—phase composites

Composite materials are multiphase materials obtained from the combination of
two or more individual materials. They have properties that don’t exist in the indi-
vidual components, such as low density, high strength and high conductivity [64].
For two—phase composites, one of the components is called the reinforcing phase
and the other one in which it is embedded is called the matrix. The reinforcing
phase could be in the form of fibers, particles, or flakes, whose microstructure are
discontinuous, and the matrix phase materials are generally continuous [65]. The
interpenetrating phase composites are fundamentally different from other compos-
ite materials because of their bicontinuous microstructure. Each phase is topo-
logically interconnected throughout the microstructure [66,67] and contributes its
own properties to the composite properties. For example, one phase may provide

strength while the other provides transport properties [08]. Many parameters can

13
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affect the overall elastic properties of the composite, such as material constants,
volume fraction of the phases, geometrical shape of the phases, presence of dis-
continuities and damage such as voids, debondings and microcracks [66-068]. In
this section, the analytical models used for the predictions of the elastic modu-
lus of composite materials are reviewed firstly. Then the macroscopic mechanical

behavior of npg—epoxy composites is presented.

2.2.1 Analytical models predictions

The elastic modulus of a composite material has been estimated by various an-
alytical models, such as the Halpin-Tsai equation [69], the Hashin and Shtrikman
(HS) model [70], the Ravichandran model [71] and the Tuchinskii model [72]. For
all these models, it is commonly assumed that the bonding between the reinforce-
ment and the matrix is perfect so that there is no debonding at the interface during
loading, the possible effects of elastic interactions between the reinforcements were
neglected, and the strain over the entire cross section of the composites under uni-
axial loading condition were uniform [71].

[sostrain and isostress conditions are commonly used to establish the upper and
lower bounds of the elastic modulus of the composite. The Halpin—Tsai equation
is one of the widely used empirical expressions to predict the elastic modulus of
the composite with randomly oriented short fibers [69]. However, it is difficult to
determine the adjustable parameter in the equation, which is a measure of the
reinforcement geometry. The commonly used Hashin and Shtrikman model was
derived based on the variation principles of linear elasticity without incorporating
microstructural geometry information [70,73,71]. It has been applied to all com-
posites with arbitrary phase geometry. However, it was found that the accuracy
of this model is limited to the case that the difference in moduli of the two phases
is small [71,73]. Additionally, knowledge of the bulk and shear moduli of the
components are required for the predictions [71].

The Ravichandran model and the Tuchinskii model were derived based on the
idealized unit cells which are approximations of the real microstructure of the
composites [71,72], assuming the composites are homogeneous and isotropic. It
is possible to derive the elastic modulus solely from the elastic moduli of the
components of the composites. The Ravichandran model was applied to com-
posites with discontinuous reinforcements [71]. For the interpenetrating phase
composites, whose interpenetrating phase cannot be extracted as dispersed inclu-
sions [75], the Tuchinskii model was used [72]. The unit cells of these two models
were decomposed into parallel and series elements, which are loaded in isostrain
and isostress conditions, respectively. As a result, there are two bounds for each
model. In this section, the isostress and isostrain conditions, the Ravichandran

and the Tuchinskii models are briefly reviewed.

14
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Isostress and isostrain conditions

When the reinforcement is provided by continuous fibers, two idealized con-
ditions, i.e., isostrain and isostress [0, 76] can be envisaged by considering the
directions of the applied load relative to the ideal arrangements of the fibers to
predict the elastic modulus of the composite, as illustrated in Figure 2.4.

In the isostrain condition, the composite is loaded parallel to the fiber axis.

Both the fiber and the matrix are strained at the same amount, as expressed by:

Ecomposite = Ef = Em (210)

where €composites, € f and €, are the strain in the composite, the fiber and the matrix

phases, respectively. This load is shared by the fiber and the matrix according to

3 122
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(a) Isostrain (b) Isostress

Figure 2.4: Schematic illustration of isostrain and isostress conditions of a fiber
reinforcement composite material. Yellow is the fiber phase and blue
is the matrix phase. (a) isostrain: the load is parallel to the fibers; (b)
isostress: the load is perpendicular to the fibers.

the cross section area occupied by the two phases. The resulting stresses in the
two phases are different because the material with higher compliance requires a
lower stress to be extended by the same amount as the stiffer material. The stress

is distributed in the composite according to rule of mixtures:
O composite — Vfo + Vinom (211)

where Ocomposite; 0 and o, are the stress in the composite, the fiber and the
matrix phases, and V; and V,,, are the volume fraction of the fiber and the matrix
phases, respectively. Thus, the elastic modulus of the composite is given by the
weighted arithmetic mean of the elastic moduli of the two phases:

Ept = ViEs + Vi B, (2.12)

composite

15
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where Bl Ey and E,, are the elastic modulus of the composite, the fiber
and the matrix phases, respectively.

In contrast, in isostress condition, the composite is loaded perpendicular to the
fiber phase. In this case, the cross section area perpendicular to the stress is the
same for the two phases. As a result, the stresses in both the fiber and the matrix

are the same, as expressed by:
O composite = Of = Oy (2.13)
According to rule of mixtures, the strain in the composite is expressed as:
Ecomposite = ViEf + Vinem (2.14)

Therefore, the elastic modulus of the composite is given by the weighted harmonic
mean of the elastic moduli of the two phases:
Vi Vi

+ =)t (2.15)

Eisostress —
<Ef E,,

composite

isostress ; : :
where E500 7% is the elastic modulus of the composite.

Ravichandran model

The Ravichandran model considers discontinuous reinforcements embedded in
the continuous matrix. The idealized microstructure of this model consists of a
periodic arrangement of cubic reinforcements, uniformly distributed in a continu-

ous matrix, as illustrated in Figure 2.5(a).

o

matrix

b reinforcement

(a) (b)

Figure 2.5: (a) Unit cell of the Ravichandran model. The load is applied on the
top surface. The reinforcement is shown in yellow with a cubic length
of a. The matrix is shown in grey with a thickness of b; (b) the unit
cell is divided into two parts parallel to the loading direction, which is
the case of isostrain condition for the unit cell.

In order to predict the elastic modulus of the composite, the unit cell is firstly

16
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divided into two parts, either parallel or perpendicular to the loading direction.
Figure 2.5(b) gives an example of dividing the unit cell into two parallel parts. The
elastic modulus of each part is calculated according to either isostrain or isostress
condition. Then the two parts are reunited and they act as the two phases of
the composite. The elastic modulus of the unit cell is calculated according to
the loading conditions, either isostrain or isostress. Figure 2.5 is an example of
isostrain condition since the load is parallel to the two divided parts. The unit cell
reinforcement has cubic length of a and the matrix has thickness of b. The volume
fraction of the reinforcement V; is related to the ratio c;=b/a, as expressed by:
b 1

— (/3 _1 2.1
C1 a (Vf) ( 6)

The lower bound of the elastic modulus of the unit cell is expressed as:

ERavichandran _ (ClEfEm + E72n)(1 + Cl>2 - E?%’L + EfEm
fow (1 Ef + En)(1 +c1)?

(2.17)

The upper bound is given by:

ERavichandran — [EfEm + E?fl(]' + 01)2 — Ei](l - Cl) (218)
up (Ef — Em)Cl + Em(l + CI)S

It was found that the Ravichandran model offers predictions of elastic moduli much
closer to experimental results, particularly for composites with phases having large

differences in elastic moduli [71].

Tuchinskii model

The Tuchinskii model considers a bicontinuous network structure, whose cubic
unit cell is illustrated in Figure 2.6(a). The interpenetrating phase with square
cross section is symmetric in the unit cell. A periodic arrangement of the unit cell
forms a composite with topologically interconnected reinforcement and matrix
phases.

The elastic modulus of the unit cell is calculated using a similar approach as for
the Ravichandran model. Firstly, the unit cell is divided into different parts, either
parallel or perpendicular to the loading direction. Figure 2.6(b) gives an example
of dividing the unit cell into three parallel parts. The elastic modulus of each part
is calculated according to the isostrain and isostress conditions with respect to the
loading direction. The three parts are then reunited and the elastic modulus of
the whole structure is calculated according to either isostrain or isostress condition
[72,74,75]. Figure 2.6 is an example of isostrain condition since the load is parallel
to the three divided parts. As can be seen, the square cross section length of the

reinforcement is a and the unit cell cubic length is d. The volume fraction of the

17
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Figure 2.6: (a) Unit cell of the Tuchinskii model with cubic length of d. The yellow

reinforcement has a square cross section with a length of a. The matrix
is transparent. The load is applied on the top surface; (b) the unit cell
is divided into three parts parallel to the loading direction, which is
the case of isostrain condition for the unit cell.

reinforcement V; is related to the ratio co=a/d, as expressed by:

Vi = (3 —2c9)c5 (2.19)

The lower bound of the elastic modulus of the unit cell is expressed as:

Co 1—62

ELuehinskit — 2Br 4 (1 — ¢9)* B + 209(1 — o) (— + )t (2.20)
E; E,.
The upper bound is given by:
1—oco C2 1

Tuchinskii __
Eup - [

B 2.21
(1-A)E,, + AE; * (1 —co)?En + (2 — CQ)CQEf] (221)

2.2.2 Nanoporous gold—epoxy composites

Inspired by the observations of densification under compression with stable and

uniform plastic flow and density reduction under tension with brittle failure of npg,

a new material design strategy to prevent the density change under load was pro-

posed by vacuum—-impregnating npg with epoxy into the pore structure to obtain

a npg—epoxy composite material [12—11]. This nanocomposite is an interpenetrat-

ing phase composite, where the interconnected ligaments are the reinforcing phase

and the continuous epoxy is the matrix. It is light-weight and exhibits a number

of unusual mechanical properties under compression and under tension compared

to pure npg [12].
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Compressive behavior

Similar to pure npg, npg—epoxy composites show a ligament length scale depen-
dent effect in the yield strength. Figure 2.7 shows the macroscopic compression
behavior of neat epoxy, npg and npg—epoxy composites with different mean liga-
ment sizes. It was found that the yield strength of the composite increases with
decreasing mean ligament size. Moreover, the stress—strain behavior of the npg—
epoxy composite follows the trend of the neat epoxy with strongly reduced work
hardening compared to pure npg, and the yield strength of the composite is much

higher than pure npg and neat epoxy.
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Figure 2.7: Macroscopic compression behavior of neat epoxy, and npg and npg—
epoxy composite with different mean ligament sizes. The composite
follows the trend of the neat epoxy with strongly reduced work hard-
ening compared to pure npg, and the yield strength of the composite
is much higher than pure npg and neat epoxy. (from [!12], reprinted
with permission from John Wiley & Sons, Inc.)

Tensile behavior

The mechanical behavior of npg—epoxy composites under tension was studied
by bending and uniaxial tensile testing [13]. Figure 2.8 shows npg and npg—epoxy
composites with the same mean ligament size after three—point bending testing.
It was found that the npg—epoxy composites show a considerable tensile ductility
while pure npg is macroscopically brittle. This demonstrates that the infiltration
of npg with epoxy leads to a ductilization of the composites. By infiltrating dif-
ferent epoxies or polyurethane with different ductilities, the mechanical behavior
of the composites can be controlled [13].

Due to the ligament length scale dependence, the strength of the composite
can be significantly enhanced by decreasing the mean ligament size, which can be
tuned down to 4-5 nm, or by using npg with a hierarchical structure [77]. Except
for the ligament size effect, it is unknown if there are other strengthening mech-

anisms. For example, it is possible that the interface between gold and epoxy
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NpG Llmm Composite 1.mm

Figure 2.8: (a) npg and (b) npg—epoxy composite with the same mean ligament
size after three-point bending testing. Pure npg shows brittle failure
and npg-epoxy composite shows considerable tensile ductility. (from
[12], reprinted with permission from John Wiley & Sons, Inc.)

phases or a interphase contributes to the strengthening of the material. All the
mechanical investigations on the npg-epoxy composites reported were based on
macroscale mechanical testing. Understanding the microstructure and its rela-
tion to mechanical behavior of npg—epoxy composites at the microscale as well as

deformation and failure mechanisms are however lacking.

2.3 3D microstructural analyses

In view of the 3D bicontinuous network structure of npg, it is interesting to know
if there are any other structural parameters that control the mechanical behav-
ior except for ligament relative density and mean ligament size. Such parameters
may include geometric properties of the 3D structure, such as specific surface area,
ligament size distribution, or topological and directional properties, such as con-
nectivity and tortuosity. Obtaining a 3D representation of the microstructure of
npg is of critical importance in evaluating and predicting its performance.

Typical imaging methods for structural characterization of materials are optical
and electron microscopies, which cannot provide direct quantitative information
about the internal nature of materials. In recent years, there has been an in-
creasing interest in the generation of structural information in 3D. Quantitative
stereology is a powerful mathematical method that allows to extract 3D geomet-
ric properties from 2D sections. However, it usually requires a prior knowledge or
simplifying assumptions on the microstructural features [78]. Moreover, a num-
ber of important geometric properties of complex microstructure cannot be easily
provided by stereology, such as connectivity of microstructural features, 3D shape
and size of specific features, the number of features per unit volume, and spatial
distribution information [79]. An unbiased, accurate, and complete description of
3D microstructural features is required.

Various techniques have been applied to achieve 3D microstructural charac-

terization for materials. As shown in Figure 2.9, 3D atom probe tomography,
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electron tomography, FIB-SEM tomography, X-ray tomography and mechanical
serial sectioning can be applied at different length scales with different resolutions.
3D atom probe tomography and electron tomography have high resolution, how-
ever, the sample volume that can be analyzed is quite small (<(1 pm)?), which
may lead to a representativity problem, i.e., the investigated volume may not be
large enough to ensure that the structural analysis is representative of the global
structure of the sample [80]. X-ray tomography has resolution typically limited
to the micron scale. A spatial resolution down to 100 nm can be achieved with
scanning transmission X-ray microscopy using synchrotron or advanced photon
sources, which is known as X-ray nanotomography [10,81]. FIB-SEM tomog-
raphy has a typical resolution in the range of tens of nanometers to hundreds of
nanometers. Site-specific investigation on rather large sample (>(10 ym)?) can be
achieved [80,82]. Moreover, compared to other techniques, FIB-SEM tomography
requires little or no sample preparation and is readily applicable to a wide range
of materials [79, 82-84].

>

X- ray tomggraphy/microscop
Mechanical serial sectioning

<

Volume of Material Analyzed
(10nm)* (100nm)° (1um)* (10pm)° (100pm)’(1mm)°* (10mm)’

Electron| tomography

3D|atom probe/LEAP

>
0.1fnm 1nm  10nm 100nm 1um 10um 100pm 1mm

Approximate Voxel Dimensions

Figure 2.9: 3D microstructural characterization methods applicable to different
length scales. (from [79], reprinted with permission from Cambridge
University Press)

Electron tomography [38,39] and X-ray nanotomography [10,11] have been used
for 3D microstructural characterization of npg for the understanding of structural
properties and coarsening behavior. The 3D reconstructions were quantitatively
analyzed to obtain relative density, ligament and pore size distributions, surface
area, ligament and pore channel lengths, local curvatures, surface orientation dis-
tribution and genus. For example, a quantitative analysis based on electron to-

mography for npg with mean ligament size of about 7.5 nm dealloyed from a
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thin gold leaf sample (~100 nm) showed that ligaments and pores were topologi-
cally and morphologically equivalent [39]. A X-ray nanotomography analysis was
performed for a ~10 pm diameter and ~20 pm height npg sample with a char-
acteristic length (determined as the inverse of specific surface area) of about 145
nm. It was shown that the morphology of the npg structure was anisotropic and
the topology was similar to bicontinuous structures created by simulated phase
separation [10]. Using the same experimental technique and microbeam Laue
diffraction experiments, the structural evolution during isothermal coarsening of
npg was studied [11] for npg samples with mean ligament sizes larger than 100
nm. The surface normal orientation, interfacial curvature and mean ligament size
(determined as the inverse of specific surface area) were measured as a function
of the coarsening time from 2 to 320 min. It was reported that the scaled inter-
face shape distributions are not self-similar over time and it was concluded that
the coarsening of npg didn’t occur in a self-similar manner. Although these two
tomography methods enable quantitative analysis of npg microstructure in 3D,
there are limitations on the samples in terms of ligament size and sample volume.
For example, electron tomography requires thin samples (~100 nm) with ligament
sizes smaller than 10 nm. In this work, FIB-SEM tomography was used in order to
get 3D microstructure information of sufficiently large volumes for npg structures
with mean ligament sizes from several tens of nanometers to several hundreds of

nanometers, which is introduced in Chapter 3.
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3. Methods

3.1 Sample preparation

The npg samples used in this work were prepared by electrochemical dealloying
of mm—sized polycrystalline AgrsAusys alloys with mean grain sizes of about 50 pm.
The as—dealloyed npg samples were annealed in air at 300°C with annealing time of
2 min, 30 min, 240 min and 420 min. As a result, npg samples with mean ligament
sizes of about 20 nm (as—dealloyed), 50 nm, 200 nm, 350 nm and 400 nm estimated
at first by SEM imaging were achieved. The open—porous structures were then
infiltrated with Bisphenol F epoxy resin (BER 20, Buehler, Germany) and amine
hardener (BEH 20, Buehler, Germany) in a commercial vacuum impregnation unit
(CitoVaca, Struers, Germany). Detailed descriptions of the synthesis procedure of
npg and npg—epoxy composites are given in the experimental section of references
[12,43]. The composites samples with dimension of 1.0 mmx1.0 mmx1.7 mm were
then embedded in large epoxy blocks to make them easy to handle for subsequent
mechanical polishing. After polishing, the samples were cut using a diamond wire
saw to reduce the overall size to be mounted on standard SEM sample stubs.
The samples were fixed using silver paste to eliminate charging during electron
imaging due to the nonconductive epoxy phase. In the following context, the pure
npg sample with mean ligament diameter of about 400 nm is named as npg_400nm,
and the five composite samples are named as composite_20nm, composite_50nm,
composite_200nm, composite_350nm and composite_400nm. Figure 3.1 shows a
SEM micrograph of a mechanically polished surface of sample composite_ 400nm

with small scratches. The gold phase is shown bright and the epoxy is invisible.

3.2 Microstructural characterization

3.2.1 FIB-SEM dual beam system

During the last decades, focused ion beam (FIB) has become an essential tool
for fundamental material science studies (e.g., microstructural analysis and TEM
sample preparation) and technological applications (e.g., circuit editing and pro-
totype nanomachining). It offers capabilities for both high resolution imaging and

flexible micromachining at length scales of a few nanometers to hundreds of mi-
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Figure 3.1: A SEM image of a mechanically polished surface of sample compos-
ite_.400nm with gold shown bright and epoxy transparent.

crometers within a single platform [35].

A typical configuration of a dual beam system incorporates a tilted focused
ion beam column and a vertical electron beam column in a single platform, as
illustrated in Figure 3.2. In a FIB-SEM dual beam system, the electron beam
column provides focused electrons that are accelerated and scanned over the sam-
ple surface to create an image. The FIB column operates in a similar approach
to the SEM column except that it uses a highly focused beam of ions generated
from a liquid metal ion source (LMIS, usually Ga®). This high energetic ions
can be focused to an extremely small spot size, usually on the order of 5-20 nm.
This small spot size combined with a rastered movement of the ion beam enables
the controlled removal of material at the nanoscale by ion sputtering interactions,
leaving the sample surface as either sputtered ions, secondary electrons or neutral
atoms. The signals from the sputtered ions or secondary electrons can be collected
to form an image [35].

In order to enable ion milling and electron imaging of the sample in the same
region, the sample should be firstly located at the eucentric height and the dual
beams are adjusted so that they have a coincident point where they cross at the
same point of the sample. This combination is especially useful for cross section
sample preparation. The electron beam is used to view the cross section while
the ion beam mills the sample. The dual beam system is therefore extremely
suitable for precisely locating cross sections through highly localized regions of
interest [81-80].

The main disadvantage of FIB imaging and machining is the damage created
by the ion beam. The ion impact on the sample surface not only leads to ma-
terial removal by the sputtering process, but also to the formation of a damaged

layer which may extend several tens of nanometer into the material. The depth
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of this layer from Ga™ implantation has been estimated to be about 60 nm at
30 kV beam under normal incidence for copper [37]. Depending on the material
and temperature, the ion beam damage can lead to sample surface amorphization,
point defect creation, dislocation formation, phase formation, grain modification,
or other unusual effects [35,88]. Any surface modification by ion bombardment
and implantation may critically alter the mechanical properties of materials. Care
needs to be taken for samples with low heat conductivity and micromachined by

FIB for micromechanical testing [89-93].

electron beam

WD=5mm

Figure 3.2: A schematic illustration of a FIB-SEM dual beam system with a sam-
ple in the standard milling position. The sample is at the eucentric
height. The electron beam and the focused ion beam cross at the same
point of the sample surface at working distance of 5 mm.

Within this work, a Nova Nanolab 200 dual beam system (FEI) was used
for sample imaging, microspecimen (microcolumns, microbeams) preparation and
site—specific 3D microstructural characterization. As shown in Figure 3.2, the ion
beam is located at an angle of 52° with respect to the electron beam. The two
beams coincide at a working distance of 5 mm which is the eucentric height of the

system. The sample is tilted to 52° for milling at normal incidence.

3.2.2 FIB-SEM tomography

FIB-SEM tomography is based on a serial sectioning procedure. As shown in
Figure 3.3, a planar surface of a region of interest in the sample is firstly created
through an ion beam milling process. After sectioning, the freshly exposed sur-
face is imaged using the electron beam. This process of sectioning and imaging is
repeated until the desired volume of the material is achieved. In Nova Nanolab
200 dual beam system, the “auto slice and view” script can be used to run this
procedure automatically. The following parameters in the script for the region of
interest need to be set [94]: (1) milling parameters; (2) number and size of slices
to be milled; (3) scan parameters for electron beam imaging. In the milling step,

the system creates and saves an electron beam image of the milled surface, then
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removes material with the ion beam, repeating these operations until the specified
number of slices has been made. Therefore, during the whole procedure, the sam-
ple doesn’t get moved. The beam shift operation is used to locate the material
for the next slicing automatically. After the images acquisition procedure is com-
pleted, the stack of images can be transformed into a voxel-based data volume for

quantitative analysis using imaging processing and visualization algorithms [79].

Electron beam
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Figure 3.3: Schematic illustration of FIB-SEM tomography within a dual beam
system. A planar surface of the region of interest is created by the ion
beam milling process. The freshly exposed surface is imaged using the
electron beam. This process of sectioning and imaging is repeated until
the desired volume of the material is achieved. (from [20], reprinted
with permission from John Wiley & Sons, Inc.)

FIB-SEM tomography was used for the 3D reconstruction of npg-epoxy com-
posites in the present work. Due to the epoxy infiltration, very sharp FIB milled
cross sections can be obtained for npg—epoxy composites. This is not the case for
pure npg, where redeposition of the material during FIB milling will accumulate in
the pores. This effect will change the morphology of ligaments artificially, which
falsifies the analysis.

During the experiment, because of the oblique imaging angle, dynamic focus
and tilt correction of —38° was preset to acquire non-stretched images of the cross
sections. Before running the “auto slice and view” script, some rough milling
steps for producing the region of interest (ROI) were needed. In order to elim-
inate shadowing effects which may cause a variation of image intensity and to
prevent redeposition of the sputtered material back onto the cross section surface
during the image acquisition, a U-shaped trench was fabricated on the sample
where the ROI was located. The FIB currents used to cut the trench were 7 nA—
20 nA, depending on the ROI size. A protective layer of Pt with thickness of 20
nm-100 nm was deposited on top of the ROI to prevent the material from Ga™

induced damage and to help reducing curtaining effects. Figure 3.4(a) shows a
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U-shaped trench and the direction of the ion beam and the electron beam relative
to the ROI. Figure 3.4(b) shows a top view of the trench and the ROI seen in the
direction of the ion beam. The amount of material to be milled was covered with

a rectangular FIB milling pattern created by the “auto slice and view” script.

(b)

Figure 3.4: (a) A 52° tilted view of the sample shows a U-shaped trench surround
the ROI and the direction of the ion beam and the electron beam
relative to the ROI; (b) a top view of the sample shows the fiducial
marker, the Pt layer and the FIB milling pattern for the “auto slice
and view” script.

Figure 3.5: SEM image of FIB milled cross sections of sample composite_200nm
obtained with electron beam voltages of (a) 10 KV and (b) 2 KV
(image (b) and (a) were taken from different regions of the sample);
(c) after segmentation process for image (b).

After the ROI was prepared, the voltage, current, magnification, brightness and
contrast parameters of the slicing and imaging system were properly adjusted, so
that sharp SEM images can be obtained. The Ga™ beam voltage was set to 30 KV
with aperture currents of 0.1-0.3 nA for the “auto slice and view” milling. The
through the lens secondary electron detector (TLD) was switched on in the im-
mersion mode for ultra—high resolution imaging and the voltage and currents were
set to 2 KV and 0.21-0.54 nA respectively. With these settings, the geometry of

the ligaments are distinguished easily without interference of the ligament network
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structure underneath the cross sections. Figure 3.5(a) and (b) show SEM micro-
graphs of FIB milled cross section of sample composite_ 200nm with an electron
beam voltage of 10 KV and 2 KV, respectively. Here, it is easy to distinguish the
ligaments in these two images. However, when the voltage was 10 KV, ligaments
underneath the top surface are also observed. This complicates the segmentation
procedure needed in the 3D reconstruction process because it is hard for the soft-
ware to determine if the ligaments underneath belong to the cross section or not.
The area fraction of the ligaments on the cross section could be overestimated
since the ligaments underneath might be taken into account. When the voltage
was 2 KV, only the ligaments on the surface of the cross section were observed.
This is because of the smaller penetration depth and diffusion area of the electron
beam at lower voltages. In Figure 3.5(b) the epoxy is shown in black because of
the high contrast imaging conditions.

The voxel size determination is very critical for the 3D reconstruction and quan-
titative analysis. For each reconstruction, normally 400 to 600 consecutive slices
through the region of interest were obtained. The number of slices depends on the
resolution desired and the volume to be studied. Moreover, the slice thickness in
the z direction should have similar dimension to the pixel resolution (xxy) in the
imaging plane and the image window size must be adjusted according to the struc-
tural size of the sample. The pixel resolution information can be easily obtained
from the SEM images with the “.tif” format directly. However, the determination
of z value is more challenging. During the FIB milling, there is image drift caused
by vibration of the environment and the instrument conditions, which leads to a
spatial position error of the slices. In order to estimate this error in the slicing
direction, a rectangular fiducial marker was fabricated on the Pt layer surface
(Figure 3.4(b)). The difference of the distances between the fiducial marker and
the FIB pattern before milling and after milling were measured. This difference
was then divided by the number of slices to estimate the mean slice spacing. The
voxel size of the 3D reconstructions of the five samples are summarized in Table
3.1.

Table 3.1: Voxel size of the 3D reconstructions of the five npg—epoxy composites

Sample Voxel size: xXyXz (nm)?
composite_20nm 3.6%x3.6x3.0
composite_50nm 5.0x5.0x5.0
composite_200nm 12.5x12.5x10.0
composite_350nm 25.0x25.0x20.0
composite_400nm 17.9%x17.9%23.0
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3.3 Micromechanical behavior characterization

3.3.1 Nanoindentation

Nanoindentation testing has been commonly used for the evaluation of me-
chanical properties of materials in small volumes with a spatial resolution at the
nanometer to micrometer range. It is quite versatile for a large variety of materi-

als, such as polymer, ceramics, biological materials and cellular materials.

Load, P

Displacement, h

Figure 3.6: A schematic representation of load P versus displacement h for a typ-
ical nanoindentation experiment. The continuous stiffness measure-
ment (CSM) mode is implemented during the loading portion. P,
and h,,.. are the peak load and displacement respectively. S is the
initial unloading stiffness.

A typical nanoindentation experiment consists of the penetration of an indenter
with a specific geometry into the material surface and a continuous measurement
of the load as a function of the penetration depth as the indenter is driven into
and withdrawn from the material [12, 13]. Different types of indenters can be
used, such as spherical, Vickers, Berkovich, cube corner, flat punch and Knoop
indenter. The Berkovich indenter is used routinely because it is more readily man-
ufactured to a sharper point, ensuring a more precise control over the indentation
process [95].

The Oliver—Pharr method is most frequently used to calculate the hardness and
the elastic modulus of a material from nanoindentation with one complete loading
and unloading cycle [12, 13]. Assuming that the material deforms both elastically
and plastically during loading and only elastic deformation is recovered during un-
loading, the initial slope of the unloading curve is regarded as the elastic contact
stiffness S. It is related to the projected contact area of the indenter A by:

d A
§ = (s = 2&5\/; (3.1)
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where  is a constant, depending on the geometry of the indenter (for Berkovich
indenter, §=1.034; for flat punch indenter, f=1) and E, is the reduced elastic
modulus that includes deformation of the indenter:

1 1—1v2 1—07

- = 3.2
E, E - E; (3:2)

where F; and v; are elastic modulus and Poisson’s ratio of the indenter, and E and
v are elastic modulus and Poisson’s ratio of the investigated material, respectively.

As the geometry of the indenter is known, a big advantage of nanoindentation
over conventional indentation testing is that the projected contact area of the
residual indent impression can be directly obtained from the calculation of the

contact depth of the indenter h using the area function:
A = C1R2 + Coh + Csh? + Cyhi + Cshs + -+ - (3.3)

The constants (] - - - C5 need to be determined by curve fitting of indentation data
from indentation into material with known material constants, usually fused silica.
Assuming there is sink—in at the rim of the indentation, the contact depth of the

indenter A is given by:

h = hma:c - 6( g ) (34)

where € is a constant that depends on the geometry of the indenter (for Berkovich
indenter, e=0.75; for flat punch indenter, e=1). Then the hardness H of the

material is determined by:

(3.5)

where P, is the maximum load.

In addition to the quasi-static indentation measurement, dynamic indentation
techniques have been developed [12,13] for the determination of mechanical proper-
ties as a function of indenter depth. A “continuous stiffness measurement” (CSM)
technique is used for measuring the stiffness continuously during the loading seg-
ment. As shown in Figure 3.6, CSM is accomplished by imposing a small dynamic
oscillation with high frequency on the force (or displacement) signal during the
loading and measuring the amplitude and phase of the corresponding displacement
(or force) signal continuously as a function of indentation depth with a frequency
specific amplifier [12,13]. The amplitude of the force oscillation is sufficiently small
so that the deformation process is not significantly influenced by its addition. The
dynamic response of the system is illustrated with a dynamic indentation model
shown in Figure 3.7. In this model, m is the mass of the indenter, K, is the
stiffness of the column support springs, D; is the damping coefficient due to the

air gaps in the capacitor plate displacement sensing system, K is the load frame
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K¢

Mass =m

Figure 3.7: A schematic illustration of dynamic indentation model. (from [12],
reprinted with permission from Cambridge University Press)

stiffness, and S and D, are the elastic contact stiffness and the contact damping,
respectively. An analysis of the model gives the following equations, from which

S can be resolved:

o

- \/ {(S7' + K1) + K, — mw?}2 + w?(D; + D.)? (3.6)

t =
ang (ST + K;') + Ky — mw?

(3.7)

where P, is the amplitude of the force oscillation, w is the frequency, h(w) is the
amplitude of the displacement oscillation, and ¢ is the phase angle between load
and displacement.

The CSM is especially useful for material with depth dependent properties since
the variation of properties with depth can be obtained through a single test. It
also offers particular advantage for the determination of the initial contact point of
the indenter by inspecting the stiffness changes. Importantly, at high frequencies,
the test is less sensitive to thermal drift and a time-dependent plasticity effect can
be avoided, which makes it especially useful for measuring mechanical properties
of polymeric materials.

In this work, nanoindentation experiments were carried out using a Nanoinden-
ter XP (Agilent Technologies) instrument for pure npg, pure epoxy and npg—epoxy
composites. A Berkovich indenter was used and the CSM mode with a 2 nm oscil-
lation and a frequency of 45 HZ at a constant strain rate of 0.005/s was employed
for all the samples. The samples were loaded to the maximum indentation depth
and hold for 10 s, and then fully unloaded. Additionally, it is well known that
epoxy is a viscoelastic material and its deformation behavior is time and rate de-
pendent. In order to investigate the effect of strain rate on the mechanical behavior

of npg—epoxy composites, nanoindentation testing with a Berkovich indenter with
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strain rates ranging from 0.001/s to 0.1/s were carried out.

For the pure npg samples, additional nanoindentation testing using a flat punch
indenter with a diameter of 15 pym were carried out with the indentation depths
ranging from 1000 nm to 4000 nm to obtain elastic moduli at different indenta-
tion depths. The elastic modulus was calculated using Sneddon’s equation [J6],
which considers the sink-in effect of a cylindrical punch indenting into an elastic
half space. An analytical formula to calculate the compliance associated with the

deformation of the half space material is given by:

(1-1))y7

Csne on — T — 3.8
dd SEVA (3.8)

where Clpeqdon 18 the compliance of the half space material, £ and v are the
Young’s modulus and Poisson’s ratio of the substrate material, respectively, and
A is the contact area of the flat punch. Therefore, the relation between the elastic

contact stiffness .S and the elastic modulus of npg E,,, is given by:

E,,=—(1-17) (3.9)

where D* is the flat punch diameter. S can be computed from the initial un-
loading slope of the load—displacement curves. It should be noticed that the flat
punch is manufactured from a conical diamond indenter. As the penetration depth
increases, the diameter of the contact area is increasing. Therefore, D* used in
the calculation was calibrated according to the geometry of the indenter and the

indentation depth.

3.3.2 Microcompression

Microcompression experiments scale conventional uniaxial compression testing
to the microscale. In this type of experiment, a microcolumn with circular or
square cross section is compressed with a flat punch indenter in a nanoindentation
instrument ez—situ or in—situ the SEM to obtain the stress—strain response. It has
been frequently used to determine the mechanical response of various materials in
the micrometer and sub—micrometer range since it was firstly reported by Uchic
et al. [14,21,97]. Figure 3.8 shows a schematic of microcompression testing for a
cylindrical microcolumn, with initial height Hy and diameter Dy.

Compared to conventional nanoindentation testing which usually produce a
complex stress—strain field underneath the indenter, microcompression testing has
many advantages. Most importantly, it imposes a nominally uniform, uniaxial
stress state within a nominally constant deformation volume, which enables a rel-
atively straight forward stress—strain analysis. In this work, a Nanoindenter XP

(Agilent Technologies) instrument equipped with a flat punch indenter with a di-
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Figure 3.8: A schematic of the microcompression testing. A flat punch indenter is
compressed on the top of a cylindrical microcolumn. The height and
diameter of the column are Hy and Dy, respectively.

ameter of 15 pm and an InSEM nanoindentation system (Nanomechanics, Inc.)
equipped with a flat ended conical diamond indenter with a diameter of 20 pum
were used for the ex—situ and in—situ microcompression experiments, respectively.
The CSM mode with a 2 nm oscillation and a frequency of 45 HZ at a constant
strain rate of 0.001/s was employed. A typical experiment consists of two to four
loadingunloading segments, then reloading to a prescribed maximum displace-

ment, followed by a 30 s hold segment prior to final unloading.

Microcolumn fabrication

Microcolumns with sizes in the micrometer and sub—micrometer scale were fab-
ricated using FIB machining. Two types of cylindrical microcolumn fabrication
approaches were used: annular milling and lathe milling. Annular milling is easy
to carry out [17] but it creates a slightly tapered side wall along the column by
fabricating under perpendicular ion impact [958, which leads to increasing cross
section areas from the top to the bottom of the column. As a result, uniaxial
stress—strain behavior cannot be achieved. Moreover, the column height is dif-
ficult to control and the redeposition on the microcolumn surface is very hard
to be removed, especially for heterogeneous materials because of different milling
rates, which results in a relatively complicated stress—strain analysis. Figure 3.9(a)
shows an annular milled microcolumn of a npg—epoxy composite. The expected
diameter is 5 um. The taper angle of the microcolumn fabricated using ion beam
current of 3 nA is ~7°. This leads to a ~40% variation in cross sectional area for
the microcolumn with a height/diameter aspect ratio of 3:1. The microcolumn
foot is also not well defined.

Taper—free microcolumns with well controlled diameters were fabricated using
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(b) 2

Figure 3.9: Microcolumns of sample composite_200nm fabricated using (a) annular
milling; (b) lathe milling. There is a big taper on the annular milled
microcolumn. The redeposition on the column surface is strong and
cannot be removed completely. The lathe milled microcolumn is taper—
free without redeposition on the surface.

lathe milling, which was developed by Uchic and coworkers [11,97]. A typical
microcolumn of sample composite_200nm fabricated with lathe milling is shown
in Figure 3.9(b). The fabrication procedure involves several milling steps [99]. In
the first step, a ring with two circular patterns is fabricated on the material using
a high current ion beam at normal incidence. The inner diameter of the ring is
several microns larger than the desired column diameter and the outer diameter is
big enough to guarantee that the indenter is only in contact with the column and
is not touching the outer ring. The big ring is also needed for enabling oblique
imaging of the microcolumn and reducing the probability that sputtered material
redeposit back to the freshly milled surface during subsequent milling steps. In
order to decrease the milling time, a sequence of rings with decreasing outer di-
ameters but the same inner diameter and depth are usually used. The sum of the
milling depth of each ring is equal to the height of the column, as shown in Figure
3.8. After this big ring is milled with a depth close to the targeted final column
height, a circular fiducial marker on the top of the column is milled which is small
enough to not affect the mechanical behavior of the column but big enough for ion
beam imaging. The sample is then tilted to a small angle relative to the ion beam
to make sure that the ion beam mills the material from the column’s sidewalls,
as shown schematically in the green rectangular pattern in Figure 3.10. After the
rectangular milling, the stage rotates at a specified angle automatically using a
script developed by Shade and Uchic, and then begin a new rectangular milling
at the new position. After rotating 360°, a cylindrical column is fabricated. The
rectangular pattern actually determines the size of the column. An ion beam im-
age of the fiducial marker is taken before the milling and it is used by a built—in
image recognition script for stage reposition for the next milling step after each

incremental rotation. For some heterogeneous materials and microcolumns with a
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diameter smaller than 2 pum, the circular fiducial marker may not be recognizable
by the script. In this case, a thin layer of Pt is deposited on top of the column
before the second milling step. The fiducial marker fabricated on the Pt layer has

a better brightness and contrast to be recognized.

Figure 3.10: A schematic illustration of lathe milling. The rectangular pattern
with green frame is used to mill the material on the side wall of the
microcolumn. The small circular fiducial marker is used for position-
ing the stage as it is rotating. A microcolumn of desired geometry is
achieved with well controlled diameter and height.

During lathe milling, the ion beam current chosen should be considered carefully,
taking into account the milling time for each rotation and Ga™ damage during the
ion beam imaging. Since the column is imaged with the ion beam directly, FIB
damage is significant compared to annular milling where the ion beam is parallel
to the side wall of the column and no ion beam imaging is needed. Depending on
the material and the tested volume, the ion beam damage can vary [99]. In this
work, a set of microcolumns with diameters from 2 ym to 12 um for npg—epoxy
composites samples were fabricated using lathe milling, in order to consider pos-
sible artifacts from the FIB milling process. As will be shown in Chapter 6, a
microcolumn with diameter of 10 ym was found to be sufficiently large to avoid
such artifacts.

Except for the cylindrical microcolumns, a microcolumn with a square cross
section was used for the in—situ microcompression testing for a pure npg sample.
The benefit of this microcolumn is that digital image correlation (DIC) measure-
ment can be performed for the planar side surface during deformation. The square
microcolumn was fabricated using ion impact perpendicular to the side plane of
the column with rectangular FIB patterns. A square microcolumn of pure npg

with mean ligament diameter of about 400 nm is shown in Chapter 5.
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Microcompression analysis

Extracting the stress—strain response from a microcompression test requires
to consider several critical issues, such as the geometry of the microcolumn in
terms of the aspect ratio, the misalignment between the microcolumn and the flat
punch, the deformation of the underlying material, the contact friction between
the indenter and the microcolumn top surface, and the confined lateral sample
displacement [21, 100-102]. A height/diameter aspect ratio between 2:1 and 4:1
has been proved to be a good compromise between barreling and buckling [100]. A
misalignment angle greater than 1° leads to a number of test artifacts, such as an
underestimated yield point and elastic modulus, changes to the strain—hardening
response and buckling [21].

During microcompression testing, the overall compliance includes the combined
effect of the compliance of the microcolumn itself, the compliance associated with
the column acting like a flat punch indenter elastically pushing into the substrate,
and the load frame compliance. Given that compliances are additive here, the

displacement of the column Apumn is given by:

hcolumn = hraw - hsurface - hLF - hsubstrate (310)

where N,q, is the raw displacement measured by the system, A,y face is the sur-
face position identified at initial contact, hyr is the load frame displacement and

hsupstrate 1S the substrate displacement. hppr is determined by:

hip = Pc;?;m" (3.11)
where P.,jumn is the load applied on the column. The substrate displacement is
determined using Sneddon’s equation [90], as shown in equation 3.8. It is expressed
as: )

Rsubstrate = SP coturn_ (1 _Eg)Pc"l“m” (3.12)
substrate bottom

where Sgupstrate 18 the substrate stiffness, and Dyyston, is the diameter of the column
at the bottom.

Combining with equations (3.11) and (3.12), it is able to resolve the microcol-
umn displacement. The resulting expressions for the engineering strain e.,,4, the

engineering stress o.,, and the elastic modulus £ are derived by:

hco umn,
Eeong = [;0 (3.13)
P, column P, column hcolumn
- - _E 3.14
Tems T A, =D3 Hy (3.14)
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dP  FEA,
Seolumn = —— = 3.15
: dh ~ H, (3.15)
ScolumnHO PcolumnHO
E= = 3.16
AO h'columnAO ( )

where Ay is the initial microcolumn cross section area, and Seoumn is the stiffness
of the microcolumn.

With the above equations, it is able to extract the stress—strain curves from
microcompression testing. Macroscopically, the yield stress is typically identified
using the 0.2% strain offset convention. In this work, an approach based on the
loading stiffness of the microcompression testing was used to determine the yield
The loading

stiffness is defined as the slope of every two neighbor points in the loading segment

stress from the stress—strain curve, as first described in [103, 104].

of the load—displacement curve. Due to the misalignment and surface roughness
of the microcolumn, the initial contact point is not consistent with the full contact
point, which is associated with the maximum loading stiffness. As illustrated in
Figure 3.11(a), the yield point is defined as the point where the loading stiffness
becomes less than a threshold value of 20% of its maximum value. The yield stress
is then taken as the corresponding stress value. Moreover, since the CSM mode
was employed in the loading profile, variations of the elastic modulus as the strain
increases can be captured, as illustrated in Figure 3.11(b). The elastic modulus
of the microcolumn is taken from the plateau area when the indenter was fully

contacted with the microcolumn.
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Figure 3.11: (a) The yield point is defined as the point where the loading stiffness
becomes less than a threshold value of 20% of its maximum value;
(b) the elastic modulus from CSM of the microcompression testing
is taken from the plateau area when the indenter was fully contacted
with the microcolumn.
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3.3.3 Microbeam bending

Microbeam bending experiments have been previously used to assess the frac-
ture properties of internal interfaces of material [101-106], and to study size effects
and reversible plasticity [87, 107-109]. The microbeams used in those studies are
normally fabricated to rectangular shapes, which produce stress gradients with
maximum stresses at the support. A microbeam bending experiment using a
triangular in—plane geometry has been developed by Florando and Nix for deter-
mining stress—strain relations of thin metal films on silicon substrates [15, 1 10].
The geometry of this microbeam is shown in Figure 3.12. With this triangular
in—plane shape, the microbeam is subjected to a constant tensile strain on the
top surface and a compressive strain on the bottom surface simultaneously, which
allows to investigate tension—compression asymmetry of materials by evaluating

the neutral axis movement.

microbea

Figure 3.12: A schematic illustration of two microbeams with triangular in—plane
shape fabricated at the edge of a sample. On the left beam, = is the
distance of any point on the beam to the support, b(z) is the beam
width as a function of x. On the right beam, L is the distance of
the support to the loading point, by is the width of the beam at the
support, t is the beam thickness, and F' is the load. An indentation
for displacement calibration is shown near the support. The electron
beam is perpendicular to the sample edge plane. The projected view
of the microbeam side surface is imaged.

Microbeam bending testing in the SEM gives the possibility to observe the de-

formation of the side surface of the beam and use the digital image correlation
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(DIC) technique to measure the full-field displacement and strain directly. In this
work, an InSEM nanoindentation system (Nanomechanics, Inc.) equipped with
a cube corner indenter was used for the in—situ microbeam bending experiment.
The indenter was used since it is sufficiently sharp to create visible indents on the
beam, avoiding misalignment problems at the contact. It was mounted inside the
microscope chamber with the loading axis parallel to the floor. The sample was
mounted on a 90° tilted holder and placed in front of the indenter so that it was
able to load perpendicular to the top surface of the microbeam, while the electron
beam was imaging from the side surface of the microbeam and high quality images
were taken throughout the testing simultaneously for DIC measurement. Here, it
is worth to mention that with this setup, the SEM images used in the DIC analy-
ses were actually taken from the projected view of the microbeam side surface, as
shown in Figure 3.12. This doesn’t bring problems to the analysis since the target
of the present work is to evaluate the position of the neutral axis qualitatively.
Before taking the images, the imaging area of the sample was carefully adjusted
so that the microbeam was always in the field of view as it was deflected. The
magnification, brightness, contrast of the image and scan speed of the electron
beam were carefully adjusted. A typical microbending experiment consists of two
loading—unloading segments at a constant strain rate of 0.05/s with hold time
of 30 s before unloading, then reloading to a prescribed maximum displacement,
followed by a hold-load segment prior to final unloading. The experiment was

carried out for the sample composite_400nm.

Microbeam fabrication

The triangular in—plane geometry microbeam fabrication basically includes four
steps. In the first step, the sample is tilted to 52°. A near edge region of the sample
was chosen in order to minimize the amount of material to be milled by the FIB.
With the ion beam normal to the sample surface, a straight edge of the material
is milled and a trench of the material parallel to the edge is removed using 30 KV
voltage and 7-20 nA ion beam currents. The rest of the material between the edge
and the trench should be wider and longer than the final width and length of the
desired beam. The milling depth should be sufficiently deep for subsequent cuts
to release the microbeam from the material below. In the second step, the stage is
rotated by 180° to allow the ion beam mill the material normal to the side surface
of the sample and the material below the microbeam is removed, leaving sufficient
space for the beam deflection. The same ion beam parameters as for the trench
milling are used. After this step, a rectangular microbeam has been fabricated.
Thirdly, the stage is rotated again by 180° and the rectangular microbeam is cut
into an in—plane triangular shape using a lower ion current (30 KV, 1-3 nA). It

should be noted that during milling only the regions adjacent to the microbeam
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are allowed to be imaged and the microbeam should not be exposed to the ion
beam as much as possible. In order to reduce possible ion beam damage and
to remove the redeposition on the surface, a thin layer of the microbeam surface
is milled using ultra low ion current (30 KV, 0.1 nA). Importantly, in order to
make sure that the SEM images of the side surface of the microbeam are sharp
enough for DIC imaging, the last step of the microbeam fabrication is to make a
cross section cut for the side surface which facing the electron beam. Moreover,
as shown in Figure 3.12, a rectangular pad at the end of the beam is fabricated
to provide a location for the nanoindenter to bend the beam. This pad makes the
beam slightly stiffer than an ideal triangular geometry. However, it was found that
the results will converge to the ideal triangular geometry if the beam is sufficiently
long [110].

The microbeam dimension is critical for a reasonable analysis. In order to use
the plane strain bending theory, the lateral dimensions of the beam must be large
compared to the thickness. In order to obtain high quality SEM images for DIC
measurement on the side surface of the beam (surface with yellow color in Figure
3.12), during in—situ testing, the beam thickness must not be too small compared
to the mean ligament size. The microbeams utilized in the present work had
approximated aspect ratios of L : by : ¢t of 7:3:1. The thickness is about 11 times

of the mean ligament diameter.

Microbeam bending analysis

As already stated, the triangular beam has the advantage that the beam surface
is subjected to a uniform state of plane strain as the beam is deflected, with the
top being under tension and the bottom under compression. The bending moment

per unit width at any point along the beam (M) is expressed as:

M, F(L—z)  FL

M=1@) " @ -/ &

= constant. (3.17)

where x is the distance of any point on the beam to the support, b(z) is the beam
width as a function of x, M; is bending moment at any point on the beam. As
can be seen from this equation, the beam is subjected to a constant moment per
unit width. During bending, it develops a uniform curvature. As a consequence,
the material on the top surface of the beam is expected to yield simultaneously
at all points along the beam, assuming the material is isotropic. This is different
from the standard rectangular geometry beam where yielding first occurs at the
support.

A simply way to evaluate tension—compression asymmetry of the beam bend-
ing is to analyze the neutral axis movement. The neutral axis is defined as the

longitudinal plane in the cross section of the beam which does not experience any
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stress and strain and changes in length when the beam is under bending. For
a homogeneous, isotropic material, the neutral axis is at the geometric center of
the beam. As shown in Figure 3.13, all material above the mid-line of the 2D
beam is in a state of tension, while that on the opposite side is in compression.
In any transverse cross section of the beam, the equilibrium equation of forces is

expressed as:

/ cdA= [ o,dA +/ o.dA =0 (3.18)
A Ay Ac

where A; and A. are the cross section area in the tension side and compression
side, respectively; o; and o, are tension stress and compression stress, respectively.
If the material of the microbeam is heterogeneous and anisotropic, the neutral axis
might move towards to the tension side or compression side in order to balance the
force, depending on which side is stronger. One example is given in Figure 3.13,
where the neutral axis moves to the compression side during deflection due to the
progression of plastic deformation on the tension side. Knowledge of the location
of the neutral axis, which can be characterized using DIC technique, would give a

better understanding of the mechanical behavior of the material.

mid-line
top: weaker o, \

N ---1 M
bottom: stronger o,

neutral axis

Figure 3.13: The neutral axis of the microbeam moves towards to the stronger side
due to the progression of plastic deformation on the weaker side in
the example given. This neutral axis movement is dependent on the
mechanical behavior of the investigated material.

A critical issue in the beam bending experiment is that when the sharp diamond
indenter comes into contact with the beam, the measured displacement consists
of the beam deflection and the displacement due to indentation into the beam.
Depending on different materials and the total displacement, the contribution of
the indentation depth can be significant or can be negligible. In order to evaluate
the displacement due to indentation, separate indentation tests were performed
on the support of the beam, which experienced the same ion beam milling process

as the microbeam surface. The indentation for the displacement calibration is
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illustrated in Figure 3.12. It is assumed that for a given load, the indentation
displacement is the same no matter if the indenter is indenting a beam or the

well-supported material [110].

3.3.4 Digital image correlation

Digital image correlation (DIC) is a practical and effective tool for quantitative
in—plane deformation measurements on a planar surface. This technique has been
widely used in the field of experimental mechanics because of its non—destructive
and non-contact nature [L11-115]. It allows to extract the deformation field by
comparing images before and after deformation through tracking the movement of
a high contrast and randomly distributed speckle pattern on the sample surface.
The output is the full-field displacement with sub—pixel accuracy and the full-field
strain distribution which is differentiated from the obtained full-field displacement.
The images can be obtained from optical microscope for macroscale measurement

or SEM for microscale measurement [116-118].

Basic principles of DIC

The DIC technique is based on finding the best match between the local grayscale
distribution on the undeformed image (reference image) and the deformed images.
In order to provide sufficient local grayscale intensity variations, a suitable ran-
domly distributed tracking speckle pattern with high contrast on the measured
surface is very critical. The pattern can be natural surface features or artificially
obtained by sputtering and physical deposition techniques, such as air brushing,
deposition of nanoparticles, and chemical depositions [119]. It was reported that
a good speckle pattern should have a large mean intensity gradient [115]. In the
DIC analysis, a region of interest (ROI) in the reference image is firstly defined.
It is divided into small regions which are regarded as subsets. The subsets are
contiguous square or circular groups of pixel points in the reference image [120].
They should be fine enough for measuring local displacements on the scale of the
microstructural features of the material and big enough to include sufficient dis-
tinctive features [121]. The deformation is assumed to be homogeneous in each
subset and computed by tracking the same points between the reference image
and the deformed images, as illustrated in Figure 3.14. In this figure, the refer-
ence subset is centered at point P. After deformation, the subset center moves to
point P*. The image grayscale intensity function in these two center points are
P(xo,y0) and P*(xj,ys), respectively. The displacement between P and P* can
be described as a x—directional displacement component v and a y—directional dis-
placement component v. Any neighboring point ()(x;,y;) in the reference subset

is mapped to point Q*(z},y;) in the deformed image. The coordinate of point Q*
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Figure 3.14: Schematic illustration of a reference square subset before and after de-
formation. The deformation is computed by tracking the same points
between the reference image and deformed images. The subset cen-
ter moves from point P(xg,yo) to point P*(zf, y5). Any neighboring
point Q(z;,y;) in the reference subset is mapped to point Q*(z}, y;)
in the deformed image. (from [l14], reprinted with permission from
IOP Publishing)

is expressed as:

ou ou
v = @ uk (@ — o) + 5o (5= o) (3.19)
. ov ov
yi =yi+v+ %(% —x9) + a—y(% — %) (3.20)

In order to find the best match of the subsets between the reference and de-

formed images, a correlation criteria must be applied for comparison. There are

different definitions of correlation criteria [114, 115,122 123]. In this work, the
open source 2D DIC software Ncorr [120,124] based on Matlab has been used. As
demonstrated in [125], results generated from Ncorr is in good agreement with a

commercial DIC software. The correlation criteria used in Ncorr is given by:

> ipeall (@i yp) — fmlla(}, y7) — gl

A= (3.21)
\/Z(i,j)eﬂ [f (i, y;) — fm]? Z(i,j)eg[g(xf, Z/}k) — gm)?
fm _ Z(i,j)eQ f(xw y]) (322)
n
o — Z(i,j)eﬂ 9(x7,y;) (3.23)

n

43



44 Chapter 3. Methods

where f and ¢ are the reference and deformed image grayscale intensity functions
at a specific location. f,, and g,, are the mean grayscale values of the reference
and the deformed subsets. n is the number of data points in subset 2. A best
match of the subsets generates a maximum A value. Once the best match is found,
the target deformed subset can then be determined and the displacements v and
v can be obtained. In the comparison procedure, the grayscale intensity function
of a point is very critical. The grayscale value of an integer pixel location is easily
obtained from the image. A pixel accuracy of displacements can thus readily
be achieved. As for the points located between the pixels, a certain sub-pixel
interpolation scheme should be used to get their grayscale intensity [114, 115].
Ncorr uses the Inverse Compositional Gauss—Newton method as the nonlinear
optimizer to get sub—pixel resolution results and a Reliability Guided DIC method
to obtain displacement values for all the subsets [120]. The strain calculation
involves differentiation of the displacement. Any noise in the displacement field
will magnify errors in the strain field. Therefore, the displacement gradients must
be smoothed before calculating the strain fields. The method used in Ncorr is to
apply a least squares planes fit on a subset of displacement data to find the plane

parameters given in equation (3.24) and (3.25):

ou ou
ane\4, = Quy,plane a_ a_ 3.24
Uplane (T Y) = Quplane + (axplane)x + (ayplane)y (3.24)
ov ov
ane\<, — Uy, plane a_ =~ 3.25
Uptane (T, Y) = @y plane + (axplme)x + (ayplane)?/ (3.25)

where Upiane (2, y) and Upiane(x, y) are the displacement field components. ay piane,
ay plane and the displacement gradients on the plane are solved.
Once the displacement field is obtained, the Green-Lagrangian strain used in

Ncorr can be obtained by using the four displacement gradients as expressed below:

1..0u ,Ou ov

_ T2 N2 e
re = 550 + (507 + (57 (3.26)
10u Ov Oudu Ovdv
6$y—§[a—y+%+%a—y+%a—y] (3.27)
1 0v Ou,  0v,
Cyy = 5[26_y+(6_y> +(5_y)] (3.28)

When dealing with large deformations, the deformed images may change dramati-
cally and a good correlation of DIC subsets between reference and deformed image
is not possible. However, any two adjacent deformed images may not change too
much to cause correlation problems. An algorithm for using each deformed state

as the reference for the subsequent steps and updating the ROI for the deformed
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images is implemented in Ncorr. The Eulerian—Almansi displacement is solved,

which can be transformed to Green—Lagrangian displacement.

DIC with in—situ SEM imaging

The combination of SEM and DIC enables the investigation of full-field defor-
mation at the micro/nano scale [116-118]. However, it is a challenge to create
DIC speckle patterns to obtain accurate deformation results for specimens at mi-
croscale. The patterns could be identified from the microstructure surface features
on the imaged sample in some cases [117]. In other cases, where little contrast of
features on the measured surface is present, a speckle pattern can be made using
either electron beam or focused ion beam assisted deposition [104]. In this work,
the inherent high contrast pattern generated by the npg ligaments structure could
be used as a traceable speckle pattern for DIC analysis without surface modifica-
tion. This is a significant advantage for npg.

In addition to the speckle pattern, another critical challenge is the SEM imaging
artifacts such as electron beam rastering, image drift, and image distortions [116].
Image drift is naturally present in SEM imaging, and beam rastering inconsisten-
cies may lead to image distortions between subsequent image scans. Moreover,
SEM images can suffer from substantially more noise than optical images. These
artifacts can significantly impact the quality of the results and must be accounted
for in order to perform accurate SEM-DIC experiments. In this work, the dis-
placement measurement uncertainties of DIC due to the SEM imaging artifacts
were examined by imaging the sample surface using SEM conditions that were
identical to those used for the in—situ micromechanical testing. For example, for
the microbeam bending testing, a series of 260 images of the side surface of the
microbeam were obtained over the span of approximately 10 minutes, which is

comparable to the time of one microbending testing.

3.4 FEM simulation

3.4.1 FEM model meshing

The 3D reconstructions were meshed for finite element simulations using the
Amira software. Basically, triangular surface meshes were firstly created on the
surface of the reconstruction. The mesh size was controlled by changing the num-
ber of triangular faces on the surface using the “surface simplification” editor in
Amira. A small number of faces leads to coarse meshes, which may not represent
the ligament geometry adequately. A fine mesh preserves the geometry of the liga-
ments, however, it requires high computation capability. Then secondly, the mesh
was optimized using the “surface editor” option to ensure that there were no inter-

secting triangles. Additionally, other options for mesh quality optimization were
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used as well, such as the aspect ratio of triangles (ratio of radii of the circumcircle
and the incircle for each triangle), the dihedral angle (angle between adjacent tri-
angles at their common edge) and the aspect ratio of tetrahedrons (ratio of radii
of the circumshpere and the inscribed sphere). Finally, the volume enclosed by
the surface mesh was filled with tetrahedrons using the option of “TetraGen”.

It should be noted that 3D meshes obtained from Amira consist of 4-node linear
tetrahedron elements (C3D4). The C3D4 element is too stiff and extremely fine
meshes are required to obtain accurate results. For tetrahedral element meshes, it
is recommended to use the second—order or the modified tetrahedral elements, i.e.,
C3D10 (10-node quadratic tetrahedron) or C3D10M (10-node modified tetrahe-
dron) [126]. In this study, C3D4 meshes were converted into C3D10 meshes in
Abaqus v.6.14 (Dassault Systems Simulia Corp).

3.4.2 Boundary conditions and material parameters

Finite element simulations on the 3D reconstructions were carried out in Abaqus
v.6.14. Symmetry boundary conditions were applied to the nodes on the planes
x=0, y=0 and z=0, as illustrated in Figure 3.15(a). The load was applied as a
homogeneous displacement of all nodes on the top side of the model. All nodes on
the side faces were free to move to capture the boundary conditions of a uniaxial

compression experiment.
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Figure 3.15: (a) Symmetry boundary conditions were applied to the nodes on the
planes x=0, y=0 and z=0. Ul, U2, U3 are displacements in X, y, z
direction, respectively; (b) black line: constitutive law of gold with
yield stress g, 4o1a=700 MPa, elastic modulus Eyq=81 GPa and work
hardening rate ¥,,q=1000 MPa; blue line: constitutive law of epoxy
with yield stress oy epory=97 MPa, elastic modulus E.poy=4.7 GPa
and without work hardening.

The constitutive laws for the gold ligaments and the epoxy for the simulations

are not clear. Due to the known size effect of gold [17,25,20], the determination of
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an accurate constitutive law is itself a great challenge. Moreover, the mechanical
behavior of epoxy is rate and time dependent. Since the objective of the FEM
simulations in the present work is to investigate the influence of the microstructural
parameters on the mechanical behavior of the 3D structural geometry, not much
effort was made to develop an accurate material model. A simple isotropic elastic—
linear plastic stress—strain relation was adopted. Figure 3.15(b) shows the material
properties used in the study. The yield stress of gold oy, 014 is 700 MPa. The elastic
modulus of gold Eyqq is 81 GPa and work hardening rate 44,4 is 1000 MPa. This
extremely high work hardening rate is suggested in [35], which gave a reasonable
fit to the experimental results. The yield stress and elastic modulus of epoxy
were taken from nanoindentation testing of a pure epoxy, which was also used
for the infiltration process of npg—epoxy composites. It is assumed that there is
no work hardening and the hardness/yield stress ratio is 3 for the epoxy sample.

Additionally, the Poisson’s ratio of gold and epoxy are 0.42 and 0.35, respectively.
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4. 3D Microstructural Characterization of

Npg

In this chapter, the systematic quantitative structural analyses carried out
for the 3D reconstructions of sample composite_20nm, composite_50nm, compos-
ite_200nm, composite_350nm and composite_400nm are presented. Characteristic
microstructural parameters such as relative density, diameter distribution, spe-
cific surface area, connectivity density and directional tortuosity are quantified
for the gold phase of the reconstructions. With such quantitative information,
representative volumes (RVs) of the npg structure are identified, assuming that
the infiltration of epoxy does not significantly alter the geometry of the npg net-
work. The results from the quantitative analyses of the RVs are then presented

and discussed.

4.1 Image processing

The open source image processing software Fiji [127] and the commercial 3D re-
construction software Amira 4.1 package (Mercury Computer Systems, Inc.) were
used for the image processing, including registration, segmentation, 3D visualiza-
tion and 3D skeletonization. Before implementing these processes, it is necessary
to remove the image noises using some filtering schemes or adjust the brightness
and contrast of the images firstly. For the cross section images of npg—epoxy
composites, it was demonstrated that little efforts were needed for the original im-
ages as long as the slicing and imaging conditions stated previously were properly

adjusted for this bicontinuous structure.

4.1.1 Registration

After acquiring the stack of images, the first step is to align the sequential
slices relative to each other spatially to eliminate the offset of the images, which
is called registration. During the image acquisition, any small changes in the
SEM viewing area due to random beam shift and/or sample drift can translate
to significant in—plane image displacements between successive image slices. In
this work, a sub—pixel registration algorithm was used, which is based on the

gray intensity of the stack of images using the plugin of “stackreg registration” in
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the Fiji software [127,128]. Because of the highly distinguishable gold and epoxy
structures in the 2D slices, the image alignment is quite feasible using this plugin.
Figure 4.1(a) illustrates a stack of images with a nominal spacing of about 23 nm

after registration.

(b)

Figure 4.1: (a) 2D cross section images with a nominal spacing of about 23 nm.
The bright field is the gold phase and the dark field is the epoxy phase;
(b) 3D visualization of the reconstructed npg structure with a mean
ligament diameter of 421 nm. The cubic volume is (3 pm)?>.

4.1.2 Segmentation

After registration, segmentation was carried out for the voxel based dataset,
which is to partition regions with respect to the different phases on the images. It
enables accurate determination of whether each pixel is occupied by the gold or the
epoxy phase. The easiest segmentation technique is the use of a threshold value,
i.e., all voxels having a grayscale value within a certain range are partitioned into
the same segment. Segmentation with a uniform threshold value demands for an
excellent image quality without image shadowing artefacts [129]. The threshold
segmentation method is particularly useful for npg—epoxy composites because of
its highly distinguishable ligament and epoxy structures on the 2D slices.

In this work, the threshold option of Fiji software was used for the segmentation.
The threshold value for the 3D reconstructions of the five samples were determined
by a careful comparison of the ligament geometry in the original slices and the
slices after segmentation with a specific threshold value. After segmentation, the
images were binarized with two gray values left: 255 for the gold phase in white and
0 for the epoxy phase in black. Figure 3.5(c) shows the image after application of
the segmentation process to image 3.5(b). There is no obvious difference between

the two images in terms of the ligament geometry.
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4.1.3 3D visualization

The 3D visualization was performed with the 3D viewer options of either the
Fiji or the Amira software. Figure 4.1(b) shows the 3D rendering of a reconstruc-
tion of the gold phase of a npg—epoxy composite. The 2D slices that consist of
the reconstruction are shown in Figure 4.1(a). Figure 4.2 shows orthogonal cross
section images through a reconstruction. The XY plane is the original slice ob-
tained from the experiment. The YZ and XZ planes are the slices created from
the reconstruction. Assuming the structure is isotropic, obvious microstructural

differences among the three plane views cannot be seen, which indicates that a

good quality 3D reconstruction was obtained.

Figure 4.2: Orthogonal cross sections through a reconstruction. The (a) XY plane
is the original slice obtained from the SEM imaging. The (b) YZ and
(c) XZ planes are the slices created from the reconstruction. Obvious
microstructural differences among the three plane views cannot be
seen.

From the 3D reconstructions, both surface and volume meshes of the gold phase
can be obtained for various investigations. On the one hand, the surface meshes
were used for surface properties determination, such as specific surface area and
surface normal distribution. On the other hand, the volume meshes were used as

input for finite element simulations.

~

&= O

(a) (b) (c)

Figure 4.3: Ligaments extracted from the 3D reconstructions: (a) a ligament with
a large aspect ratio (length/diameter) of about 8; (b) a interconnected
ring structure with varying diameters; (c) disconnected ligaments.
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Various ligament structural features were observed in the 3D reconstructions.
As shown in the 3D visualization, some of the ligaments are interconnected via
thick nodes. Mostly, it is very hard to distinguish the nodes from the ligaments.
Some of the ligaments at the edge of the given volume are not fully interconnected
because they are cropped from a bigger volume. Most of the ligaments have an
irregular shape with varying diameter. Deformation will be localized within the
ligaments with smaller diameters. Figure 4.3 shows the 3D view of three kinds
of ligaments from the reconstructions: (a) a ligament with a large aspect ratio
(length/diameter) of about 8, (b) a interconnected ring structure with varying

diameters and (c) disconnected ligaments.

4.1.4 3D skeletonization

As observed from the 3D visualization of the reconstructions, it is not easy to
distinguish the nodes from the ligaments since they have irregular shapes. The
3D skeletonization gives a more direct and clear representation for the 3D recon-

struction by abstracting the nodes and ligaments into a skeleton.

(b)

Figure 4.4: (a) 3D skeletonization of a npg structure obtained from the Fiji soft-
ware. The ligament skeletons are shown as black branches. The
corresponding 3D reconstruction is shown in Figure 4.1(b); (b) a 2D
schematic illustration of the ligament skeletons. The black branches
are connected by the blue nodes.

The open source software Fiji with the “Skeletonize3D” [130] and the “Ana-
lyzeSkeleton” [131,132] plugins were used for the visualization and analysis of
the 3D skeletons of npg structures. Firstly, a thinning algorithm [133] was used to

find the centerlines of the features of the structure for the binary stack of images.
Basically, the surfaces of the features are eroded iteratively and symmetrically

until only the medial position remains, such that the connection of the object is
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preserved. Figure 4.4(a) gives the 3D skeletonization of the npg structure shown
in Figure 4.1(b). A 2D schematic illustration of the skeletons is shown in Figure
4.4(b), where the black branches are connected by the blue nodes. The “Ana-
lyzeSkeleton” plugin of Fiji was used for the skeleton to obtain some quantitative
information, including the number of branches, the 3D coordinates of the two

nodes which connect each branch and the branches length.

4.2 Geometrical microstructural parameters def-
inition

Usually the quantitative analysis of geometrical microstructure of materials is
divided into two categories [134]: (1) the analysis of metric properties, and (2) the
analysis of topological properties. Metric properties are those values which depend
on the details of shape of the features in the structure, such as relative density,
size distribution and specific surface area. Topological properties are those values
which are descriptions of the skeleton of the features in the structure, such as
connectivity. Except for these two categories, the directional tortuosity can be
used to describe the direction related properties. In this section, the approaches

of determining these microstructural parameters for the gold phase of npg—epoxy

composites are briefly introduced.

4.2.1 Relative density

The solid relative density can be determined by various methods, such as mer-
cury injection method, imbibition method and gas expansion method [135]. For
npg, it is normally estimated based on the amount of composition of Au in Au-Ag
alloy or using equation (2.1). However, macroscopic volume shrinkage up to 30
vol.% is observed during the dealloying of Au—Ag alloy [136]. If the volume shrink-
age is not considered, the relative density can be significantly underestimated. It
is also estimated by stereological analysis using the relation: p,,/ps = Sa, where
Sa is the area fraction of the gold phase on a 2D image. With the voxel based 3D
reconstructions, the gold relative density is directly determined by the ratio of the
number of voxels in the gold phase and the total number of voxels in the given
volume. An image processing error of +2% was found by manually changing the

image contrast, brightness and threshold value for the segmentation process.

4.2.2 Ligament diameter distribution

The ligament diameter D is usually estimated based on measurements on SEM
micrographs of the ligament cross sections using the measurement tool of SEM
operation interface or image processing softwares, which is not easy to probe the

internal microstructure information. In the present study, it is defined as the thick-
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ness at one point within a feature, which is the diameter of the greatest sphere
that fits within the feature and includes the point [137]. For example, Figure 4.5
shows a point p in the feature. It is in the sphere that fits within the feature and
centers at point o with radius of r. The maximum diameter of the sphere is the

thickness of the feature at point p.

Figure 4.5: Thickness at one point within a feature is defined as the diameter of
the greatest sphere that fits within the feature and includes the point.
(from [137], reprinted with permission from John Wiley & Sons, Inc.)

(b)

Figure 4.6: (a) Ligament diameter color map of a 2D slice of the 3D reconstruction
of sample composite_400nm; (b) ligament diameter color map of a 3D
reconstruction of sample composite_ 400nm. The color bar shows the
diameter in nanometer.

For a voxel based 3D reconstruction, at each voxel of a ligament, there is a
greatest sphere with a specific diameter that fits within the ligament and includes
the voxel. The diameter values vary at different voxels in the ligament structure,
creating a ligament diameter distribution. It is worth noting that this method does
not handle anisotropic voxels according to the description of the algorithm [137].
Therefore, before calculating the ligament diameter distribution of the reconstruc-
tions, the datasets need to be resampled to obtain isotropic voxels. For example,
the datasets of sample composite_350nm is resampled by scaling the voxel size from
25.0%25.0%20.0 (nm)? to 20.0x20.0x20.0 (nm)3. This can be easily carried out
by increasing the amount of pixels with a factor of (1.25)? for the stack of images
in Fiji. Figure 4.6 shows an example of the ligament diameter color map of the

3D reconstruction of sample composite_400nm. Different colors indicate different
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diameter values, which can be obtained to create a ligament diameter distribution.
The pore/epoxy diameter distributions can be obtained and visualized using the
same approach. It should be noted that since it is not possible to distinguish
the ligaments from the nodes, the term “ligament diameter” in this thesis actually
means the “solid diameter” of the structure, including the ligaments and the nodes

diameter.

4.2.3 Specific surface area

The specific surface area Sy determination is related to various applications of
npg associated to the high surface area to volume ratios, such as catalysis, sensing
and actuation [1,2,5]. A well known approach to determine the specific surface
area of nanoporous materials is the Brunauer, Emmett and Teller (BET) method.
It is based on the adsorption of nitrogen molecules onto the material surface [135].
Although this method is very reliable, the setups used for the measurement require
at least a few hundred milligrams of porous material for a reliable evaluation, which
is too much for npg used for common experiments. An analytic, computational
and experimental approach using a dimensional analysis for the determination
of the surface area based on the information of mean ligament size and relative
density was developed recently [139].

With the advantages of the 3D reconstruction, the net surface area of the gold
can be determined directly by calculating the surface area of a meshed structure.
The specific surface area is determined by calculating the area of the surface
meshes Sgoq per total volume of the sample, including both the gold and the

epoxy phases (Viotar = Vyoid + Veposy), as shown in equation (4.1).

Sy = Sgold (4.1)

‘/total

4.2.4 Topology properties

There are two classes of structural aspects related to the topological proper-
ties [134]: (1) the amount of fully interconnected parts of the feature in a unit
volume of the structure. It can be simply quantified as relative density of the
fully interconnected features V&, and (2) the connectivity C' of the features in the
structure.

When determining the topology properties of a 3D network structure which
has been cut from a big volume, one must be aware that the connections will
be lost and that isolated components may be created from the cutting process.
Figure 4.7(a) and 4.7(b) show the 3D reconstructions of the gold network of sam-
ple composite_20nm with a volume of (600 nm)? and sample composite 400nm

with a volume of (6 ym)?, respectively. The yellow regions are the interconnected
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Figure 4.7: (a) A 3D reconstruction of the gold network of sample composite_20nm
with a volume of (600 nm)?3; (b) a 3D reconstruction of the gold net-
work of sample composite_400nm with a volume of (6 ym)3. The yellow
regions show the interconnected gold ligaments, while the red are gold
phase, which are not fully interconnected to the remaining structure
within the given volume. The volume fractions of the red regions in
the left and right figures are 0.2% and 1.1%, respectively.

gold phase, while red are gold phase, which are not fully interconnected to the
remaining structure within the given volume. The volume fractions of these “free
floating” parts in the left and right figures are 0.2% and 1.1%, respectively. There-
fore, the gold ligaments in the given volumes are 99.8% and 98.9% interconnected

for the reconstructions (a) and (b), respectively.

(a) (c)

Figure 4.8: Basic understanding of connectivity C' and genus G (assume there
are no enclosed voids in the features): (a) C=G=1; (b) C=G=2; (c)
C=G=3. (from [135], reprinted with permission from Elsevier)

Connectivity is a measure of the degree to which the structure under study
is multiply connected. It is defined as the number of nonredundant closed—loop
paths by which all regions inside the structure can be inspected [135]. Redundant
loops are those that do not give access to any new parts of the structure. The
basic topology theorem states that the connectivity of a closed structure is equal
to its genus G, assuming that there are no enclosed voids in the features. The

genus is the maximum number of branches that may be cut without separating
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the structure into disconnected parts [134]. The existence of an enclosed void in
the feature results in a decrease of the genus by 1. Connectivity and genus can be
simply thought of as the number of ring structures in the volume. A direct under-
standing of connectivity and genus of a multiply connected and closed structure
is shown in Figure 4.8. The first structure is a torus which has one nonredun-
dant closed-loop and can only be cut once without separating it into two pieces.
Thus, it has a connectivity or genus of 1. The structure in Figure 4.8(b) has two
nonredundant closed—loops and it can be cut twice until it is separated into two
parts. The dashed line loop is actually a redundant loop which doesn’t occupy
any new parts of the structure. Therefore, the connectivity of this structure is
2. Figure 4.8(c) gives an example of a connectivity 3. For npg, the connectivity
is important because during microstructure evolution, connectivity may decrease
because of ligament pinch—off events [1410)].

The Euler number y is the key to the determination of connectivity mathemat-
ically. It is related to connectivity and the number of components as shown in
equation (4.2):

X = fo— b1 + B (4.2)

where [y is the number of components, ; is the number of nonredundant closed—
loop paths, which equals to the connectivity, and Sy is the number of enclosed
voids fully surrounded by the components, respectively. The Euler number can be
calculated from the voxel-based datasets of the 3D reconstructions. If the isolated
components are removed in a purification step due to the very low volume fraction
and only the fully interconnected components are considered in the analysis, i.e.,
no isolated parts are taken into account (5 = 1), and the possible existence of

enclosed voids are neglected (52 = 0), equation (4.2) simplifies to:

In a voxel-based 3D reconstruction, the Euler number x can be determined from
the number of voxel corners ag, voxel edges aq, voxel faces as, and voxel volumes
Q3 as:

X = Z(_l)iai =Qp—art+az— a3 (4.4)

Thus, (1, i.e. the connectivity can be resolved with equation (4.3) and (4.4).

It should be noted that the cutting process stated previously leads to a biased
estimation of connectivity since for a structure with limited volume, it is impossible
to know exactly how the volume is connected by its boundaries. For example, on
the one hand, the ligaments at the edge of the volume might have connected with
each other, however, because of the cutting process, the connections are destroyed.
On the other hand, there might be not any connections among the ligaments at the

edge as well. The correct value of connectivity of the structure should be between
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(b)

Figure 4.9: A schematic illustration of the two extremes of connectivity: (a) all
branches crossing the boundary connected to the external node, C'=6;
(b) all branches capped at the sample surface, C=2. (from [l31],
reprinted with permission from John Wiley & Sons, Inc.)

these two extremes [131], which are shown schematically in Figure 4.9. This edge
problem can be considered by using the addition theorem to estimate the Euler

characteristic of the intersection of two sets Sy and Sy [111], as expressed as:
X(S1 U S3) = x(51) + x(52) — x(51 N 52) (4.5)

It shows that the intersections of lower dimensional elements on the volume surface
must be taken into account.

In the present study, an unbiased quantification of connectivity that is free
of geometric assumptions was carried out for the voxel based dataset of the 3D
reconstructions using the algorithm described in [134, 141, 142]. This algorithm
has been implemented into the BoneJ plugin for the Fiji software. It firstly uses
voxel neighbourhoods to calculate the Euler characteristic of the volume x as if
it is floating in space. Then it calculates the contribution of the volume to the
Euler characteristic of the entire structure it was cut from by checking the lower
dimensional elements at the intersections, such as corners, edges and faces on the

voxels [143]. The contribution Ay is expressed as:

6 12
1 1 1
Ax=x—5 X(F)+ 7> X(E)= > x(P) (4.6)
1 1 1
where x(F'), x(£) and x(P) are the Euler characteristic of the face, the edge
and the corner on the voxels at the intersect surface of the volume, respectively.

A face is shared by two voxels, an edge is shared by four voxels, and a corner
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is shared by eight voxels, which is the reason of different denominators in the
equation [I11]. The details of the algorithm can be found in [134, 111, 1412]. The
fully interconnected ligaments were taken into account by deleting the floating
ligaments using the “purify” option of Fiji. Since the connectivity naturally scales
with the volume, the connectivity density Cy is used, giving the connectivity per

unit sample volume.

4.2.5 Directional tortuosity

Tortuosity usually describes the influence of the morphology of a porous media
on its effective transport properties [111]. There are many definitions of tortuosity
[145]. The most straightforward and frequently used definition is the distance

metric tortuosity 7, which is the ratio of the actual path length of a curve along

certain direction and the linear distance between the end points [146], as given by:
l

T=— 4.7

= (@.7)

where [y is the actual path length and L is the linear distance. Thus, a straight
channel gives tortuosity of 1. A curved pore channel inside a porous material

increases the length of the transport paths and therefore increase the tortuosity.

top plane ————

bottom plane ———

Figure 4.10: A 2D schematic graph of a skeleton shows the dead—end nodes, nodes
on the sample surface plane, triple junctions and quadruple junctions.
The shortest path L, from node a to b is shown in red and the dis-
tance between the top and the bottom plane is L.. The directional
tortuosity between a and b is L./L,. The average directional tortu-
osity between the node pairs on the top and the bottom planes give
the directional tortuosity of the entire skeleton.

In the present work, it is of interest to investigate how the load may be trans-
ferred through the gold network structure. The directional tortuosity 7p serves
as such a characteristic, which can be correlate to the mechanical response. It is
defined as the ratio of the averaged shortest path length L, between two parallel
planes of the volume over all pairs of nodes on the top and the bottom planes
of the volume to the euclidean distance between the top and the bottom plane

L.. Figure 4.10 is a 2D schematic of a skeleton of ligament structure showing
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dead—end nodes, nodes on the sample surface planes, triple nodes and quadruple
nodes. The highlighted path in red gives an example of the shortest path. Ap-
parently, there are several paths from node a to node b. However, the shortest
length is shown in red. Each node on the top plane can find a shortest path to
reach a corresponding node on the bottom plane. The average length of all the
shortest paths in the loading direction is obtained and is used for the calculation

of directional tortuosity in this direction.

o -

Tp>1 Tp>1
(a) (b) (c) (d)

Figure 4.11: Schematic showing how structures with constant volume fraction but
different directional tortuosity exhibit different stress—strain behav-
iors: (a) Tp=1; (b) 7p>1; (c¢) Tp>1; (d) possible stress—strain curves.

The directional tortuosity reflects the load transfer capability of the structure in
different directions. Figure 4.11 shows schematically how can three equivalent vol-
ume fraction microstructures be distinctively arranged. Figures 4.11(a), 4.11(b),
and 4.11(c) show the material with three different microstructures but the same
volume fractions. The same amount of load is applied in the same direction. The
possible stress—strain curves are shown in Figure 4.11(d). It can be imagined that
with a smaller directional tortuosity, the structure is stiffer due to a shorter load
transfer path. Even with the same directional tortuosity, the mechanical response
can be different, depending on other structural parameters, such as the size dis-
tribution and the connectivity.

Practically, only fully interconnected ligaments within the investigated volume
are taken into consideration, so that any nodes are accessible from any other ar-
bitrary nodes within this volume. Graph theorists have developed a number of
algorithms to calculate the shortest path and corresponding distance between all
pairs of nodes in a graph. These can then be averaged after division by the distance
between the top and the bottom surface to determine the tortuosity in the loading
direction. Using graph theory requires a very clear representation of the network
of the structure, which can be achieved from the 3D skeletonization analysis, as
introduced in section 4.1.4. Before implementing the skeletonization process, the
floating ligaments of the volume were deleted using the “purify” option of Fiji,

such that the branches of the ligament skeleton are fully interconnected.
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In order to calculate all the shortest paths and their length based on the 3D
skeleton, a Python language script was written using a modified Dijkstra algorithm
based on the Python language software package NetworkX, which has already been
used for studying complex network structures [117]. Directional tortuosities along
different directions in the reconstructions were calculated and their influence on

the mechanical anisotropy of the npg network was presented in Chapter 5.

4.3 Representative volumes

A critical problem in quantitative 3D microstructural analysis is establishing
a statistically representative structure. This problem might be caused by lim-
ited volume of analyzed material. A representative volume (RV) is defined as a
volume sufficiently large to be statistically representative of the entire sample’s
microstructure, and it represents the mechanical behavior of the sample with a
desirable accuracy. The mechanical behavior of RVs are introduced in Chapter 5
based on finite element simulations on the meshed 3D reconstructions. Here the
determination of microstructural RVs of the 3D reconstructions of the five samples

and their quantitative analyses are presented.

4.3.1 RVs determination

The microstructural RVs were identified from the microstructural parameters of
the gold phase, i.e., relative density, mean ligament diameter, specific surface area
and connetivity density. In order to quantify the 3D structures systematically,
considering both spatial variations and volume dependence, the 3D reconstruc-
tion datasets of each sample were divided into 6 cubic regions with a constant
volume, as shown in Figure 4.12. The volume of each region is summarized in
Table 4.1. Each region was subdivided into 8-15 smaller cubes with increasing
cubic length. The microstructural parameters of each cube were analyzed. The
combined spatial variations and volume dependent analyses were carried out for
the 3D reconstructions of the five samples.

Figures 4.13-4.17 show the analyzed microstructural parameters as a function
of the cubic length of the 3D reconstructions of the five samples. The results of
the six regions are plotted with the same colors as the region numbers shown in
Figure 4.12. As can be seen, for all the five reconstructions, the parameters exhibit
big variations until they converge to constant levels with increasing cubic length.
The cubic volume corresponding to the point of convergence defines the RV of the
gold network. The RV sizes are summarized in Table 4.1. The same analysis can
be performed for epoxy phase. Since the npg—epoxy composites have bicontinuous
structure, the volume of the epoxy phase is the difference of the total volume of

the cube and the volume of the gold phase, and the epoxy phase has the same
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Figure 4.12: A combined spatial variation and volume dependent analysis of the
gold network: the 3D reconstruction datasets of each sample were
divided into 6 cubic regions with constant volume, and each region
were subdivided into 8-15 smaller cubes with increasing cubic length.
Each cube was quantitatively analyzed in terms of its microstructural
parameters to determine the microstructural RVs.

specific surface area and topology properties as the gold phase.

the gold phase are applicable to the epoxy phase as well.
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Figure 4.13: Microstructural parameters of the gold phase as a function of cu-
bic length of sample composite 20nm: (a) relative density; (b) mean
diameter; (c) specific surface area; (d) connectivity density. The pa-
rameters converge to constant levels when the cubic length is beyond
0.4 pm. The microstructural RV size was estimated as ~0.6 pym.
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Figure 4.14: Microstructural parameters of the gold phase as a function of cu-
bic length of sample composite_50nm: (a) relative density; (b) mean
diameter; (c) specific surface area; (d) connectivity density. The pa-~
rameters converge to constant levels when the cubic length is beyond

0.5 pm. The microstructural RV size was estimated as ~0.7 pm.
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Figure 4.15: Microstructural parameters of the gold phase as a function of cubic
length of sample composite_200nm: (a) relative density; (b) mean
diameter; (c) specific surface area; (d) connectivity density. The pa-
rameters converge to constant levels when the cubic length is beyond

1.8 pm. The microstructural RV size was estimated as ~2.1 pm.
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Figure 4.16: Microstructural parameters of the gold phase as a function of cubic

Relative density

length of sample composite_350nm: (a) relative density; (b) mean
diameter; (c) specific surface area; (d) connectivity density. The pa-~
rameters converge to constant levels when the cubic length is beyond
4.0 pm. The microstructural RV size was estimated as ~6.0 pm.
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Figure 4.17: Microstructural parameters of the gold phase as a function of cubic

length of sample composite_400nm: (a) relative density; (b) mean
diameter; (c) specific surface area; (d) connectivity density. The pa-~
rameters converge to constant levels when the cubic length is beyond
4.0 pm. The microstructural RV size was estimated as ~6.0 pm.
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Table 4.1: Volume of each region shown in Figure 4.12, and microstructural RVs
of the gold phase determined from quantitative analyses of the 3D re-
constructions of the five samples.

Sample Volume of each region Volume of RVs
composite_20nm (0.8 pm)3 (~0.6 pm)?3
composite_50nm (1.0 pm)? (~0.7 pm)?3
composite_200nm (3.6 pm)? (~2.1 pm)?3
composite_350nm (8.0 um)? (~6.0 pm)?
composite_400nm (8.0 pym)3 (~6.0 pm)?3

4.3.2 Quantitative analyses of RVs

Since the RVs are supposed to capture representative microstructural informa-
tion, the quantitative results of RVs are considered to represent the microstructure
properties of the correspondent material. Table 4.2 summarizes the RVs size of
each sample and the correspondent relative density, mean diameter, specific sur-

face area and connectivity density of the gold phase. These results are derived

Table 4.2: Quantitative microstructural analyses results of the gold phase RVs of the five
samples (Lpy: cubic length of a RV py,,/ps: relative density; <D>: mean ligament
diameter; Sy : specific surface area; Cy: connectivity density).

Sample Lry (pm) Pnp/ Ps <D> (nm) Sy (pm~1!) Cy (pm=3)
composite_20nm ~0.6 (29.6+0.4)% 27£0 36.5+0.5 (6.44-0.2)x 103
composite_50nm ~0.7 (30.4£0.4)% 45+1 22.3+0.2 (1.240.1)x10?
composite_200nm ~2.1 (34.0£0.6)% 210+5 5.5+0.2 8.1+1.7
composite_350nm ~6.0 (35.5+0.6)% 365+3 3.5+0.0 2.440.2
composite_400nm ~6.0 (33.4+0.3)% 421+4 3.1+0.0 1.3+0.1

from the average results of the six regions at the RV size, and the error is the
standard deviation. It was found that the gold relative density is ranging from
29%-35% for the five samples. The results are actually very consistent for all the
samples if image processing errors (£2%) are considered. As can be seen from
Table 4.2, the specific surface area decreases with increasing the mean ligament
diameter. The difference between the smallest and the biggest ligament diameter
samples is more than one order of magnitude. The possible influences of specific
surface area on the mechanical behavior of npg—epoxy composites were discussed
in Chapter 6. The inverse of specific surface area scales linearly with the mean
ligament diameter, as shown in Figure 4.18.

The scaling effect is also reflected in the mean ligament diameter. It was found
that the cubic length of the RVs scales with the mean ligament diameter with a fac-
tor of around 15. This observation of linearly scaling supports the self-similarity

of the npg network, as revealed by the visually indistinguishable structures shown
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Figure 4.18: Plot of the inverse of specific surface area S;,' vs. the mean ligament
diameter <D>. A linear fit to the data points reflects the direct
proportionality of S‘}l and <D>.

in Figure 4.7. The quantitative analysis of the self-similarity of npg coarsening has
been investigated in terms of its metric and topological structural properties, i.e.,
ligament diameter distribution and scaled connectivity density [145]. The scaled
ligament diameter distribution of a RV of sample composite_ 400nm is shown in
Figure 4.19(a). It is normalized to area 1 and could be fitted by a Gaussian func-

tion. Figure 4.19(b) shows the scaled ligament diameter distributions of the RVs

24 2.2
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Figure 4.19: (a) Scaled ligament diameter distribution, normalized to area 1 and
Gaussian fits for the RV of sample composite_400nm (ligament diam-
eter 3D color map is shown in Figure 4.6); (b) Gaussian fits to the
scaled ligament diameter distributions normalized to area 1 for the
RVs of the five samples.

of the five samples. As can be seen, the center positions are very close to one and
the full width at half maximum values of the Gaussian fits are nearly constant,
which indicates that ligament diameter distributions of the RVs of as—dealloyed
and isothermally annealed npg structures are nearly self-similar, at least in the
investigated early and mid stages of coarsening. The differences of the distribu-

tions might be attributed to the 3D reconstruction error in the slicing direction,
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as introduced in Chapter 3. The spacing between the slices which compose the
3D reconstructions may significantly deviating from the constant value set in the
“auto slice and view” script or the average value, as used in the present study. The
constant slice thickness used in the reconstruction may lead to a bigger ligament
diameter and a larger spread in the ligament diameter distribution compared to a
reconstruction using the actual slice thickness, which was accurately determined
recently by using a well-defined wedge-shaped geometry trench for the volume of
interest of a npg sample in the “auto slice and view” procedure [119]. This error
analysis was not taken into account in the present work. Nevertheless, an kinetics
analysis of the coarsening behavior of the five samples revealed that the growth
exponent of the npg structure is very close to 4 [118]. This value is expected for
surface diffusion dominated coarsening which support the view of self-similar npg

microstructure evolution [140, 1418, 150].
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Figure 4.20: The scaled connectivity density of the five samples are nearly con-
stant at around 0.1, which indicates that the npg structure are nearly
topologically self—similar.

The topology properties are also very important for the understanding of the
self-similar coarsening behavior. During the microstructure evolution, topologi-
cally singular events such as ligaments collapse and pinch—offs must occur in order
to establish the self-similarity [140, 148, 151]. This will lead to the loss of con-
nectivity with coarsening time. It was found that the difference of connectivity
density between the smallest and the biggest mean ligament diameter samples in
the present work are more than 3 orders of magnitude, as can be seen from Table
4.2. Interestingly, the inverse of the connectivity density actually reflects the total
volume per ring structure, including the ligament and the pore. Thus, the num-
ber of rings in a characteristic volume <D>? is Cyy<D>3 [118]. Cy<D>? is a
dimensionless parameter that enables to compare npg microstructure with varying
mean ligament diameters directly. The effects due to the varying length scales of
ligaments as the microstructure evolution is avoided. That is to say, the changes

of the scaled connectivity density are due to the topological evolution during the
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coarsening process instead of a change in the ligament length scale. For the five
samples used in the present studies, it was found that the scaled connectivity
density are nearly constant at around 0.10 [118], as shown in Figure 4.20. This
indicates that the npg structure is topologically self-similar as well. The self—
similarity has also been discussed in terms of the principle curvatures of the ring
structure recently [152]. It enables to identify the critical structural parameters
which can be used to describe the mechanical behavior of the global npg structure
over varying length scales. Thus, it is possible to investigate the applicability of

Gibson—Ashby scaling relations for the prediction of the mechanical properties of

npg.
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Figure 4.21: Directional tortuosity results of the gold network in region 1 of sam-
ple composite_400nm: (a) three directions (x, y, z) of the reconstruc-
tions: y is the dealloying direction and z is the FIB slicing direction;
(b) directional tortuosity as a function of cubic length of the 3D re-
construction. The differences of directional tortuosities in the three
directions decrease remarkably when the cubic length approaches 6

pam.

It should be noted that the RVs determination presented in this section con-
siders three metric properties and one topology property, which are descriptions
of the global structure of the gold phase. Apart from these, the directional tor-
tuosity was analyzed to investigate the direction related microstructure property.
Figure 4.21(b) shows the directional tortuosities in the three directions (x, y, z)
as a function of cubic length of the npg 3D reconstructions of sample compos-
ite_.400nm region 1. The cubic length is ranging from 2 to 8 ym. As shown in
Figure 4.21(a), y is the dealloying direction of the npg sample synthesis, and z
is the FIB slicing direction in the FIB-SEM tomography experiment. As can be
seen from Figure 4.21(b), the differences of directional tortuosities in the three

directions decrease remarkably when the cubic length approaches 6 pm, which is
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in the range of RV size of sample composite_.400nm determined previously. The
strong anisotropy results below RV size could be a finite volume effect. Above the
RV size, the slight differences of the directional tortuosities in the three directions
of each cube might be attributed to the inherent nature of npg microstructure
and possible image processing error. It is observed that the smallest directional
tortuosity always appears in the z direction, which is the FIB slicing direction of
the “auto slice and view” procedure. This procedure may lead to errors in the
voxel size determination, which degrade the accuracy of the 3D reconstructions.
As a consequence, the directional tortuosities in this direction differ from others.
Additionally, it is unknown how the dealloying process influences the directional

property, which is out of the scope of the present work.

4.4 Conclusions

In this chapter, a 3D microstructural characterization approach for npg network
structure was established using FIB-SEM tomography for the npg—epoxy compos-
ite samples, which were produced from as—dealloyed to isothermally annealed npg
with mean ligament diameters of 27 nm, 45 nm, 210 nm, 365 nm and 421 nm.
The 3D reconstructions were quantitatively analyzed. With the 3D microstructure
information, RVs of the gold phase structure of the composites, which is assumed
to be equivalent to the pure npg structure were determined. The RV sizes were
about 15 times the mean ligament diameter. It was found that the npg structure
coarsens in a nearly self-similar manner in terms of the ligament diameter distri-
bution and the scaled connectivity density. The self—similarity allows to identify
critical structural parameters that can be used to describe the npg structure with
varying length scale. Importantly, the meshed 3D reconstructions allow for in-
vestigating the correlation between the structural geometry and the mechanical
behavior directly by FEM simulations, which will be introduced in Chapter 5 and
6.

In conclusion, it is the first time that npg from as—dealloyed to isothermally
annealed structures were characterized in three dimensions systematically. The
work presented in this chapter is the basis for the understanding of mechanical

behavior of npg and npg—epoxy composites in this thesis.
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5. Mechanical behavior of Npg

In order to identify the critical structural parameters which can be used to
describe the mechanical behavior of npg, a combined experimental and FEM sim-
ulation approach is presented in this chapter. It is assumed that the microstruc-
ture of the pure npg is well described by the ligament network of the infiltrated
npg—epoxy composite. Therefore, it is possible to use the structural geometry of
the npg 3D reconstructions to represent the microstructure of pure npg. Addi-
tionally, as discussed in Chapter 4, npg coarsens in a nearly self-similar manner,
which allows to take the npg structure with a specific mean ligament diameter as
the model system for the investigations. In this chapter, the npg network with a
mean ligament diameter of about 400 nm was focused on. The sample npg_400nm
and the 3D reconstructions of the gold phase of sample composite 400nm were
used. Firstly, the micromechanical experiments for sample npg 400nm is pre-
sented. FEM simulations on the meshed 3D reconstructions of the gold phase RV
of sample composite_400nm are compared with the experimental results of the
pure npg sample secondly. Finally, the correlations between mechanical behavior
and structural parameters and their implications on the Gibson—Ashby scaling

relations were discussed.

5.1 Micromechanical characterization

5.1.1 Nanoindentation

Nanoindentation testing with a Berkovich and a flat punch indenter were car-
ried out for sample npg 400nm. The load—displacement curves of the Berkovich
indentation in CSM mode are shown in Figure 5.1(a). The mean elastic mod-
ulus measured from 10 measurements with the indentation depths ranging from
1000 to 3000 nm is (227+30) MPa and the mean hardness is (10£1) MPa. The
load—displacement curves of the flat punch indentation testing are shown in Figure
5.1(b). As can been seen, the elastic modulus increases as the indentation depth
increases, ranging from 160 MPa to 250 MPa, which indicates densification of the

npg structure, as expected.
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Figure 5.1: Load—displacement of nanoindentation testing with (a) a Berkovich
indenter, the elastic modulus and the hardness from CSM are (227+30)
MPa and (104+1) MPa, respectively; (b) a flat punch indenter, the
elastic modulus determined from the unloading segment is ranging
from 160 MPa to 250 MPa.

5.1.2 In—situ microcompression

An in—situ microcompression experiment on sample npg_400nm was carried out
in an InSEM nanoindentation system (Nanomechanics, Inc.), equipped with a 20
pm diameter flat punch indenter. The loading profile consists of four loading—
unloading segments at different strains, followed by compression to a maximum
displacement of about 23% of the column height at a strain rate of 0.05/s and a
full unloading finally. During the test, high resolution SEM images of the surface
with a normal perpendicular to the loading axis and parallel to the electron beam
were captured for a digital image correlation analysis.

Figure 5.2(a) shows the rectangular microcolumn with a height of 17 pym and
a width of 7 pum. The flat punch indenter starts touching the top surface of the
microcolumn. The geometry of the microcolumn at maximum displacement is
shown in Figure 5.2(b). It was observed that some of the ligaments on the side
surface contacted with each other, while the width of the microcolumn remains
constant, which indicates the densification of npg, and this will lead to stiffening
of the material.

For the DIC analysis, the ligament network structure was used as a speckle
pattern, which allows to measure the displacement and the strain distribution in
the side plane. A DIC subset radius of 28 pixels and a spacing of 2 pixel were used
in the analysis. The DIC error analysis for the SEM images of the microcolumn
side plane before loading shows that the displacement and the strain field due to
the SEM imaging artifacts are quite small compared to the total displacement and
the applied deformation of the microcompression testing. Figure 5.2(c) shows the
lateral strain distribution of the microcolumn. It was found that the global lateral

strain €,, is close to zero which indicates that there is almost no lateral expansion.
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Figure 5.2: (a) A rectangular microcolumn with a height of 17 ym and a width
of 7 um. The flat punch indenter starts touching the top surface; (b)
the microcolumn at maximum displacement shows densification and
little lateral expansion; (c) the DIC strain map of the microcolumn
at maximum displacement shows near zero global lateral strain and
strain localizations.

This confirms the near zero Possion’s ratio of npg observed from other investiga-
tions [24,27]. Additionally, there are strain localizations at some ligaments, which

are attributed to their irregular structure.
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Figure 5.3: (a) The DIC displacement map of the microcolumn in the loading
direction at maximum displacement. The actual displacement of the
microcolumn calculated by taking the difference of the top and the
substrate displacement of the microcolumn is about 2000 nm, which
indicates that the displacement taken directly from the indenter was
about 50% overestimated; (b) calibrated engineering stress—strain of
the in—situ microcompression testing of sample npg_400nm.

Since it was observed that there is a strong deformation of the substrate under-
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neath the microcolumn, the axial displacement of the microcolumn was calibrated
by the DIC measurement, as shown in Figure 5.3(a). It was found that the dis-
placement taken directly from the indenter was about 50% overestimated. The
calibrated stress—strain curve of the microcompression testing is shown in Fig-
ure 5.3(b). The elastic modulus determined from the first unloading segment was
about 650 MPa and the yield stress around 8 MPa. The ratio of the hardness taken
from nanoindentation and the yield stress taken from microcompression is close to
1, which supports the similar argument that stated in the literature [24,27]. The
difference of elastic modulus obtained from the nanoindentation and the micro-
compression testing might be attributed to the different mechanical properties of
the material on the surface and in the internal volume of the sample. Nevertheless,
all the elastic moduli are around a few hundred MPa, which are significantly lower
than most of the experimental results previously reported, as plotted in Figure
2.3. Additionally, a hysteresis is observed in the unloading-reloading segments,

which might be caused by local plastic deformation and residual stress.

5.2 Mechanical behavior of structural geometry

FEM simulations were carried out for the 3D meshed reconstructions in order to
understand the mechanical behavior of npg structural geometry. In this section,
the mechanical behavior RV determination, the mechanical anisotropy and the
mechanical behavior of a RV of the npg network with a mean ligament diameter
of 421 nm are presented firstly. The mechanical behavior self-similarity of the
RVs are discussed secondly, focusing on the npg networks with mean ligament

diameters of 45 nm, 210 nm and 421 nm.

5.2.1 Determination of a mechanical RV

In Chapter 4, the microstructural RVs of the gold phase were identified for each
composite sample. The RV is defined as the minimal material volume that repre-
sents the microstructure of the global npg structure. It is interesting to know if
these microstructural RVs also serve as mechanical RVs. That is to say, that the
mechanical response is no longer dependent on the volume of the material. Similar
to the determination of microstructural RVs, a sampling scheme was implemented
to the 3D reconstructions to explore the effect of finite volume in terms of the
mechanical response. Figure 5.4(a) shows the 3D mesh of a microstructural RV
(6x6x6 um?3) of npg with a mean ligament diameter of 421 nm. The floating
ligaments produced by the volume cut at the edges which do not carry load and
account for less than 2% of the whole npg volume were deleted, such that the
ligament structures under investigation were fully interconnected. As illustrated

in Figure 5.4(b), a big square region of sample composite_400nm was divided into
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Figure 5.4: (a) 3D mesh of a reconstructed RV (6x6x6 pum?) of the gold network.
Floating ligaments at the edges were deleted; (b) mechanical behavior
RV determination and mechanical anisotropy investigation: the 3D
reconstructions were divided into cubes with length of 2-8 pm for the
simulations. Each cube was loaded in three orthogonal directions.

7 smaller regions with a length ranging from 2 to 8 ym. These regions were then
reconstructed into 3D and the gold network is meshed for FEM simulations using
the same boundary conditions and material properties. The mechanical responses

in the x, y and z directions from the simulations were obtained.
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Figure 5.5: (a) Elastic moduli of the 3D reconstructions in three directions as a
function of the cubic length. The cubic length of the mechanical behav-
ior RV is around 6 pm, which is consistent with the microstructural RV
size; (b) engineering stress—strain curves of a 3D reconstruction with
cubic length of 5 pum uniaxially compressed in x, y and z direction:
mechanical anisotropy is correlated with directional tortuosity.

The elastic moduli of the 3D reconstructions in the three directions were de-
termined from the slope of the initial linear part of the loading segment at the
strain range of 0 to 0.002 of the engineering stress—strain curves obtained from
the FEM simulations. The results as a function of the cubic length are shown in

Figure 5.5(a). It is found that as the cubic length increases, the elastic moduli
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decrease until nearly constant levels are reached, where the cubic length is around
6 pm. This size is exactly in the microstructural RV range of npg network of
sample composite 400nm. One example is given in the plot for comparison. As
shown in Figure 5.5(a), the connectivity density C values of the 7 reconstructions
were plotted as a function of the cubic length. As the cubic length increases, Cy
decreases until the RV size is reached. It has the same tendency as the elastic
modulus. Therefore, it seems that the mechanical behavior RV of the gold phase
is consistent with the microstructural RV. Finite volume effect reflected both in
the microstructure and the mechanical response. Moreover, it was found that the
cubic length of the mechanical behavior RV is consistent with the observation
from the open— and the closed—cell foams that the modulus reaches a plateau level
when the ratio of the sample size and the cell size is about 6 [153]. The cell size of
npg structure can be quantified as the sum of the mean diameter of the ligaments
and the pores. The mean pore diameter is about 15-25% larger than the mean
ligament diameter, as quantified using the approach presented in section 4.2.2.
Thus, the length of npg mechanical behavior RV should be about 12-14 times
of the mean ligament diameter, which is close to the results in the present work
that the mechanical behavior RV of npg network is about 15 times of the mean
ligament diameter. Although the determination of the mechanical behavior RV is
made by only considering the fully interconnected ligament structure, the deleted
floating ligaments at the edges of the model don’t play an important role since
their volume fraction is less than 2% and they don’t carry load within the volume

investigated.

5.2.2 Mechanical anisotropy

The mechanical responses in the x, y and z directions obtained from the simula-
tions allow to explore a possible mechanical anisotropy of the 3D reconstructions.
From Figure 5.5(a), it is noticed that there are variations of the elastic modulus in
the three directions, which indicates that there are mechanical anisotropy. Figure
5.5(b) shows the engineering stress—strain curves of a 3D reconstruction with a
cubic length of 5 pum uniaxially compressed in x, y and z directions. The me-
chanical anisotropy is revealed by the non—overlapped curves. Above the RV size,
these variations are significantly reduced. However, the mechanical anisotropy
doesn’t negate that a volume is representative of the whole structure. The rela-
tion between the mechanical anisotropy and the structural parameters of npg will

be discussed in section 5.3.2.

5.2.3 Mechanical behavior of a RV

Simulation results of the gold network RV with cubic length of 6 um of sample

composite_ 400nm were analyzed, which are supposed to be representative of the
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mechanical behavior of the corresponding npg structural geometry. Figure 5.6
shows the Von Mises stress contours of the RV, uniaxially compressed to different
engineering strains. The engineering stress—strain curve is shown in Figure 5.7.
Figure 5.6(a) shows the original geometry of the npg structure from one of the
side surfaces of the RV. When it is compressed to 3% strain, it was observed that
some of the ligaments have already been yielded (green) since the yield stress
input for the simulation is 700 MPa. When it was compressed to 6% strain,
some of the ligaments rotated and contacted with each other. Some of them
overlapped, as illustrated in the red circle. When the strain was 15%, there were
more overlapped ligaments. This was caused by the undefined contact condition
of ligaments in the simulation. It can be imagined that the ligament contacts will
lead to stiffening of the whole volume. Investigations on the contact problem is out
of scope of the present study. Throughout the compression, it was observed that
plastic deformation was located at the internal ligaments of the model mostly. The
“plastic hinges” were formed at the junctions where 3—4 ligaments joined together,
as shown in Figure 5.6(e), which indicates bending dominated deformation at the
ligaments. Ligaments at the cut surface of the volume show low stress compared
to the internal ligaments since they were less constrained and contribute little to
the load transfer within the network structure. In addition, there was almost no
lateral expansion which indicates that the Possion’s ratio of the model is close to

Zero.

5.2.4 Mechanical behavior self—similarity of RVs

As discussed in Chapter 4, npg structures with different mean ligament diame-
ters are both geometrically and topologically self-similar. It is expected that the
structures with different mean ligament diameters are self-similar in terms of the
mechanical response as well in the same FEM simulation conditions. Here, follow-
ing the observation of section 5.2.1 that the mechanical behavior RV is equivalent
to the microstructural RV, FEM simulations for the meshed 3D reconstruction
RVs of the npg network of sample composite_50nm and composite_200nm were
carried out using the same simulation conditions as that implemented for the RV
of sample composite_400nm. The loads are applied in the x direction. The engi-
neering stress—strain curves from the three simulations were compared, as shown
in Figure 5.7. As can be seen, the mechanical behavior of the 3D structural ge-
ometry of npg at the early, the mid, and the last stage of coarsening investigated
in this work are quite similar. The elastic modulus results taken from the un-
loading slope and the yield stresses identified using the usual 0.2% strain offset
convention are between 400-500 MPa and 5-6 MPa, respectively, which are close
to the micromechanical testing results presented previously. Since the simulations

investigated here only considered structural geometry and the size dependent be-
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(a) 0% strain
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(e) plastic hinges

Figure 5.6: Von Mises stress contour of a RV (6x6x6 um?) uniaxially compressed
to (a) 0% strain; (b) 3% strain; (c) 6% strain; (d) 15% strain; (e) plastic
hinges near a triple junction. Some of the ligaments are contacted and
overlapped with each other, as shown in the red circle. This was caused
by the undefined contact condition of ligaments in the simulation. The
“plastic hinges” formed at the junctions indicates bending dominated
deformation in the ligaments.
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Figure 5.7: Engineering stress—strain curves obtained from FEM simulations load-
ing in the x direction of npg 3D reconstruction RVs with mean ligament
diameter of 45 nm, 210 nm and 421 nm are nearly self-similar. The
elastic modulus results taken from the unloading slope are close to the
experimental results presented in section 5.1.

havior which has been related to the surface stress, the dislocation nucleation and
starvation mechanisms [25,27,16,417] were not taken into account, the simulation
results strongly support the self-similarity of npg structural geometry. Therefore,
it is possible to identify structural parameters that can be used to describe the
mechanical behavior of the npg structure without considering the different length

scales.

5.3 Correlation between microstructure and me-

chanical behavior

From the nanoindentation and the in—situ microcompression testing, it was
found that the elastic modulus of npg with mean ligament diameter of about
400 nm is ranging from 200 to 650 MPa, and the yield stress is around 8 MPa.
A reasonable fit between the FEM simulations on the 3D reconstruction RV of
the gold network of sample composite_.400nm and the in-situ microcompression
experiment was found, as shown in Figure 5.8(b). The yield stress input of the
gold is 700 MPa and other material parameters are described in Chapter 3. The
high yield stress of gold is consistent with results from micromechanical testing
[17,20,25,27]. The elastic modulus determined from the unloading segment of
the stress—strain curve of the simulation is about 440 MPa and the yield stress is
about 5 MPa. These results are comparable to the micromechanical testing results
presented in this work but significantly lower than most of the experimental results
reported previously, as reviewed in section 2.1.2. Additionally, the Gibson—Ashby

scaling predictions are much higher, which give an elastic modulus of 8.6 GPa and

79



80 Chapter 5. Mechanical behavior of Npg

a yield stress of 39 MPa for npg with a solid relative density of 32.6%, a gold yield
stress of 700 MPa and a gold elastic modulus of 81 GPa. Considering the complex
microstructure of the ligament network of npg, it is important to understand why
the scaling law fails to predict the mechanical behavior and what are the critical

structural parameters in determining the mechanical behavior of npg.

5.3.1 Role of effective relative density

As reviewed in Chapter 2, the Gibson—Ashby scaling relations were derived
based on an interconnected rectangular beam model using beam bending theory.
A FEM simulation on a Gibson—Ashby model with (3x3x3) unit cells, which is
considered to be a representative volume of this structure, was compared to that
on a 3D reconstruction RV of the npg network with mean ligament diameter of

421 nm using the same simulation conditions. Figure 5.8(a) shows the meshed

120
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Figure 5.8: (a) A meshed (3x3x3) unit cells of the Gibson—Ashby model structure
with a solid relative density of 32.8%; (b) engineering stress—strain of
the in—situ microcompression testing for sample npg 400nm with a
solid relative density of about 30%, the simulations for the npg 3D
reconstruction RV with a solid relative density of about 32.6% and the
Gibson—Ashby model. The elastic moduli from the experiment and
the 3D reconstruction simulation are one magnitude lower than that
from the Gibson—Ashby model simulation.

Gibson—Ashby model with a solid relative density of 32.8%, which is quite close to
that of the npg 3D reconstruction RV (32.6%) and the pure npg sample (~30.0%).
The correspondent engineering stress—strain curves are shown in Figure 5.8(b). For
the Gibson—Ashby model, the elastic modulus taken from the unloading segment
is about 6.6 GPa and the yield stress taken from 2% strain offset is about 50 MPa.
These results are strongly comparable to the Gibson—Ashby scaling predictions for
npg. However, there is a difference of an order of magnitude to the npg 3D re-

construction simulations and the experimental results. In order to understand the
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5.3. Correlation between microstructure and mechanical behavior 81

reason of this significant discrepancy, a direct comparison in terms of the struc-
tural geometry between the two models was made.

When the Gibson—Ashby scaling model structure is under load, all the beams
which compose the network structure contribute to the load bearing. The solid
relative density is the sole structural parameter needed in determining the me-
chanical behavior. However, from the RVs of the npg 3D reconstructions, it was
found that not all the ligaments contribute to the load transfer since there are
some dangling ligaments in the network. Figure 5.9(a) shows a 2D representation
of the skeleton of a 3D reconstruction. The fully interconnected ring skeletons
in red contribute to the load bearing instead of the black dangling branches. In
the real structure shown in Figure 5.6, it was found that the stress is transferred
mostly in the internal ligaments, and the stresses in the dangling ligaments, which

can be directly observed near the side surface of the volume in the figures, are

close to zero.
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Figure 5.9: (a) A 2D schematic graph of a npg skeleton structure showing the
fully interconnected load—bearing ring skeleton in red and the dangling
branches in black. The nodes belonging to the ring structure are shown
in cyan and belonging to the dangling ligaments in blue. The Red
dashed line shows the Euclidean distance between the cyan nodes; (b)
skeletonization of a 3D reconstruction RV of the npg network of sample
composite_ 400nm, revealing a fully interconnected ring structure. The
nodes are shown in cyan, and the ligaments are shown in red.

In order to quantify the volume fraction of the fully interconnected load bearing
structure, which was named as effective relative density p.s¢, a cylinder shape as-
sumption for the ligaments based on the 3D skeletonization analysis of the struc-
ture was employed [148]. A Python language script was written to extract the

skeleton of the ring structure and delete the dangling branches. The ring struc-
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ture is taken as a set of interconnected ligaments with cylindrical shape. The
cylinder diameters are the same as the mean ligament diameters quantified from
the 3D reconstructions. The cylinder lengths are defined as the Euclidean distance
between two nodes. The 3D skeleton of the load bearing structure of the npg 3D
reconstruction RV of sample composite_400nm is shown in Figure 5.9(b). It has
the same connectivity as the 3D reconstruction since it is the abstraction of the
3D structure. However, it should be noted that with this assumption, there are
overlap volumes at the junctions of the ligaments, which need to be subtracted
from the total volume of the ring structure.

In order to estimate the overlap volume, each ligament is considered to be a
cylinder with two half spheres at the ends, as schematically illustrated in 2D in
Figure 5.10(a). The sphere has the same diameter as the cylinder. The blue
dashed line shows the cylinder length. Figure 5.10(b) shows that two ligaments

(a) (b) (c)

Figure 5.10: (a) The ligament is considered to be a cylinder with two half spheres
at the ends. The blue dashed line shows the cylinder length; (b)
two ligaments are connected by a sphere node. The overlap volume
is estimated to be the volume of a sphere; (c) three ligaments join
together, the overlap volume is estimated to be the volume of two
spheres.

are connected by a sphere node. The overlap volume is estimated to be the vol-
ume of a sphere. When three ligaments join together, as shown in Figure 5.10(c),
the overlap volume is estimated to be the volume of two spheres. With the skele-
tonization results, the number of ligaments which share the same nodes can be
obtained. Thus, the overlap volume at the junctions of the ring structure can be
obtained.

Based on the cylindrical assumption analyses, it was found that the effective rel-
ative density of the npg network structure shown in Figure 5.9(b) is about 15.0%.
That means, near half of the volume composes the load bearing structure and half
of it is less able to contribute to the load transfer of the entire volume. Applying
this effective relative density result to the Gibson—Ashby scaling relations, it was

found that the predicted elastic modulus is about 1.8 GPa and the yield stress is
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about 12.2 MPa. These values are relatively close to the FEM simulations results
of the npg 3D reconstruction RVs. Similar analyses were carried out for the gold
network 3D reconstruction RVs of sample composite_50nm, composite_200nm, as
summarized in Table 5.1. It was found that the results from the Gibson—Ashby
scaling predictions are still higher than the results from the 3D reconstruction
based FEM simulations. The difference might be attributed to the cylindrical
geometry assumption for the ring structure when determining its effective relative
density. On the one hand, the ligaments along the load transfer paths are irregular
with broad diameter distributions, as shown in Figure 4.19. Deformation tends
to be localized at ligaments with smaller diameter. The constant diameter of the
cylindrical assumption used in the analysis might leads to big deviations of the
mechanical response. On the other hand, in the cylindrical assumption, the load
is transfered along the straight cylinders, which is the most efficient load transfer
paths and the tortuosity equals to 1. However, this is not realistic since the lig-
aments in the real structure have tortuosity higher than 1. The stiffness of the
npg RVs should be lower than the predictions using the effective relative density
as the input, and the results should be closer to the simulations results of the
3D reconstruction RVs. Nevertheless, compared to the predictions using the solid
relative density as the input, the difference is significant reduced when using the
effective relative density as the input. This indicates that when using the Gibson—
Ashby scaling relations to predict the mechanical behavior of the npg structure,

the effective relative density should be applied instead of the solid relative density.

5.3.2 Role of directional tortuosity

It was found that a correlation between directional tortuosity 7p and mechanical
anisotropy of the 3D reconstructions may exist. The directional tortuosity analysis
discussed in Chapter 4 reveals that the 3D reconstructions exhibit microstructure
anisotropy, as shown in Figure 4.21(b). As can be seen from Figure 5.5(b), mp
results in each direction are shown with the same color as the stress—strain curve
in correspondent direction. It was observed that smaller 7 correlates with a
higher elastic modulus. This is quite reasonable since smaller 7p simply means
the effective load transfer path in the loading direction is shorter, which makes
the material stiffer compared to the path with higher 7. However, it should be
noticed that this conclusion is based on the assumption that the ligament diameter
along the load transfer paths are constant. As discussed in Chapter 4, ligaments
have irregular shape with broad diameter distribution. Deformation tends to
be localized at ligaments with smaller diameter. Thus, 7p alone is not enough
to explain the mechanical anisotropy. Further study on the ligament diameter

distribution along the shortest path is necessary.
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5.4 Conclusions

The main objective of this chapter was to understand the influence of the lig-

ament network structure on the mechanical response of npg through coupling

micromechanical experiments on sample npg_400nm and FEM simulations on the

3D meshed reconstructions of the npg network RV of sample composite_400nm.

The key findings can be summarized as follows:

e The mechanical behavior of the 3D reconstructions exhibited a finite vol-

ume effect with the RV sizes similar to the microstructural RV sizes. The
RVs showed mechanical anisotropy which was found to be correlated with
the directional tortuosity. Plastic deformation of the RV was located at the
internal ligament structure of the model mostly. Bending dominated de-
formation was located at junctions which connected 3—4 ligaments and the
“plastic hinges” were formed. Little lateral expansion was found which in-
dicates that the Possion’s ratio of npg is close to zero. This supports the
in—situ. microcompression and nanoindentation testing results. By compar-
ing the FEM simulations for the 3D reconstructions with different mean
ligament diameters, it was found that the npg structure is self-similar in

terms of the mechanical response.

A reasonable fit between the simulations and the experimental stress—strain
curves was achieved. It was found that the elastic modulus and the yield
stress of npg and its 3D reconstructions are more than one order of magnitude
lower than predicted by the Gibson—Ashby scaling model and most of the

results reported in the literatures.

A correlation between microstructure and mechanical behavior of npg struc-
ture was investigated to explain the significant discrepancy. The effective
relative density of the load bearing ring structure was found to be the criti-
cal parameter that determine the mechanical behavior of npg, instead of the

solid relative density of the entire volume.
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6. Mechanical behavior of Npg—Epoxy Com-

posites

Having investigated the influences of the structural geometry on the mechanical
behavior of npg, the next objective is to explore the influences of the infiltrated
epoxy phase, which up until now has been explicitly ignored. As introduced in
Chapter 2, npg shows considerable compressive ductility but brittle failure under
tension. After infiltration with epoxy, the resultant npg—epoxy composite exhibits
tensile ductility and ligament length scale dependent effect on the strength [12].
Figure 6.1 shows a 2D structural representation of npg—epoxy composites. The
gold and epoxy phases, along with the interface between them are shown in dif-
ferent colors. In order to understand the influences of the epoxy phase on the
mechanical behavior and the mechanisms of deformation and failure, nanoinden-
tation based micromechanical testing, 3D microstructural characterization and

FEM simulations were carried out for npg—epoxy composites.

2D structural representation:
* nanoporous gold (npg)
*  epoxy

Figure 6.1: 2D structural representation of npg—epoxy composites shows npg,
epoxy and interface between them.

6.1 Micromechanical characterization

6.1.1 Nanoindentation

Hardness and elastic modulus

The hardness and elastic modulus of the npg—epoxy composites were measured

by nanoindentation testing. Figure 6.2(a) shows six Berkovich indentations on a
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well prepared surface of sample composite_200nm. Figure 6.2(b) shows an enlarged
view of one of the indents. A thin Pt layer deposited on the indentation allows to
make a clear FIB cross section cut for the indent, as shown in Figure 6.2(c). The
solid and dashed lines in green illustrate the indent morphology. The composites
microstructure under the indenter seems to be not densified. The ligament area
fraction of the region surrounded by the red dashed lines on the cross section was
measured. The area of this region is big enough to represent the microstrcuture
of the cross section. The difference of the ligament area fraction in this region
and that in an undeformed region with the same area was found to be less than
1%. This is not surprising since unlike pure npg, the densification of npg—epoxy

composites is significantly suppressed because of the epoxy infiltration.

Figure 6.2: SEM images of Berkovich indentations on sample composite_200nm:
(a) 6 indentations on the surface; (b) an enlarged view of the indent;
(c) FIB milled cross section view of the indent. The solid and dashed
lines in green illustrate the indent morphology. The difference of the
ligament area fraction of the region surrounded by the red dashed
lines and that in an undeformed region with the same area was found
to be less than 1%, which indicates that the densification of npg—epoxy
composite is significantly suppressed.

Load—displacement curves of the five composite samples together with one epoxy
sample are shown in Figure 6.3. Generally, the measurements are quite repro-
ducible for each sample. Figure 6.4 shows an example of the elastic modulus
and hardness as a function of displacement into the surface for sample compos-
ite_400nm from 16 nanoindentation tests, as achieved with CSM. As can be seen,
the modulus and hardness values have large variations when the displacements
are less than 300 nm. Some of the curves show an exponential decay in modulus
and hardness as a function of displacement until a plateau appears, whereas other

curves show modulus and hardness values decreasing to a low value rapidly at
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Figure 6.3: Load—displacement curves from 16 nanoindentation tests of (a) sam-
ple composite_20nm; (b) sample composite_50nm; (c¢) sample compos-
ite_200nm; (d) sample composite_350nm; (e) sample composite_400nm;

(f) epoxy sample.
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Figure 6.4: (a) Elastic modulus and (b) hardness from continuous stiffness mea-
surement (CSM) as a function of displacement into the surface for
sample composite_400nm from 16 nanoindentation tests.

first, then increase to reach the plateau.
The large variations at small depths could be understood in a few possible
aspects: surface roughness, mechanical damage from surface preparation, and mi-

crostructure length scale.

(1) The sample surface might be rough at the scale of the indenter contact di-
mension, which may lead to significant errors in the determination of contact
area. Accurate and meaningful measurements can be made only when the

indentation depth is large compared to the surface roughness [154];

(2) There might be work hardened layers at the mechanically polished surface
which lead to a increase in hardness at small depth [154];

(3) The Berkovich tip typically has a radius of curvature on the order of 50-100
nm, which is close to the ligament diameters. At the beginning of loading,
the tip might indent into a single ligament, which gives a high hardness and
modulus value. It might also indent into the epoxy phase or the boundary
of gold and epoxy, which is much softer than the individual ligament. As
the displacement increases, the indentation volume increases with more liga-
ments and epoxies touching the indenter, and the modulus and hardness are

approaching the inherent value of the composites until a plateau appears.

Therefore, the modulus and hardness results of each test were taken from the
plateau regions. The results are summarized in Table 6.1 and Figure 6.5. It
was found that all the five npg—epoxy composite samples show a similar elastic
modulus of around 10 GPa, whereas the hardness values show an intrinsic size

effect, i.e., the hardness decreases as the mean ligament diameter increases.
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91

Table 6.1: The hardness and elastic modulus results of the five npg—epoxy com-

posite samples and one epoxy sample.

Sample Hardness (MPa) Elastic modulus (GPa)
composite_20nm 489 + 32 102+ 04
composite_50nm 468 £+ 21 9.9 +£0.2
composite_200nm 405 £+ 18 9.7+ 0.2
composite_350nm 381 + 27 10.0 + 0.4
composite_400nm 361 + 16 10.0 + 0.3

epoxy 291 £+ 12 4.7 £ 0.1
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Figure 6.5: Summary of the hardness and elastic modulus results: elastic modulus
values of the five npg—epoxy composite samples are all around 10 GPa;
the hardness shows an intrinsic size effect: the hardness decreases as
the mean ligament diameter increases. This size effect can be described

by a power law relation: H o« <D>

—0.11£0.01
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Effect of strain rate

The hardness and elastic modulus results at different strain rates were sum-
marized in Figure 6.6. As can be seen from Figure 6.6(a), as the strain rate ¢
increases, the hardness increases as well, whereas the elastic modulus remains at
around 10 GPa. Figure 6.6(b) shows the log-log plot of the hardness versus the
strain rate. The linear fit to these data gives a strain-rate sensitivity of m=0.056,

which indicates that the npg—epoxy composite is not strongly strain rate sensitive.
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Figure 6.6: (a) The hardness and elastic modulus as a function of strain rates from
0.001/s to 0.1/s for sample composite 200nm; (b) the log—log plot of
the hardness versus the strain rate. The linear fit to these data gives
a strain-rate sensitivity of m=0.056.

6.1.2 Microcompression

Yield stress and elastic modulus

The yield stress and elastic modulus of the npg—epoxy composites with varying
mean ligament diameters were determined by microcompression testing. Figure
6.7 and Figure 6.8 show the SEM images of microcolumns of sample compos-
ite_200nm with diameters of 2 pym, 3 pm, 5 pum, 8 um, 10 pym and 12 pm before
and after microcompression. The microcolumns have well controlled cylindrical
shapes with a height/diameter ratio of about 3. Very limited redeposition on the
column surface was observed. Gold and epoxy phases are very easy to be recog-
nized. A circular fiducial marker was fabricated on a thin layer of Pt on top of some
of the microcolumns for a better position recognition by the lathe milling script.
The Pt layer has a thickness of about 100 nm, which has a negligible influence on
the mechanical behavior of the entire microcolum. After microcompression, some
of the microcolumns are collapsed, which could be attributed to the misalignment
between the flat punch indenter and the microcolumns. The rest show a double

barrel deformation, which seem to be localized at the top and the bottom. This
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can be clearly observed from the 12 ym diameter microcolumn after deformation

shown in Figure 6.8(f).

Pre-compression Post-compression

Figure 6.7: SEM images of lathe milled microcolumns with different diameters
(Dy) of sample composite_200nm before compression (left column) and
after compression (right column): (a) Do=2 um, (b) Dy=3 um, (c)
Dy=5 pm.
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Pre-compression Post-compression
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Figure 6.8: SEM images of lathe milled microcolumns with different diameters
(Dy) of sample composite_200nm before compression (left column) and
after compression (right column): (d) Dy=8 pm, (e) Dy=10 pm, (f)
Dy=12 pm.
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Representative stress—strain curves of the microcompression testing for the sam-
ple composite_200nm are shown in Figure 6.9(a) with different colors denoting dif-
ferent microcolumn diameters. They are quite reproducible for microcolumns with
same diameters. The transition from elastic to plastic deformation is quite smooth
without apparent yield point, followed by a near constant plastic flow. The yield
stress and elastic modulus determined using the approach introduced in Chapter
3 are plotted in Figure 6.9(b). A significant dependence of the yield stress on the
microcolumn dimension, i.e., extrinsic size effect is observed. Similar observations
were reported for single crystalline materials [14,17,21]. It is different from pure
npg whose mechanical behavior is controlled by the ligament size (intrinsic size
effect) but not by the microcolumn dimension [26]. The average yield stress of the
microcolumn is about 157 MPa when the diameter is beyond 8 pum where a yield

stress plateau begins.
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Figure 6.9: (a) Stress—strain curves of microcolumns with diameters from 2 ym to
12 pm of sample composite_200nm; (b) yield stress and elastic modulus
as a function of microcolumn diameters for sample composite_200nm
show significant extrinsic size effect.

It is surprising that the elastic modulus determined from CSM also shows an
extrinsic size effect, which could be attributed to the FIB damage on the compos-
ite materials during the microcolumn fabrication. As already stated, Gat damage
during FIB milling needs to be considered or can be ignored, depending on the
material and the tested volume. It was reported that Ga®™ beam milling of epoxy
results in stiff surface wrinkles whose thickness is size independent when the same
ion beam density is used [93,155]. A microcompression study on a Bisphenol epoxy
resin sample shows that this stiff surface skin leads to size effects in the elastic
modulus, where the modulus increases with decreasing microcolumn diameter, as
observed here. As the microcolumn diameter increases, the volume fraction of the
stiff surface skin decreases relative to the volume of the microcolumns. Thus, the
influence of the surface stiffening effect on the elastic modulus of the microcolumns

decreases until the microcolumn is big enough such that the stiffening effect can
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96 Chapter 6. Mechanical behavior of Npg—Epoxy Composites

be ignored. It can be seen from Figure 6.9(b), once the microcolumn diameter
increases beyond 8 um, the elastic modulus levels off to an average value of around
10 GPa, which is consistent with the results from nanoindentation testing. As for
the yield stress, it was reported that only when the epoxy microcolumn diameter
is at the submicron scale, there is strong size effect even if the surface stiffening
effect is excluded [155]. For the epoxy microcolumns with diameters above 1 pm,
the yield stress is size independent. It should be noted that all the microcolumns
that have been subsequently analyzed are at the micron scale with a volume bigger
than the RVs determined from the microstructural analyses and the FEM simula-
tions. The reason for the extrinsic size effect in the yield stress of the composites
could be the surface stiffening effect due to the ion beam damage. It is not clear

how the dislocation activities influence the extrinsic size effect.
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Figure 6.10: (a) Stress—strain curves and (b) elastic modulus from CSM of micro-
columns with a diameter of 10 um of npg—epoxy composite samples
with different mean ligament diameters <D>. A strong size depen-
dence of the yield stress with respect to the ligament diameters can
be observed and the elastic modulus of all samples is around 10 GPa.

Since the elastic modulus is size independent, it can be used as a validation
of the ion beam damage and the stress—strain analysis. Since the microcompres-
sion testing on the microcolumns with diameters beyond 8 pm give elastic moduli
close to the nanoindentation results, the mechanical behavior of the npg—epoxy
composites were assessed using microcolumns with diameters larger than 8 pm
in this work. Microcolumns with diameters of 10 um were chosen for the test-
ing for all the samples. The stress—strain curves and the elastic modulus from
CSM of samples with different mean ligament diameters are shown in Figure 6.10.
The yield stress and the elastic modulus of the five npg—epoxy composite samples
were summarized in Table 6.2 and Figure 6.11. A strong size dependence of the
yield stress with respect to the ligament diameters can be observed and the elastic
modulus of all samples is around 10 GPa. Compare the microcompression with

the nanoindentation testing results, it was found that the ratios of hardness to
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yield stress are between 2 and 3, as shown in Figure 6.11. These ratios are con-
sistent with that of full dense material, which confirms that the densification of

npg—epoxy composites is significantly suppressed by the infiltrated epoxy phase.

Table 6.2: The yield stress and the elastic modulus results of the five npg—epoxy
composite samples from microcompression testing.

Sample Yield stress (MPa) Elastic modulus (GPa)
composite_20nm ~218 ~10
composite_50nm ~182 ~10
composite_200nm ~157 ~10
composite_350nm ~126 ~10
composite_400nm ~140 ~10
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Figure 6.11: Yield stress of microcolumns with diameter of 10 um for npg—epoxy
composites with different mean ligament diameters <D>. The rela-
tionship of yield stress and mean ligament diameters can be described
as 0, oc <D>70172003 " The ratios of hardness H to yield stress o,
are between 2 and 3.

Failure behavior

The failure behavior of npg—epoxy composites with a mean ligament diameter
of 421 nm under microcompression was analyzed by 3D microstructural charac-
terization. Figure 6.12 shows a microcolumn with a diameter of 10 pum before
and after microcompression testing. The stress-strain curve is shown in Figure
6.10(a). As can be seen in Figure 6.12(b), lateral expansions are localized at the
top and the bottom of the microcolumn after compressing to a maximum of about
17% engineering strain. This is consistent with a double barrel deformation for
well aligned compression testing, due to high friction between the indenter and
the sample, and the inherent constraint at the substrate.

In order to understand how the microstructure changes after deformation, FIB—

SEM tomography was carried out for the deformed microcolumn. A side view of
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(b)

Lot

Figure 6.12: A microcolumn with a diameter of 10 pm of sample composite_400nm:
(a) before compression and (b) after compression. Lateral expansions
are localized at the top and the bottom of the microcolumn.

the 3D reconstruction is shown in Figure 6.13. The differences of the microstruc-
ture between the strongly deformed and the slightly deformed regions were assessed
by inspecting the 2D slices of the reconstruction. The right side of Figure 6.13
shows the 2D slices from different regions of the microcolumn. The slice with the
red frame was taken from a strongly deformed region and the enlarged view shows

delaminations at the gold and epoxy interface. The slice with the blue frame taken

strongly
deformed

Interfacial
failure

slightly no interfacial
deformed failure
strongly Interfacial

deformed failure

Figure 6.13: 3D FIB-SEM reconstruction of the deformed microcolumn. Yellow
is the ligaments and the epoxy is transparent. 2D slices of the recon-
struction show interfacial failure between gold (bright regions) and
epoxy (dark regions) in the strongly deformed regions and no failure
in the slightly deformed regions. No cracks either in the gold and the
epoxy phases could be found. The red arrows show the locations of
the interfacial failure.
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from a slightly deformed region doesn’t show any failures. No cracks either in the
gold or the epoxy phases could be found.
The interfacial failure was analyzed from the 3D reconstruction, as shown in

Figure 6.14. Figure 6.14(a) is the 3D reconstruction of a strongly deformed region
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Figure 6.14: (a) 3D reconstruction of a strongly deformed region of the microcol-
umn: yellow-gold; green—pores due to interfacial failure. The epoxy
is transparent. The load is perpendicular to the upper surface of the
reconstruction; (b) pores are shown in green and gold/pore interfaces
are shown in red, which have an in—plane “horse-shoe” shape; (c)
a schematic illustration of the angles between the interface normals
(blue arrows) and the loading axis (black arrow); (d) the frequency
counts of angles between the gold/pore interface normals and the
loading axis; (e) global compression of the composite and local ten-
sion in the ligament and epoxy leads to interfacial failure.
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100 Chapter 6. Mechanical behavior of Npg—Epoxy Composites

of the microcolumn. The gold ligaments are shown in yellow and the pores due
to the interfacial failure are shown in green. The epoxy is transparent. The load
is perpendicular to the upper surface of the reconstruction. Figure 6.14(b) shows
the gold/pore interface in red. The pores are separately distributed without any
connections with an in—plane “horse—shoe” shape. It is observed that most of the
locations where interfacial failure happens are highly curved. The angles between
the interface normals and the loading axis are calculated. As schematically illus-
trated in Figure 6.14(c), the angles between the interface normals and the loading
axis are 6. A distribution of the angles between all the interface normals and
the loading axis is shown in Figure 6.14(d). It was found that more than 90%
of the angles are between 45° and 90°, and 90° appears most frequently. These
information indicates that the failure is attributed to the lateral expansion of the
material. The local stress state of the composites under compression is illustrated
schematically in Figure 6.14(e). Under uniaxial compression, the yellow ligament
is under tension on the left side and compression on the right side. The epoxy
near the left side of the ligament is actually under tension, which leads to the

delaminations between the gold and the epoxy phases.

6.1.3 Microbeam bending

In—situ microbeam bending

In—situ microbeam bending experiments were carried out for the sample com-
posite_400nm, using microbeams with triangular in—plane geometry. A SEM image
of the side view of such a microbeam is shown in Figure 6.15(a). A cube corner
indenter tip starts touching the top surface of the beam. The distance between
the position of the indent and the support is L. The thickness of the beam ¢ is
about 11 times of the mean ligament diameter, i.e., the volume investigated is
representative of the global microstructure of the material. The gold ligaments
microstructure was used as a speckle pattern for applying the digital image corre-
lation. Figure 6.15(b) is a tilted view of the microbeam, from which the in-plane
triangular geometry and the rectangular pad at the end can be seen. The width
at the support of the beam is by.

Figure 6.15(c) shows the load—displacement curve of the experiment. The beam
was deflected until it broke, which happened when the displacement was about
6000 nm. As introduced in Chapter 3, a critical issue during the microbeam
bending is that the sharp indenter tip makes an impression on the surface of the
beam as the beam is deflected. The contribution of the indenter depth to the
total displacement needs to be accounted for. For a given load, the indentation
displacement into the microbeam is assumed to be the same as the displacement
in the bulk material. A calibration indentation was made near the support. How-

ever, this calibration is only valid for the loading segment. The determination
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of the microbeam displacement during the unloading and reloading segments are
more complicated since there is partial elastic/plastic recovery of the indent [105].
This reverse mechanical behavior can be seen from the unloading-reloading seg-
ments of the load—displacement curve. Furthermore, the compliance of the support
also contributes additional displacements to the beam which needs be taken into
account [110]. Figure 6.15(c) shows that at the maximum load, the indenter dis-
placement in the bulk material is about 180 nm. Compared to the maximum
displacement of the bending (~6000 nm), the contribution of the indentation
depth is relatively small. In this study, as the digital image correlation was ap-
plied to the side surface, which provides full-field displacement measurement for

the beam bending, the indentation displacement becomes less important and it

was not subtracted from the data.
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Figure 6.15: (a) Side view of the microbeam with thickness ¢. L is the distance of
the position of the indent to the support. A cube corner indenter tip
starts touching the end of the beam; (b) tilted view of the microbeam.
by is the width at the support; (c) load—displacement curve of the
bending experiment. The microbeam was deflected to about 6000
nm when it broke. The calibration indentation displacement in the
bulk material at the maximum load of the beam bending is about 180
nm, which is relatively small compared to the maximum displacement
of the beam. The numbers beside the curve denote different states of
the bending experiment.

Digital image correlation

A DIC subset radius of 28 pixels and subset spacing of 2 pixels were used in the
DIC analysis for the region of interest on the SEM images of the microbeam side
surface. Figure 6.16(a) shows one of the subsets covered on a SEM image. The
special features of the ligaments were used to match the subsets on the images

before and after deformation. The local displacement of the white dots were mea-
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102 Chapter 6. Mechanical behavior of Npg—Epoxy Composites

sured. Since there were large deformations during bending, the Eulerian—Almansi
strain was used for the analysis. Figure 6.16(b) shows the displacement map (v) in
the loading direction and Figure 6.16(c) shows the longitudinal strain map (£;.)
of the microbeam after 10 minutes of imaging, which is approximately the same
time spent in the bending experiment. It was found that the displacement field

was ranging from —2 to 16 nm and the strain field was between —0.3% to 0.3%,

sxx
0.003
0.002

0.001

e NGy Fg _
i AR &fs‘_’-' . o

-0.003

Figure 6.16: (a) A DIC subset with a radius of 28 pixels and a spacing of 2 pixels
is covered on the SEM image. After 10 minutes of imaging: (b) the
displacement field v in the loading direction is between —2 and 16
nm; (c) the longitudinal strain field &, is between —0.3% and 0.3%.
The error contributions are small compared to the total displacement
and the applied deformation of the microbeam.
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Figure 6.17: Longitudinal strain map of the microbeam at four states during the
experiment: (a) the indenter tip starts touching the beam; (b) the
boundary between tensile and compressive strain becomes visible; (c)
at the second hold segment; (d) just before fracture.
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which is quite small compared to the total displacement and the applied deforma-
tion of the beam bending experiment. Thus, the measurement error is considered
negligible in this study.

The DIC mesurement was applied to the images acquired from the in—situ ex-
periment. Longitudinal strain maps of the microbeam side surface during the
experiment were obtained. Figure 6.17 shows snapshots of the strain field of four
experimental states: (a) the indenter tip starts touching the beam; (b) the bound-
ary between tensile and compressive strain becomes visible; (c) at the second hold
segment; (d) just before fracture. As can be seen, at small loads, there are strain
noises on the map. As the load increases, the constant tensile strain on the top,
constant compressive strain on the bottom and the neutral axis between them
become more apparent. The neutral axis is not a straight line and there are strain
concentrations either on the tension side or on the compression side. When the
maximum load was reached, the microbeam was about to break. Figure 6.17(d)
shows that near the support the strain is at the maximum level, where exactly the
fracture is going to happen.

Neutral axis movement analysis

As introduced in Chapter 3, a microbeam bending experiment using a trian-
gular in—plane geometry enables to evaluate tension—compression asymmetry of
the beam by analyzing the neutral axis movement, which can be achieved by DIC
mesurement. The longitudinal strain at different states and different locations on
the side surface of the microbeam during the experiment were measured by DIC.

Six states of the experiment illustrated in Figure 6.15(c) are analyzed: 1-the
indenter tip starts touching the beam; 2—at the first hold segment; 3—at the end
of the first unloading; 4-at the second hold segment; 5-at the end of the second
unloading; 6-just before the fracture. For each of these experimental states, three
locations on the beam were focused on, as shown in Figure 6.18: location A (near
the support), location B (in the centre of the beam) and location C (near the
rectangular pad). For each of these three locations at the six experimental states,
longitudinal strain distributions from the top to the bottom of the beam were
plotted in Figures 6.18 (1)-(6). The brown dashed lines denote the geometric
mid-line of the microbeam, whereas the black dashed lines represent the neutral
axis according to the definition, i.e., the axis in the cross section of a beam along
which the longitudinal stress and strain are zero. At the state (1), the tension and
compression sides of the three locations were not differentiated. At the first hold
segment, the strain distributions were separated by the black dashed line with the
maximum compressive strain lower than the maximum tensile strain. After the
first unloading, the strain of location A was a little bit recovered. The neutral

axis was still close to the compression side. When the beam was reloaded to 0.38
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Figure 6.18: Longitudinal strain distributions at six experimental states ((1)—(6))
and three locations on the side surface of the microbeam (A, B, C)
measured by DIC: (1) the indenter tip starts touching the beam; (2)
at the first hold segment; (3) at the end of the first unloading; (4) at
the second hold segment; (5) at the end of the second unloading; (6)
just before fracture. The brown dashed lines denote the geometric
mid-line of the microbeam, and the black dashed lines represent the
neutral axis where £,,=0. As the deformation progression, the neutral
axis moves towards to the compression side, which indicates that
sample composite_400nm is stronger in compression than in tension.
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mN at the second hold segment, the tension and compression regions were both
increased, especially for location A where the strain was more than doubled. At
the end of the second unloading, the strain was recovered and the distributions
were quite similar to that of state (3). After that, the deflection of the beam was
increased further until it broke near the support, where the maximum load was
0.41 mN and longitudinal tensile strain was about 7%.

Throughout the microbeam bending testing, it was observed that as the de-
formation progression, the neutral axis moved towards to the compression side,
which indicates that the npg—epoxy composites with mean ligament diameter of
421 nm is stronger in compression than in tension. However, it was found that
there is a thin layer of redeposition at the bottom of the beam, which was formed
during the microbeam fabrication, and its thickness is close to the mean ligament
diameter. As already stated, in order to obtain sharp images during the experi-
ment for the DIC measurement, the last step of the microbeam fabrication is to
make a clean cross section cut for the side surface. The redeposition during this
step will be accumulated on the bottom surface of the beam. It is unclear how the
redeposition layer influences the mechanical response of the microbeam bending

experiment at present.

Failure behavior

Interfacial failure and failure within individual phases were observed during the
microbending testing. From the SEM images of the microbeam after final unload-
ing shown in Figure 6.19, it was found that cracks formed near the support on the
tension side. An enlarged view of the fracture shows that there are delaminations
at the gold/epoxy interfaces, and cracks in the gold and epoxy phases. The de-
laminations follow the boundaries of the ligament and epoxy, and propagate into
the epoxy until they meet at a ligament which resists the crack growth. Some of
them are aligned with an inclined angle to the beam’s length direction, which is
marked as x—axis, whereas others are almost perpendicular to the x—axis. This
information indicates that the failure happened under tensile and shear stress. Ad-
ditionally, slip bands are observed near cracks of the individual ligaments, which
indicates dislocation activities. The top view of the microbeam shows that there is
significant necking with the ligaments at the fracture position, as shown in Figure
6.19(d). It seems that the stress is concentrated near the support which leads
to the final fracture. However, since the bending of a triangular in—plane beam
provides constant plane strain on the top and the bottom, the material is expected
to yield simultaneously at all points along the beam. The reason for the nonuni-
form yield might be attributed to the geometry defects and ion beam damages
near the support during the microbeam fabrication, except for the heterogeneous

microstructure of the composite.
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Figure 6.19: (a) A microbeam after failure with fracture near the support. The
direction along the beam’s length is marked as x—axis, and the y—axis
is along the beam’s thickness; (b) an enlarged view of the fracture
shows interfacial failure at the gold /epoxy interface, and cracks in the
gold and epoxy phases. Slip bands are observed in the ligaments; (c)
top surface of a microbeam shows failure under tensile and shear stress
at the interface and in the epoxy; (d) top view of a microbeam shows
significant necking within the ligaments at the fracture position.

6.2 Mechanical behavior of structural geometry

A FEM simulation was carried out for the 3D reconstruction RV of sample com-
posite_400nm with a cubic length of 6 ym. The material constants input for the
simulation were introduced in Chapter 3. The meshed 3D reconstruction shown
in Figure 6.20(a) was uniaxially compressed to 6% engineering strain. The engi-
neering stress—strain curves of the simulation and a microcompression test on the
sample composite_400nm were compared, as shown in Figure 6.20(b). The elastic
modulus obtained from the initial loading slope in the strain range of 0 to 0.002 of
the simulation is 9.7 GPa and from CSM of the micrcompression testing is about
10 GPa. The yield stress from the simulation is about 120 MPa, as determined
from the 0.2% strain offset in the stress—strain curve, which is quite close to the
experimental result of about 140 MPa.

The strain distributions of the gold and epoxy phases at 6% global strain ob-
tained from one cross section of the model is shown in Figure 6.21. The load
was applied perpendicular to the paper plane. It was observed that the strain in
the epoxy phase is much higher than that in the gold phase, which is consistent
with the big difference in the material parameters of the two phases. In the epoxy
phase, there are strong strain concentrations, which are found mostly near the
concave interfaces. The high strains distribute in the near—interface regions of the
epoxy and part of the bulk epoxy. Near some of the convex interfaces of the epoxy,

the strain is relatively small and close to that in the gold phase. In the gold phase,
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Figure 6.20: (a) 3D mesh of a reconstruction of sample composite_400nm with a
cubic length of 6 ym. The gold ligaments are yellow with a volume
fraction of 32.6%, and the epoxy is blue; (b) engineering stress—strain
curves of the FEM simulation and the microcompression testing. The
elastic modulus and the yield stress of the simulation are quite close
to the experimental results.

however, the strain concentrations are less intensive, which were found near the

convex interfaces and the ligaments with small diameters.
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Figure 6.21: Strain distributions of (a) gold and (b) epoxy in one of the cross
sections of the RV at 6% global compressive strain. The load was ap-
plied perpendicular to the paper plane. Strong strain concentrations
were found mostly on the concave interfaces of the epoxy. The high
strain distributes in the near—interface regions of the epoxy and part
of the bulk epoxy. Near some of the convex interfaces of the epoxy,
the strain is relatively small and close to that in the gold phase. In
the gold phase, the strain concentrations are less intensive, which
are found near the convex interfaces and the ligaments with small
diameters.
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6.3 Discussion

6.3.1 Size effect in hardness and yield strength

From the micromechanical testing, it was found that npg—epoxy composites
exhibit size effects in the hardness and yield strength. As can be seen from Figure
6.5, the hardness and mean ligament diameter relationship can be described as
a power law: H oc <D>"01+001 A power law fit to the yield stress for all the
samples shown in Figure 6.11 gives a relation of o, oc <D>7017£003 Thege results
are comparable to the one obtained from the Vickers hardness testing for npg—
epoxy composites, which gives a power law relation of H, oc <D>70-18£0.04 1491
The different values of the power law exponent could be caused by different samples
and test methods that were utilized in the experiments. It should be noticed that
the absolute values of these power law exponents are much lower than that of the
pure npg and gold microcolumns reviewed in Chapter 2, indicating that the size
effects in hardness and yield strength of npg—epoxy composites is much weaker
than that of pure npg and bulk gold.

Since the npg—epoxy composites consist of gold, epoxy phases, and the interface
between them, the microstructure of each phase and their interactions at the

interface need to be taken into account for the understanding of the size effect.

(1) The harder phase, i.e., the gold ligaments may contribute largely to the me-
chanical behavior of the composite. Gold at the nanometer scale shows a
strong size effect, which have been interpreted by dislocation source limited
deformation [17,19-51]. The lack of effective dislocation sources in smaller
ligaments leads to higher stress to initiate yield. Additionally, the strain gra-
dient plasticity model was proposed to explain the high strength of ligaments
in npg due to the bending dominated deformation [1&]. The strain gradient in
the plastic hinge of the ligaments is accommodated by geometrically necessary
dislocations, which obstruct the deformation and strengthen the material. As
for the npg—epoxy composites, due to the infiltrated epoxy phase, it is unlikely
that the dominated deformation mode is still bending. It is expected that the

strain gradient hardening effect is not as strong as that in the pure npg.

(2) The mobility of the epoxy chains is restricted by the interface, which limits
the deformation and leads to the strengthening of the material [156]. This
interfacial interaction between the ligament network and the epoxy chains is
enhanced for the smaller ligament size samples due to the larger interface

specific surface area.

(3) The interface hinders the dislocation motions. For pure npg, dislocations may

leave the ligaments’ free surface and a high stress is needed for new dislocations
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nucleation, which is known as the dislocation starvation mechanism [16,18,20].
However, for the npg—epoxy composites, since the ligaments are surrounded
by the epoxy, once the dislocations are activated, their movements are highly
constrained at the interface. The deformation is expected to occur by the
nucleation and pile—up of the dislocations in the ligaments until the applied
stress is large enough to break the bond between the gold and the epoxy.
Samples with larger specific surface area are expected to experience stronger
influences from such dislocation—interface interactions. As a result, the num-
ber of dislocations in the pile—up is increased and the stress required to move
the dislocations is increased. As can be seen from Figure 4.18, the specific sur-
face area of the interface increases with decreasing mean ligament diameter.
Therefore, npg—epoxy composites with smaller mean ligament diameter is ex-
pected to experience more intensive dislocation—interface interactions, which
strengthening the material. However, due to the less dislocation sources in the
smaller ligaments, the number of dislocations could be much less than that in
the larger ligaments. As a result, the dislocation pile—ups of the npg—epoxy
composite with larger mean ligament diameter might be more intensive. That
is to say, the strengthening effect due to the dislocation pile—ups in the larger
ligament sample may be stronger than that in the smaller ligament sample.
Therefore, it is possible that the combined effects of the dislocation activities
at the interface and the dislocation source limited deformation weaken the size

effect of npg—epoxy composites.

6.3.2 Elastic modulus predictions using analytical models

Various analytical models, based on idealized unit cells that are analogous to the
microstructure of the composites, have been used for the predictions of the elastic
modulus, as reviewed in Chapter 2. For the npg-epoxy composites with bicontin-
uous network microstructure, the gold ligaments act as the reinforcing phase and
the epoxy acts as the matrix phase. The applicability of the analytical models on
the prediction of the elastic modulus of npg—epoxy composites is discussed in this
section. By comparing the results from the analytical models, the experiments
and the FEM simulations, it is able to investigate the influence of the structural
geometry on the mechanical behavior of npg—epoxy composites.

Figure 6.22 shows the comparison of the isostrain (black solid line) and isostress
(green solid line) conditions, the two bounds of the Ravichandran model for the
composites with discontinuous reinforcements (red solid line), the two bounds of
the Tuchinskii model for the composites with bicontinuous phases (blue solid line),
together with the experimental and FEM simulation results (intersection of the
right vertical dashed line and the horizontal dashed line). As can be seen, the most

idealized conditions isostrain and isostress have the most broad bounds. Both the
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Ravichandran and the Tuchinskii models provide much narrower bounds. The
Tuchinskii bounds are higher than that of the Ravichandran model. The experi-
mental and the FEM simulation results are almost the same at around 10 GPa,
which are close to the isostress condition and within the Ravichandran bounds.
These different observations are discussed in four aspects: connectivity, effective

relative density, directional tortuosity, and interface.
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Figure 6.22: The comparison of the elastic modulus results from the isostrain and
isostress conditions, the two bounds of the Ravichandran model for
the composites with discontinuous reinforcements, the two bounds of
the Tuchinskii model for the composites with bicontinuous phases,
the experiment and the FEM simulation. When the effective relative
density is used for the calculation, the results are shifted from the
right dashed line to the left one, as indicated by the horizontal arrow.

Connectivity

As introduced in Chapter 2, the Tuchinskii model describes a bicontinuous com-
posite structure using a simplified unit cell, which consists of straight intercon-
nected rectangular beams, whereas the reinforcement in the Ravichandran model
is discontinuous. The interconnectivity of the two phases with different stiffnesses
in the bicontinuous composite provides a preferred stress transfer path. It was
found that the stress transfer path exist completely within the stiffer phase, i.e.,
the reinforcement [68]. The 3D spatial connections of the reinforcement allows the
stress transfer over a much larger area than in the structure with discontinuous
reinforcement. Moreover, in the Tuchinskii model, all the rectangular beams con-
tribute to the connections. This is different from the ligament network structure
of the npg—epoxy composites, where only about half of the ligament volume con-
tribute to the connections, as discussed in Chapter 5. It seems reasonable that

the Ravichandran bounds, the experimental and the FEM simulation results are
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lower than that of the Tuchinskii model due to their different connectivities, which

is worth to be quantified for these different models in the future.

Effective relative density

The effective relative density of npg has been proved to be the critical structural
parameter in determining its mechanical behavior, as discussed in Chapter 5. For
the npg—epoxy composites analyzed in this section, the effective relative density of
the gold network is about 15.0%. With this gold volume fraction, it was found that
the experimental and the FEM simulation results are close to the lower bound of
the Tuchinskii prediction, as illustrated in the intersection of the left vertical and
the horizontal dashed lines in Figure 6.22. This result point to the importance
of the load bearing structure of the reinforcement for the determination of the

mechanical behavior of npg—epoxy composites.

Directional tortuosity

It was found that the stiffness of the npg structure is inversely proportional to
the directional tortuosity, as discussed in Chapter 5. The directional tortuosity of
npg is bigger than 1 due to its microstructure. However, for the Tuchinskii model,
the idealized straight rectangular beam structure gives a directional tortuosity of

1, which leads to a stiffer behavior than that of the npg—epoxy composites.

Interface

It should be noticed that in the analytical models and the FEM simulations, the
two phases in the composites were assumed to be perfectly bonded at the interface.
So that the interface is considered to have an infinite stiffness, and a complete
load transfer takes place between the reinforcement and the matrix. In reality,
the interface always has a finite stiffness and prevents an effective stress transfer
during loading. This is one of the possible reasons that the experimental result
is lower than the Tuchinskii model prediction. Additionally, since the interfacial
failure of the npg—epoxy composites observed from the experiment occurred with
plastic deformation, it is not surprising that the FEM simulation result is almost

equal to the experimental result.

6.3.3 Interfacial failure

The existence of interface between the gold and the epoxy phases leads to a
direct implication on the failure mechanisms of the npg—epoxy composites. Due to
the different mechanical properties of gold and epoxy, and the irregular geometries
of the ligaments, high strains are likely to concentrate in the softer epoxy phase
near the interface where the local curvature is high. It undergoes higher strains
than the hard gold phase when the same global load is applied, as has been

observed from the FEM simulations of the 3D reconstruction. Once the interfacial
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bond strength is not strong enough to withstand the high stress concentration at
the interface, debonding occurs.

It was noticed that at some of the interfaces with high local curvature, there is no
failure. This may indicate that the interface with high curvature is a necessary but
not sufficient condition that leads to the failure. One important issue that needs
to be considered is the load bearing structure of the ligaments. As discussed in
Chapter 5 and previous section, the load bearing rings of the ligaments contribute
to the stiffness of the npg structure, and in the npg—epoxy composites. The stress is
more likely to be transferred in the load bearing ligament structures. The dangling
ligaments which don’t contribute to the connectivity are less likely to be the stress
concentration parts. In the FEM simulation presented in section 6.2, near some of
the convex interfaces of the epoxy, the strain is relatively small, as shown in Figure
6.21. These regions might be located near the dangling ligaments which contribute
little to the load bearing. The epoxy nearby experiences small strain. Thus, it
is likely that the interfacial failure happens depending on the stress transmission
structure as well, apart from the discrepancy of the mechanical properties of the

gold and the epoxy phases, the interface geometry and the bonding strength.

6.3.4 Tension—compression asymmetry

The tension—compression asymmetry was found in both the pure npg and the
npg—epoxy composites. In pure npg, it was explained by the density change in
different loading states [12,16]. Under compression, there is little transverse plastic
strain and the densification of the ligament network leads to stiffening of the
structure and provides a stable and uniform plastic flow in the material [12].
However, under tensile stress, the plastic flow reduces the density. Local stress

concentrations at the ligaments lead to shear instability and brittle failure [23].
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Figure 6.23: Schematic illustrations of npg—epoxy composites (a) without load; (b)
under compression; (¢) under tension. The interface between the gold
and the epoxy phases is shown in green.

After infiltration with epoxy, the densification of the npg—epoxy composites
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is strongly suppressed, as observed from the micromechanical experiments. The
weaker phase in the composite, i.e., the epoxy, is basically a brittle material, whose
tensile yield strength is significantly less than the compressive yield strength. The
stress prefers to transfer in the stiffer phase of the composites, which is the gold.
Under compression, the ligaments tend to align perpendicular to the loading axis,
as schematically illustrated in Figure 6.23(b). As a result, the ligaments and
the epoxy phases are compacted together, leading to geometric stiffening of the
composite. However, when it is under tension, as illustrated in Figure 6.23(c),
the ligaments tend to align parallel to the loading axis, and the materials near
the interface are under local tensile and shear stress, which lead to failure and

weakening of the material.

6.4 Conclusions

In this chapter, nanoindentation based micromechanical experiments, 3D mi-
crostructural characterization and FEM simulations were carried out for the npg—
epoxy composites in order to understand the influence of the epoxy infiltration
on the mechanical behavior, mechanisms of deformation and failure. The key

conclusions can be drawn as follows:

e The npg-epoxy composites show weaker ligament length scale dependent
hardness and yield strength than that of pure npg and bulk gold, whereas
the elastic modulus remains constant. The size effect could be attributed to
the dislocation source limited deformation in the ligaments, the promoted
interfacial interaction between the ligament networks and the epoxy chains
due to the higher specific surface area of smaller ligament size samples, and

the constrained dislocation activities at the interface.

e The comparisons of the elastic moduli from the analytical models predic-
tions, the experimental and FEM simulation results point to the influences
of the connectivity, the effective relative density of the load bearing ligament
structure, the directional tortuosity of the ligaments, and the interface on

the elastic behavior of the npg—epoxy composites.

e [t was experimentally observed that there is interfacial failure under com-
pressive stress, which might be attributed to the combined effects of the
difference of the mechanical properties of the gold and the epoxy phases, the
interface geometry and the bonding strength, and the stress transmission in
the load bearing ligament structure. Under tensile stress, interfacial failure
and failure within individual phases were found. These failure behaviors
on the one hand demonstrates the importance of the interface on the me-

chanical behavior of npg-epoxy composites. On the other hand, they reflect
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the asymmetric mechanical properties under compression and tension of the

composites.

The tension—compression asymmetry was examined using a triangular in—
plane geometry microbeam bending testing. It was found that npg—epoxy
composites is stronger in compression than in tension, which was attributed
to the infiltrated soft phase, i.e., the epoxy, the ligament alignments at

different loading states, and the interface.
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7.1 Summary

A three—fold investigation of npg—epoxy composites produced from as—dealloyed
to isothermally annealed npg with mean ligament diameters of 27 nm, 45 nm, 210
nm, 365 nm and 421 nm was carried out, focusing on 3D microstructural char-
acterization using high resolution 3D FIB-SEM tomography, FEM simulations
on the meshed 3D reconstructions, and nanoindentation based micromechanical
testing to understand the influence of the structural geometry and the infiltrated
epoxy on the mechanical response, the mechanisms of deformation and failure of
npg-epoxy composites with regard to the three questions raised in Chapter 1, i.e.,
how do the structural length—scales and 3D geometry of the gold phase influence
the mechanical behavior? how does the existence of the epoxy phase influence
the composite mechanical response? What are the deformation and failure mech-
anisms?

In order to understand the composite microstructure, a 3D microstructural char-
acterization approach for the npg ligament network of the five npg—epoxy compos-
ite samples was established. By quantitatively analyzing the 3D reconstructions
in terms of metric properties (e.g., relative density, ligament diameter distribu-
tion and specific surface area), topological properties (e.g., connectivity density),
and directional properties (e.g., directional tortuosity) in a spatial and volume
dependent approach, the microstructural representative volumes of the gold phase
of the composites were determined. They reflect the global structural properties
of the material, and are assumed to be equivalent to the pure npg network. It
was found that the cubic lengths of the RVs were about 15 times the mean liga-
ment diameter, and the npg structure coarsens in a nearly self-similar manner in
terms of the ligament diameter distribution and the scaled connectivity density.
The self-similarity allows to identify the critical structural parameters that can be
used to describe the mechanical behavior of npg structural geometry over varying
length scales.

The critical microstructural parameters in determining the mechanical behav-
ior of the npg network were identified with a combined experimental and FEM

simulation approach. Nanoindentation and in—situ microcompression testing for
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a pure npg sample, and FEM simulations for the meshed 3D reconstructions of
the npg network structure were carried out. It was found that the mechanical be-
havior of the 3D reconstructions exhibits a finite volume effect with the RV sizes
similar to that of the microstructure. The RVs show mechanical anisotropy which
was correlated with the directional tortuosity, i.e., smaller directional tortuosity
leads to a stiffer mechanical response. Both the micromechanical testing and the
simulations show that there is little lateral expansion of the investigated volume,
which indicates near zero Possion’s ratio of npg structure. FEM simulations on
the npg 3D reconstructions of samples at the early, the mid and the last stage of
annealing investigated in this work show that the mechanical response are quite
similar, which strongly support the self-similarity of npg structural geometry dur-
ing coarsening. A reasonable fit between the simulations and the experimental
results was achieved. It was found that the elastic modulus and the yield stress of
npg and its 3D reconstructions are more than one order of magnitude lower than
the predictions by the Gibson—Ashby scaling relations and most of the results re-
ported in the literature. To explain this big discrepancy, it was found that the
effective relative density of the load bearing structure was the critical parameter
that determine the mechanical behavior of npg structural geometry, instead of the
solid relative density usually used in the Gibson—Ashby scaling relations.

Having investigated the influences of the structural geometry on the mechani-
cal behavior of npg, the effects of the infiltrated softer phase, i.e., the epoxy was
explored. The nanoindentation based micromechanical testing, i.e., nanoindenta-
tion, microcompression and microbeam bending, and 3D microstructural charac-
terization and FEM simulations were carried out for the npg—epoxy composites.
It was found that the composites show weaker size effect in the hardness and
yield strength than that of pure npg and bulk gold, whereas the elastic modulus
remains constant. The size effect could be attributed to the dislocation source
limited deformation in the gold, the interfacial interactions between the ligament
networks and the epoxy chains, and the constrained dislocation activities due to
the interface. The comparisons of the elastic moduli from the analytical models
predictions, the experiments, and the FEM simulations point to the influences of
the connectivity, the effective relative density of the load bearing ligament struc-
ture, the directional tortuosity of the ligaments, and the interface on the elastic
behavior of the npg—epoxy composites. The interfacial phenomena was actually
experimentally observed. It was found that there is interfacial failure under com-
pressive stress, which might be attributed to the combined effects of the difference
of the mechanical properties of the two phases, the interface geometry and the
bonding strength, and the stress transmission in the load bearing ligament struc-
ture. Under tensile stress, there are interfacial failure and failure within the in-

dividual phases. These failure behaviors on the one hand again demonstrates the
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importance of the interface on the mechanical behavior of npg—epoxy composites.
On the other hand, they reflect the different mechanical properties under compres-
sion and under tension of the composites. The tension—compression asymmetry
of the composites was examined using a triangular in—plane geometry microbeam
bending test combined with a DIC measurement. It was found that the npg—epoxy
composite is stronger in compression than in tension. This was attributed to the
infiltrated soft phase, i.e., the epoxy, the ligament alignments at different loading
states, and the interface.

Overall, the present thesis presented a comprehensive approach for 3D mi-
crostructural characterization, FEM simulation and micromechanical testing for
npg-epoxy composites. The various observations point to the important roles that
the hard phase, i.e., the interconnected ligament network, the soft phase, i.e., the
continuous epoxy, and the interface between them play on the mechanical behav-

ior of npg—epoxy composites. A brief summary of the thesis is shown in Table 7.1.

7.2 Suggestions for future work
Several issues are worth noting as future work:

e Mechanical behavior of the npg structural geometry from FEM simulations
and micromechanical testing presented in this thesis has big discrepancy
compared to that reported in most of the literature. This might be attributed
to different npg sample fabrication approaches. It was demonstrated in this
thesis that the effective relative density may be the critical structural param-
eter that determine the mechanical behavior of npg. It might be useful to
characterize such structural property of npg fabricated from different meth-

ods, in order to find the reasons of the big mechanical behavior discrepancy.

e Due to the high specific surface area between the gold and the epoxy phases,
mechanical properties of npg—epoxy composites may depend on possible in-
terphase between them, except for the interface. The interphase is a tran-
sition region where there is a high interaction between the epoxy chains
and the ligament surface. It may have different properties compared to
that of both the gold and the epoxy phases, and control the load transfer
between both components. Advanced mechanical and microstructural char-
acterization and modelings for the interphase are useful to understand the

mechanical behavior of npg—epoxy composites.
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