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Abstract

Nanoporous metals are uniquely interesting materials. Their high ductility and impres-
sive strength in compression make them a favourable candidate for use in structural
applications. However, these materials under-perform when tested in tension. This issue
may be addressed by impregnating the nanoporous metal with a polymer. In this work
the behaviour of a polymer impregnated nanoporous gold (NPG) composite is explored
using the finite element method in three different scenarios: linear elasticity, fracture
and electrically stimulated actuation. Using representative volume elements (RVEs),
previously unexplored relationships between the macroscopic material response and its
microstructure as well as interesting mechanisms and deformation strategies are ex-

plored.

Firstly the homogenization and micromechanical response under compression of a
gold /epoxy nanocomposite is investigated. Investigation into the stress-strain response
within the material reveals a complex interaction between the constituents resulting in
both compressive and tensile strains. With specific focus on the loading modes of the
individual ligaments, significant axial and bending loading as well as an unexpectedly

large amount of shear stress is seen.

Following this the improved ductility and resistance to fracture of a gold/polymer
nanocomposite compared to the pure NPG material is revealed using computational
compact-tension tests. It is observed that the polymer stabilizes the gold thus pre-
venting ductile fracture. Several toughening mechanisms are also revealed. Previously
unexplored effects of increasing the volume fraction on the ductility and strength of

the composite are also explored.

The functionality of the gold/polymer nanocomposite as an actuator material is then
investigated. A coupled chemo-electro-mechanical material model is adopted to model
the electrically stimulated deformation. This is carried out in ABAQUS using a novel
staggered explicit-implicit solution scheme. Simulation of several RVEs with different
gold volume fractions show that while the gold provides strength and support, increas-
ing its volume fraction hinders both the ion transport speed and the total deformation
of the nanocomposite. A complex interaction between the stress response and the gold

volume fraction is also observed.
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1

Introduction

1.1 Hierarchical materials

Hierarchical materials are those that have recognizable and unique topological features
on more than one length scale [1]. Such materials can be both synthetic and naturally

occurring. Naturally occurring hierarchical materials include muscle, wood and bone

(Figure [1.1).
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Fig. 1.1: An example of the hierarchical structure of bone [2] .

Hierarchical materials show a dependence of their macroscopic material properties (for
example strength, stiffness, density) on their features at smaller length scales (mi-
croscale), thus creating a structure-property relationship across length scales. Within
naturally occurring hierarchical composites such as bone these relationships are ex-
ploited through functional adaptation and the microstructure is altered in order to
produce the best possible macroscale properties. In bone, for example, in order to ac-
commodate large stresses the structure of the mineral particles (at the nanoscale) or
arrangement of the collagen fibres (at the microscale) can change in order to alter the

bone density and hence strength (a macroscale property) [3].

! Reprinted from Medical Engineering & Physics , 20 /2, J.-Y. Rho, L. Kuhn-Spearing, P. Zioupos, Mechanical
properties and the hierarchical structure of bone, Copyright (1998), with permission from Elsevier.
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In the design of engineering structures using classical engineering materials, the ma-
terials are either selected and a design altered to accommodate for its properties, or
a design is created and a suitable material selected based on a handful of available
materials with pre-defined properties. Synthetic hierarchical materials, however, offer
the possibility of creating materials to suit specific designs or applications. That is,
once a design has been developed a material could be tailored on the microscale to
produce the required macroscale properties. In order to achieve this, an understanding
of the relationships between the different scales and the resultant macroscopic prop-
erties is needed. It is thus important to investigate how the microstructure affects the

macroscopic behaviour of a hierarchical material.

A common category of man-made hierarchical materials are composites. Composite
materials are considered to be hierarchical materials with an order of hierarchy of at
least two, where the order of hierarchy is defined by the number of length scales that
exists within a material [1]. Composite materials combine two or more materials, the
goal being to create a new material with a combination of their properties or possibly
even superior properties [4]. In most composites there is a matrix phase and a reinforce-
ment phase. The matrix is generally more compliant with the reinforcement providing
strength and stiffness. The volume fraction, distribution, morphology and topology of
each phase will influence the properties of the resulting composite. In this work we look
at these relationships for a composite comprising a nanoporous metal and an impreg-
nated polymer as the reinforcement and matrix material respectively. A review of the
work done on nanoporous metals and their response to compressive and tensile loading
conditions is given. A review of the work done on a polymer-impregnated nanoporous

gold nanocomposite, that will be the focus of this work, is then given.

1.2 Nanoporous metals

Nanoporous metals are a relatively new and promising type of hierarchical material
highlighted in Figure [I.2] These are porous foams that comprise a three-dimensional

network of ligaments with diameters on the nanoscale.

The ligaments are highly interconnected and form a completely continuous network
with over 10% ligaments per mm?. Nanoporous metals are created from a dealloying
process in which the less noble constituent of an alloy is removed by selective corro-

sion [7]. This removal then leads to the spontaneous formation of a three-dimensional
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Fig. 1.2: Hierarchical structure of nanoporous metals. Figure adapted from nd @

i

bicontinuous material. The volume fraction of metal is approximately equal to the
metal fraction within the original metal alloy. Nanoporous metals can have metal vol-
ume fractions between 20 and 50%. The ligament diameters can be tailored from 3 nm

to several microns by applying a thermal coarsening treatment during this process.

The presence of these ligaments (and other nano-objects such as nanoparticles, wires,
pillars) have been shown to improve the macroscopic strength of a material well be-
yond that predicted by the classical rule of mixtures . This has resulted in properties
of these materials often being very different, and possibly more appealing, to those
of their bulk counterparts ﬂgﬂ The large surface area-to-volume ratio that develops
in nanoporous metals motivates its use as a catalyst or electrode in batteries or ca-
pacitors . Its mechanical properties have also suggested its use in structural
and actuation applications [12,[13]. Nanoporous metals have been created from various

metals such as silver [14], platinum [15], copper [16], nickel [17,[18], palladium [19,[20],
titanium , aluminium and gold .

1.2.1 Nanoporous gold

Much of the research focus has been specifically on nanoporous gold (NPG) as its man-
ufacturing process can be easily controlled and high quality samples can be produced.

This work will focus exclusively on nanoporous gold.

Nanoporous gold in compression

Nanoporous gold has two unique material properties that have motivated the attention

given it in experimental and numerical research. Firstly, it shows an exceptionally high

3 Reproduced with permission from John Wiley & Sons, Inc
3 Image courtesy of Nadiia Mameka at Helmholtz-Zentrum Geesthacht
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compressibility, up to a 200% strain without undergoing any macroscopic fracture [24].
Two mechanisms have been suggested to facilitate this: densification, which allows for
a large amount of work hardening, and the ductility within the microstructure (that is,
the ligaments) [24,25]. Secondly, nanoporous gold has a very high strength-to-porosity
ratio [26]. It has been manufactured to have yield strengths and hardness values even
greater than that of bulk gold with yield strengths of up to 240 MPa (bulk gold has a
yield strength of 200 MPa).

Nanoporous gold in tension

The exceptional properties of nanoporous gold are, however, limited to its compressive
response. There exists an extreme tension/compression asymmetry in nanoporous gold
as under tension it exhibits an extremely brittle response. Experimental uniaxial tensile
tests produce small fracture strains of 0.22-0.7% and small maximum loading stresses
of between 9-25 MPa at ligament diameters above 20 nm [27-31]. Upon inspection
of the fracture surfaces, significant elongation of the individual ligaments has been
noted [23,13235]. Three-point bending tests have similarly shown very low fracture
stresses of 5-12 MPa [36,37]. At the lower end of the range of ligament diameters
in nanoporous gold (below 20 nm), the strength and elongation show a substantial
increase. Xia et al. [38] recorded much larger stresses and strains of up to 97.9 MPa and
7.3% respectively for uniaxial tensile tests on samples with ligament diameters between
10 and 11 nm. Although ultimate strengths of up to 562 MPa and fracture strains up
to 6% have been recorded for NPG samples using molecular dynamic simulations on
5 nm ligament sized samples [39-41], these significantly larger values have not been

confirmed experimentally.

Structure-property relations within nanoporous gold
Strength and hardness

There exists a relationship of increasing strength of the material with an increase in vol-
ume fraction of metal [39-41]. However, a unique relationship exists within nanoporous
metals, in that an increase in strength and hardness also occurs with a decrease in liga-
ment diameter (Figure [725,26,41-51]. This ‘smaller is stronger’ relationship arises
as the material experiences dislocation starvation since large dislocation sources cannot
be accommodated by the small ligaments. Thus, large stresses need to be applied in or-
der to activate dislocation sources and cause yielding [7,(26,42]. This also results in high

hardness values in these material. At sufficiently small ligament diameters, nanoporous
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metals have shown yield strengths greater than that of its corresponding bulk material.
The change in ligament connectivity at different volume fractions and its influence on

the load bearing nature of ligaments has also been suggested as a contributory factor

to this relationship [46,47].

104 o HELERLLRLLL | LERELARLLY | UL RLLL | LELELRLLLL | T """:
400 4 20| = - » @ @ theoretical ]
] DE; .~ ] shear strength |
< * .3%.
i is) «gy
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QCS 40 2 F v °
S 200- /| % 3
- 150 | & T 9
100- 5 100 de,
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O ¥ _|9
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1 10 100 1000 104 10%

€ [no units]
(a)

Ligament Size or Pillar Size (nm)
(b)

Fig. 1.3: Results from compression tests of nanoporous gold showing the (a) increase in
strength and (b) increase in yield strength with a decrease in ligament size. Reproduced

from [46] and ﬁrespectively.

Young’s modulus

The Young’s modulus of nanoporous gold has been shown to vary greatly with the
metal volume fraction and the average ligament size ,. At larger metal volume
fractions the material is more stiff. An increase in Young’s modulus with a decrease in
ligament diameters has also been noted, although this is less consistently seen in the
literature ,. Various mechanisms have been suggested to account for the de-
pendence of Young’s modulus on these material properties. Mathur and Erlebacher [54]
found a strong dependence of the Young’s modulus on the ligament diameters when
performing compression tests on specimens with ligament sizes of 3, 6, 12, 20 and 40 nm
at a constant volume fraction. The Young’s modulus at 3 nm was 6 times stiffer than
that at 40 nm. They suggested as an explanation that, at constant volume fractions,
characteristically smaller ligament-sized materials have more ligaments compared to a

material with thicker ligament size requirements. The former would thus have a larger

4 Reproduced with permission.
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moment of inertia which would give the material a higher bending stiffness, and which
thus would result in a stiffer macroscopic material response. Mameka et al. [46] inves-
tigated the influence of the network connectivity on the elastic modulus. This property
is affected by both the volume fraction and the ligament size of the material. At high
volume fractions (close to 50%) the connectivity shows a very weak relationship to the
ligament size but as the volume fraction decreases this relationship strengthens and
a decreasing ligament size results in a decrease in connectivity. As the connectivity
decreases the number of unconnected ligaments increases and hence the load bearing
path within the material becomes smaller, thus offering less resistance and hence re-
sulting in a more compliant material. This explains why a dependence of the Young’s
modulus on ligament diameters is noted at lower volume fractions, but is less notable

at larger volume fractions. This was also noted by Liu et al. [47] and Liu and Jin [53].

Hu et al. [49] questioned why structures which have the same connectivity density
as nanoporous gold but are topologically different are far more compliant, and found
that when the volume fraction of NPG was considered to be only that of ligaments that
were truly load bearing (by removing ‘dangling’ ligaments) the increased compliance
was recovered. This further emphasises the effects of connectivity on the stiffness of
NPG. Using finite element simulations, Huber et al. [56] investigated how the amount
of disorder within the ligament network affects the effective elastic response of NPG.
This was further expanded by Liihrs et al. [48] and Roschning and Huber [57]. They
suggest that a more compliant material is the result of a change in the deformation
modes of the ligaments from the majority axial compression within ligaments of or-
dered structures to now include more bending modes due to ligaments being misaligned

to the loading axis.

Jiao et al. [55], further found that only if the ligament junctions are significantly larger
than the ligament diameters does an increase in disorder affect the Young’s modulus.
Structures with thick ligaments only show a weak relationship between disorder and
Young’s modulus. They also found that the ratio of the ligament length to the diame-
ter of the ligaments influenced the Young’s modulus. Mangipudi et al. [58] agreed with
this in part and concluded that the Young’s modulus is far less sensitive to the mor-
phological characteristics of the ligaments such as the ligament length, curvature and
aspect ratio compared to the material’s topological characteristics such as genus and
nodal connectivity. This was confirmed by comparing finite element simulations of real
NPG with gyroid structures. They showed that at different values of scaled genus (a
measure of the overall connectivity per unit characteristic foam volume) the Young’s

modulus varies linearly. Finally, Soyarslan et al. [59] found that the dependence of



Chapter 1. Introduction

Young’s modulus is, in part, due to a change in the surface-area-to-volume ratio and

concluded surface elasticity to be an important factor in NPG.
Ligament deformation mode

The exceptional compressibility of nanoporous gold is suggested to be a result of the
deformation mode of the ligaments. Using experimental methods, Pia et al. [60] noted
that the large size of the nodal junctions results in the rigidity during deformation,
whereas along the length of the ligaments significant deformation would occur, thus
dictating the deformation behaviour of the material. In their investigation of cellular
solids which are comparable to metal foams, Gibson and Ashby [61] found that the
deformation mechanism greatly influences the stiffness of cellular solids. As open foam
cellular solids share some similarities with nanoporous metals such as interconnectiv-
ity, these findings may shed light on the deformation mechanisms that give nanoporous
metals some of their unique properties. They found that with a largely bending mode
of deformation the material stiffness scales quadratically as the density increases com-
pared to a linear relationship noted for materials with tension/compression dominated
deformation modes. Thus, materials that display mostly bending dominated deforma-
tion present a far more compliant macroscopic material response. Deshpande et al.
found agreement with this in their analysis of cellular solids using pin-jointed strut

structures [62].

Using finite element simulations to inspect the complex microstructure of nanoporous
gold one is able to investigate its deformation mechanism. Huber et al. [56] found bend-
ing to be the dominant loading case in nanoporous gold while Jiao [55] showed a mixed
mode in the deformation of ligaments whereby both bending and torsion are prevalent.
This multi-component deformation mode within the ligaments was similarly found from
simulations carried out by Pia et al [63]. Choi [64] discussed how the type of bend-
ing that occurs in nanoporous metals may be that of cantilever bending and not only
three-point bending as was suggested by Gibson and Ashby [61]. Cantilever bending is

more compliant and could thus produce a more compliant macroscopic response.

1.2.2 Nanoporous gold/polymer composite

Nanoporous metals have been proposed for use in chemical, electrical and structural
applications due to their favourable properties in compression above other conventional
materials [10]. However, their poor performance in tension presents an obstacle to their
utility. A material that exhibits less tension/compression asymmetry in strength and

ductility could be used in a much wider variety of structural applications as the type of
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loading it could experience would not have to be taken into account as carefully during
the design process. Additionally, a significantly more ductile material could be shaped
using conventional metal forming processes such as drawing and rolling. This would be
highly advantageous over the complex moulding processes involved in manufacturing,

for example, fibre-reinforced composites.

In an attempt to improve the ductility of NPG, Weissmiiller [5] created a nanocom-
posite by impregnating nanoporous gold with a polymer. This new nanocomposite has
several appealing properties. The first, and most obvious improvement, is its enhanced
ductility. Wang and Weissmiiller [5] showed qualitatively the improved tensile ductility
using a three-point bending test the results of which can be seen in Figure .
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Fig. 1.4: Three point bending and compression testing of NPG versus the gold/polymer
nanocomposite (a) Comparative tensile ductility under a three point bending test and
(b) improved strength and hardness under compression, taken from ﬂ

Here, one can compare NPG to the nanocomposite with the former having fractured
with no visible plastic deformation, while the latter has undergone significant deforma-
tion without any apparent macroscopic fracture. A maximum tensile strain of ~10%
was recorded for this sample. Wang et al. further investigated the tensile behaviour
of this nanocomposite under uniaxial tensile and four-point bending tests. Although
the nanocomposite still showed a weaker response in tension compared to compression,
samples undergoing uniaxial tensile tests showed strains of between 1 and 10% (de-
pending on the polymer used and the characteristic ligament size of the native NPG).

As expected, these tensile tests showed not only an increase in strength over their pure

5 See footnote
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polymer counterparts, but also a significant increase in fracture strength over pure
nanoporous gold samples tested in tension. The samples showed an increasing strength
with decreasing ligament size as is consistent with the ‘smaller is stronger’ relationship.
A decreasing strain at failure with decreasing ligament size was also noted, which is
consistent with the classical trend of a decrease in ductility with an increase in strength.
The four-point bending test again revealed no apparent fracture of the nanocomposite
at a strain of 2%. A significantly stronger response compared to the uniaxial tensile test
was seen. Microbeam bending experiments were conducted by Hu [65] to further study
the fracture properties of the nanocomposite. The microbeam was able to withstand

longitudinal strains between 2 and -2% up to a maximum load of 0.41 mN.

Wang et al. [44] also found, upon inspection of the fracture surface, significant de-
formation of the metal ligaments in the form of necking before fracture. Hu [65] found
cracks at the gold/polymer interfaces and within each constituent in his microbeam
experiments. Crack growth within the epoxy was often hindered by the presence of gold
ligaments along the crack path. Again, necking was also seen in the gold ligaments at

the fracture surface of these beams.

In addition to the enhanced ductility, gold/polymer nanocomposites showed other
favourable properties compared to pure NPG. Micro-compression and nano-indentation
testing revealed hardness values and yield strengths greater than either of the con-
stituents at a variety of ligament diameters (Figure [5},/44},45,165]. This is con-
tradictory to a rule-of-mixtures type of behaviour where the properties would be a
weighted average of the two constituents. The trend of an increase in mechanical prop-

erty with decreasing ligament diameter was also still prevalent (Figure .

The origin of the unexpected exceptional strength above either constituent individu-
ally is not fully understood. Wang and Weissmiiller [5] suggested a possible change in
deformation mode from bending to normal loading to be the explanation. This would
be consistent with the principles underlying the Gibson-Ashby strength relations for
open-celled foams. Possible interfacial phenomena were also suggested as strengthening

mechanisms.

The addition of a second material to nanoporous metals has also created the oppor-
tunity for new or improved functionality. For example, a nanoporous gold /metal-oxide
hybrid structure created by Lang et al. [66] showed significantly increased conductiv-
ity and capacitance for storing electrical charge, thus promoting it as a material to

be used as an electrode in super capacitors. A polypyrrole decorated NPG film cre-
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Fig. 1.5: Hardness values of the nanocomposite and nanoporous gold at three different
ligament diameters. Hardness values of the polymer constituent (epoxy) are also shown.
Taken from [5]E|

ated by Meng and Ding [67] also showed favourable properties such as high power and
energy densities, which make it a promising candidate as an energy storage material
in applications such as wearable electronic devices. The impregnation of an aqueous
electrolyte into the pores of a nanoporous gold provide an environment in which piezo-
electric behaviour may occur due to a charge displacement at the interface [68]. This
material could thus be used in strain sensing or electro-mechanical actuation applica-
tions. Detsi et al. [69] showed that under electrochemical actuation, an electrochromic
polymer coated nanoporous gold could be used in artificial muscle applications due to

the reversible dimensional and colour changes observed.

Numerical investigations on this nanocomposite material are fairly limited. Bargmann
et al. [50] developed a continuum based framework to model the polymer and gold
material and applied it to a simple honeycomb structure to investigate deformation
mechanisms. They concluded that ligament connectivity is a very important strength-
ening and stiffening mechanism. The simplicity of this model however limits the conclu-
sions that can be drawn from it. Soyarslan et al. |[70] further investigated the Young’s
modulus and Poisson’s ratio with respect to a change in metal volume fraction using
a more realistic material model. Scaling laws to describe the relationships for these
properties were also suggested. Li et al. |[71] investigated the mechanical behaviour of
gold/polymer nanocomposites and found the axial yielding of the ligaments to be a

significant influence on the yielding of this material under compression. They found no

6 See footnote
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relationship between the Young’s modulus and the ligament size.

A finite element investigation into the effects of merely coating nanoporous gold with
a polymer (polypyrrole) and the effect of the thickness of the coating on Young’s mod-
ulus, was carried out by Gnegel et al. [72]. They found a significant increase in the
stiffness of the composite even when only a thin coating was applied. The increase in
stiffness was even greater than that which would be expected if thicker ligaments of
the gold (a significantly stiffer material) were used instead. The creation of new con-
nections between neighbouring ligaments, thereby increasing the connectivity of the
network, was suggested as one of the main reasons for this increase. Gnegel et al. [72]
also investigated numerically the elastoplastic response of this material using a von
Mises plasticity material model for the gold material. As an alternative to the finite
element method, a finite cell method was used to find the elastoplastic parameters
for the polypyrrole constituent by comparing the experimental and numerical stress-
strain responses of coated nanoporous gold. These parameters were in good agreement
with that of bulk polypyrrole, thereby offering an alternative numerical method for

simulating nanoporous gold and its nanocomposites.

1.3 Computational micromechanics

A better understanding of the mechanisms and properties underlying the behaviour of
hierarchical materials such as nanoporous gold and its composite would be important
if one wished to tailor the use of these materials to an application, and in the devel-
opment of new materials which contain these enhancing features. To do this, however,
the response of micro and nanoscale features under various loading conditions need
to be investigated. Experimentally, this often requires advanced and expensive labo-
ratory equipment as well as the creation of many test specimens. The responses of
these specimens are also likely to be affected by defects or imperfections, leading to
erroneous conclusions. Analytical methods offer a way to calculate and predict certain
macroscopic properties but are often only applicable to regular and relatively simple
material geometries. Moreover, an understanding of the micromechanical mechanisms
is often not addressed by these methods. On the other hand, computational methods
such as those using the finite element method offer a powerful tool to understanding
how micromechanical behaviour influences macroscopic properties [73]. Computational
methods can not only capture the complex response of nanoscale features and their
stress and strain microfields, but hundreds, if not thousands, of ‘virtual’ experiments

can be conducted to investigate relationships that exist and these can be used to char-
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acterise the macroscopic behaviour of materials.

A ‘virtual’ experiment requires the creation of a computational model that represents
a sample of the material. A popular approach to do this is using a representative vol-
ume element (RVE). This is a small sample of the material that is large enough to
capture the characteristic geometric features of a material, including its internal struc-
tural arrangement, while being small enough to be computationally feasible . It is
important for the condition of the separation of scales to be maintained, with L* <<
LRVE << LM where L*, LRVE and LM are the characteristic lengths of the microstruc-

ture, RVE and macroscopic body respectively (Figure .

LM

Fig. 1.6: Schematic of the different length scales within a gold /polymer nanocomposite.
The condition of the separation of scales requires a RVE to be representative but also
computationally feasible.

The size of a RVE depends on the characteristics of the material such as the number

and types of constituents as well as their morphological and topological features.

There are several methods by which realistic RVEs can be created . These include
reconstructions from experimental data, physics-based methods or geometrical meth-
ods. Various methods have been used in the creation of a nanoporous gold RVE and its
corresponding nanocomposite. Cubic [41], tetrakaidecahedron [76], diamond and
gyroid ,, structures created from mathematically described surfaces have pre-
viously been used as simplifications of NPG. These structures are, however, obviously
different in both morphology and topology from realistic nanoporous metals and so
conclusions drawn from them are limited. The ordered nature of these mathematically

described structures further supports the notion that they can not fully capture the
micromechanical response of nanoporous metals ,.
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Realistic NPG RVEs are, clearly, the most appropriate models to use but their complex
and stochastic structure has presented a problem in their correct and timely creation.
Three methods have been used to construct realistic models: reconstructions based
on X-ray nanotomography [49,78,/79]; phase-field modelling whereby the dealloying
process is simulated [39-41}58,71,80-82]; and the use of level cuts on a generated
Gaussian random field [83]. Reconstructions based on X-ray nanotomography involve
sequential sectioning and imaging of the material and thereafter layering the images
to re-create the three-dimensional features. This is an extremely laborious and time
consuming method. Phase-field methods involve simulation of the dealloying process
using molecular dynamic or Monte Carlo simulations of spinodal decomposition. This
process simulates the kinetics involved in the phase separation occurring during deal-
loying. This is an extremely computationally expensive method and RVE construction
can take several weeks. The last method [83] allows for three-dimensional RVEs that
both morphologically and topologically representative of realistic nanoporous metals
can be created within a few minutes. The RVEs used in this thesis are constructed from
both the phase-field modelling process (Chapter [2)) and the level cut method (Chapters

Bl and [4).

1.4 Objective

The objective of this work is to understand the mechanical, fracture/damage and
chemo-electro-mechanical behaviour of a gold/polymer nanocomposite material. The
effects of different volume fractions of gold are also investigated and the microme-
chanical response and changes with a change in volume fraction are examined. Where
possible, comparisons between nanoporous gold and its composite counterpart are ex-
plored. The benefits of the unique topological and morphological characteristics of
nanoporous metals as a reinforcement phase compared to conventional composites is
also probed. It is only by understanding the micromechanical response on a nanoscale
that the possibility of optimizing material properties through micromechanical tailor-

ing can be achieved. This works aims to add to this body of knowledge.

In this thesis, three loading cases are considered with the intent to observe the mi-
cromechanical response of nanoporous gold and /or gold /polymer nanocomposites using

computational methods:

e The elastic response of a gold/polymer nanocomposite sample under compres-

sion;
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e The fracture response of nanoporous gold and its corresponding nanocomposite

under a compact-tension test; and

e The chemo-electro-mechanical response of a gold /polymer nanocomposite under

an electrical stimulus.

1.5 Structure of thesis

The structure of this work is as follows:

Chapter Will look at the numerical homogenization of a gold /polymer nanocomposite.
Three different boundary conditions will be utilized to calculate the effective elasticity
tensor. The micromechanical response of this composite under compression will also
be inspected where the stress and strain response along the centroid of the RVE and
the loading case on several gold ligaments is probed.

Chapter |3|involves the simulation of ‘virtual’ compact-tension tests to inspect the crack
initiation and propagation within gold/polymer nanocomposite samples. Samples with
a range of volume fractions are simulated to investigate the relationship between the
volume fraction and several mechanical properties such as the ultimate strength and
fracture displacement. Samples of pure NPG are also simulated and highlight the duc-
tility achieved by its impregnation with a polymer. Mechanisms facilitating this en-
hancement are noted.

In Chapter [4] a coupled chemo-electro-mechanical problem is modelled within the poly-
mer phase of several nanocomposite RVEs with different volume fractions. A novel stag-
gered explicit-implicit solution scheme is employed to solve the coupled multi-physics
problem using a combination of ABAQUS/STANDARD, ABAQUS/EXPLICIT and Python
scripts. The effects of the volume fraction on the electrostatic field, concentration field
and deformation within each constituent are explored with respect to its suitability as
an actuator material.

Finally a summary of the insights gathered from the three loading cases and con-
clusions on how the micromechanical structures and material properties influence its
macroscopic response are given in Chapter 5| Recommendations on future work that
could be done to yield further insights on the properties of gold/polymer nanocompos-
ite are also given.

The results of Chapter [2] and Chapter [3| have already been published in Eztreme Me-
chanics Letters (doi:10.1016/j.eml1.2017.09.006 and 10.1016/j.eml1.2020.100815) respec-
tively. Those of Chapter 4| have been published in the Journal of the Mechanics and
Physics of Solids (d0i:10.1016/j.jmps.2019.103848)).
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This chapter deals with the elastic response of a nanocomposite of nanoporous gold

impregnated with epoxy. The investigation comprises two parts:
1. Use of computational homogenization strategies to determine the effective elas-
tic properties of a representative volume element of the nanocomposite.

2. Investigation of the elastic response of the nanocomposite on a microscopic scale

to probe the material response and ligament loading modes.
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2.1 Introduction

A constitutive model describing the macroscopic behaviour of a material based on
its microstructure is necessary in order to develop a more complete understanding of
how the macroscopic response is affected by the deformation and response of the mi-
crostructure. Using representative samples of a material and the finite element method,
a greater understanding of these relationships can be achieved. Additionally, if this ma-
terial is to be used in large scale structural analyses, effective properties that capture
the macroscopic material response without having to model the fully resolved mi-
crostructure are sought out. Numerical homogenization offers such a tool to determine

the effective properties in the present case of a gold/polymer nanocomposite.

2.2 Homogenization

Upon loading, composites exhibit a complex stress strain response on a microscopic
scale. The more complex the microstructure, the more complex this response is. It is
this complex microstructural interaction, however, that produces unique macroscopic
properties. In a large scale finite element analysis, modelling the complex microstruc-
ture of nanocomposites would be far too expensive computationally. For example, mod-
elling the ligament network of a nanoporous gold material for any application larger
than a few micrometres would require a prohibitively fine mesh discretization in or-
der to capture the fully resolved microstructure. Homogenization, however, provides
a means of replacing the complex heterogeneous microstructure with a homogeneous

material that has the effective properties developed on the microscale (Figure [2.1)).

Effective properties can be determined by either analytical or computational homoge-
nization. Some fundamental analytical models include those of Eshelby [84] in which
the effective property for a material comprising a single ellipsoidal inclusion within an
infinite matrix under uniform loading is determined. This model has little applicability
to real life materials but forms the basis of many other analytical models. For exam-
ple, Mori and Tanaka [85] extended the Eshelby result by accounting for interaction
between inclusions. This could be used for a composite with a moderate number of
inclusions. Also based on the Eshelby result, the self-consistent and generalized self-
consistent schemes [86],87] calculate the effective properties of heterogeneous materials

by making approximations on how the phases interact.
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Fig. 2.1: Homogenization can be used to replace a heterogeneous material with a ho-
mogeneous one for a large scale structural analysis.

These and other analytical methods are, however, often limited in the types of mi-
crostructure to which they are applicable. Computational homogenization provides an
avenue through which effective properties can be evaluated for any material that can

be realized as an RVE. Computational homogenization involves the following steps

(Figure [2.2):

1. A computational model of a small sample of the material is created, that is, a

RVE. This sample must capture the features (topological and morphological)

in the representative proportions that would be found in the real material;

. This model is then deformed through the application of specified boundary
conditions. The boundary conditions applied have to ensure that an energetic

equivalence between the micro and macro scales is maintained;

. A volume averaging technique is then applied to relate the microscopic quanti-
ties (stress and strain at individual points) to the macroscopic properties; and
then finally,

. The constitutive tensor is evaluated using the volume averaged stress and strain
responses. This can then be used in subsequent large scale finite element simu-

lations.

Homogenization also provides an opportunity for investigation of the effect of mi-

It provides a means of evaluating the influence of lower levels of hierarchy on the
higher levels. Conducting experiments on several material specimens with all the pos-

sible structural arrangements would be prohibitive in both cost and time. Additionally,

crostructural arrangements and inclusions in the response of a material at the macroscale.
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Fig. 2.2: Summary of computational homogenization technique applied to a RVE of a
gold /polymer nanocomposite to determine the effective Young’s modulus.

it would be difficult to investigate the relationships between certain physical or geo-
metric properties and unique macroscopic properties. At the least, this would require
additional equipment and complex analysis techniques. Homogenization enables one to
conduct a large number of ‘virtual’ experiments and extensive investigations into how
the microstructure influences the macroscopic properties. Probing field variables of e.g.,
stress, strain or deformation on the microscale and how they develop and change with

different microstructures is also immediately available.

2.3 The homogenization problem

The micro- and macroscales of a material are linked by an effective constitutive tensor
C*. In the following, the homogenization problem is introduced and the procedure for

obtaining C* described.

Consider a linear elastic body that occupies a domain 2 € R®. With the assump-

tion that it undergoes small deformations described by the Green small strain tensor
1 T
€= Gradu + (Gradu) ] : (2.1)

where u is the displacement vector, the Cauchy stress and Green small strain tensors

are related to each other by the elasticity tensor C; that is,
c=C:¢. (2.2)

Consider a small sample body representative of the fully resolved microstructure; this
is referred to as an RVE, which occupies a domain {2 comprising two materials labelled
1 and 2, with a material 2 volume fraction of ¢ (see Figure . Each material is
homogeneous, linear elastic and non-overlapping so that 2, N {2, = &. The boundary

012, with a normal vector given by n, comprises Dirichlet boundary 92, on which
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displacements are prescribed, that is w = u; and Neumann boundary 0f2, on which
tractions are prescribed, that is ¢ = £. With an RVE subjected to body forces b, the
equilibrium problem is as follows:

Find uw € V such that v = w on 0f2, and

/Gradw:ad\/:/b-wd\/+/ t-wdA VYweV, (2.3)
0 I7; 9

where V is the test space of functions which together with their first derivatives are

square-integrable, and which satisfy w = 0 on 0f2,,.

Q!

O g
\\O O

LRVE

Fig. 2.3: Macroscopic homogenization problem description with magnified heteroge-
neous microscopic structure.

The effective response is characterized by the relation
() =C":{e)a, (2.4)

where

(o = é/ﬂ-d() (2.5)

represents an averaged quantity, and C* is the effective (homogenized) elasticity tensor.

This quantity is the elasticity tensor that would be used in a macroscale analysis.

2.3.1 Hill-Mandel Condition

The boundary value problem applied to the RVE must satisfy the Hill-Mandel criterion
38

() : () = %/Qa L ed. (2.6)

which states that the average of the work (right-hand side term) must equal the work

done by the average quantities (left-hand side term) when the body force is constant
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or absent. This condition ensures that the work done at the microscale is equal to the

work done at the macroscale.

2.3.2 Averaging theorems

For completeness two averaging theorems are introduced:

The average strain theorem For an RVE under uniform displacement boundary
conditions, the volume average of the strain is equal to the strain on the bound-
ary.

(e)o=¢E. (2.7)

The average stress theorem For an RVE under body forces and uniform traction
boundary conditions, the volume average of the stress is equal to the stress on

the boundary.

2.3.3 Boundary conditions

Three types of boundary conditions can be applied which satisfy the Hill-Mandel con-
dition: kinematic uniform, static uniform and periodic boundary conditions. These
boundary conditions ensure that their application on the smallest RVE size possible
does not affect the aggregate response of the material by ensuring only small boundary
fluctuations relative to the size of the body are present. These boundary conditions are

given by

Pure displacement,/ kinematic uniform (KU):

ulpn, =€ x; (2.9)
Pure traction/ static uniform (SU):
tlon, = L-n; and (2.10)
Periodic displacement:
ulogn, =€ -+, (2.11)

where v is a periodic fluctuation.

The conditions (2.9) and (2.10]) are often called homogeneous boundary conditions.
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Homogeneous boundary conditions model the surrounding macro structure itself (Fig-
ure [2.4(a)|) whereas periodic boundary conditions model a macrostructure of repeating
periodic elements (Figure [2.4(b))).

Fig. 2.4: Representation of the RVE (red square) from a 2D material using (a) homoge-
neous and (b) periodic boundary conditions. Using homogeneous boundary conditions,
the macrostructure surrounding the RVE is represented whereas in periodic boundary
conditions the macrostructure consists of repeated periodic units

Although for a large enough material sample the effective property calculated is in-
dependent of the boundary condition used, for a finite RVE size the correct effective
property is bounded from above by the result obtained using displacement boundary
conditions and from below by the result obtained using pure traction boundary con-
ditions. Periodic boundary conditions are bounded by these two results. Thus, for a

linear elastic material the effective Young’s modulus is ordered as follows:
Eéupe < Eppe < Exusc - (2.12)

Kinematic uniform boundary conditions provide a relatively stiffer response while static
uniform boundary conditions yield a more compliant response. These results are ob-
tained from the principles of minimum potential energy and maximum complementary
energy. For a formal proof the reader is referred to [89]. For a variety of elastic materials
it has further been shown that periodic boundary conditions produce a more accurate
estimate for effective properties compared to displacement or traction boundary con-
ditions at small RVE sizes [90-92]. For this reason, periodic boundary conditions are

often favoured when the size of a RVE is limited.

2.3.4 Effective elastic properties

In the most general case, the effective elasticity tensor C* has 36 independent compo-

nents. To determine these, six independent loading cases are applied, with the most
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common ones given by

(no summation over repeated indices) , (2.13)

B
—B (i#)). (2.14)

Here i,j = 1,2,3 and f3 is a prescribed constant value. The loading described by (2.13))

represents the three normal loading cases and (2.14)) represents the three shear loading
cases (Figure [2.5)).

z AR
x y z yr 2y Tz
tensile loading shear loading

Fig. 2.5: Examples of six independent loading cases: 3 normal loading and 3 shear
loading cases are shown from left to right.

The six independent loading conditions are applied through the boundary conditions
given in the previous section. Each loading case yields six different volume averaged
stress and strain components. Using Voigt notation, the 36 equations (six equations

per loading case) are used to determine the 36 unknowns in the tensor C*, defined by

(011)0 Chinn Clize Cligs Cling Cling C1131 (1)
<U22>Q C C 2222 2233 5212 CQQ2 62231 <522>Q
(033)02 _ Cliss Chasz Clgs3 Clg1p Clspg Ulizsy (e33)0 (2.15)
<‘712>Q Cli12 a1z Clz1p Clarg Clang Clagy 2<512>9
(023) 02 Cli2s Cha23 Clg23 Claas Chsag Chssy 2(e23) 2
<‘713>9 _61131 02231 63331 CT231 @2331 63131 2<513>Q

Due to the symmetry of the Cauchy stress and Green small strain tensors, C* has only
21 independent components. Thus (2.15)) can be written as
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(o11)0 C1, €y, Cf3 €, G35 Cy (e11)e
(022)0 G5y C53 €3y C35 T3 (€22) 02
<O-33>-Q — C§3 C§4 C§5 C%G <E33>~Q , (216)
(012) 2 Cii Ci5 Cls | | 2(e12)0
(093) 2 sym Css Cs6 | | 2(e23)0
{o13)0 i Cis | \2(e1s)e

where Ci; = Cj,;; and similarly for the other entries in (2.16)), by comparing them
with those in ([2.15).

If one considers certain symmetries that exist within the microstructure of materi-
als further simplifications to (2.16) can be made. For example, for a cubic crystal,
which has three mutually orthogonal planes of reflection symmetry, (2.16)) simplifies to

(011)0 €1, €1, C5 0 0 0 (1)
(022) 0 C5C3 0 0 0 (e22)0
(oo | ¢ 0 0 0| | (ewdo o
(012)0 Cy, 0 0 2(e19)0
(093) 02 sym C:, 0O 2(e93) 02
(013) 2 i Cga_ 2(e13)0

For an isotropic linear elastic material there are only two independent constants, and

(2.16)) becomes

(o11)0 [BK* 4+ 4p*] [3k* — 2u*] [3k* — 2] O 0 0O (e11)n
(099) 02 [Br* +4p*] [3k* —2u*] 0 0 0 (€99) 02
(o33)0 | _ 1 [Bk*+4p*] 0 0 0 (e33)0
() | 3 30 0 0 | | 20en)o |’
(023) 0 Sym 3u* 0 2(e23) 02
(013) 0 i 3M*_ 2(e13) 0

(2.18)
where x* and p* are the effective bulk and shear moduli respectively. From (2.18)) these

parameters can be computed from

(o)
3&*—@ and 2u* = é/>9—<€,>9
3 /0

(2.19)

Here tr(+) denotes the trace of (-) while (-)’ o (+) — @I is the deviator of (+). The

effective shear and bulk modulus are related to the effective Young’s modulus and
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Poisson’s ratio by

3R* —2u*

. 9/{*#* _
6r* + 2u*

— e 2.20
3K* + p* ( )

respectively.

2.3.5 Theoretical bounds

Classical analytical homogenization approximations include those of Voigt and Reuss

bounds, and Hashin-Shtrikman bounds.

Reuss-Voigt bounds

By splitting the strain field into a volume averaged part and a fluctuating part, that is

e = (e)n +€, and using the positive-definiteness of C the following relation is obtained:
Og/é:CédV. (2.21)
Q2

Expansion of and application of and gives
0< (€)a: ((Cha—C) : (e)0)|) (2:22)
Similarly, splitting the stress field into o = (o), + & gives
0< ((0)o: ((C o = (€)7) < (a)0) |02 (2.23)
The effective property can thus be bounded as follows:
(C ' <C* < (C)g. (2.24)

These bounds provide upper and lower limits for the effective property on the assump-
tion of uniform strain (Voigt) and stress (Reuss) fields respectively in heterogeneous
materials [74]. As neither a constant stress nor strain field represent the true state
within a complex material, these bounds provide upper and lower limits to the true

effective property value.

With an assumption of a uniform constant strain field, e = € and (6)o = (C : € ) =
(C)p : €°, which gives the Voigt bound C* = (C),. With the assumption of a uniform

constant stress field, o = ¢ and (€), = (C™' : 0)p = (C')y : ° which gives the
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Reuss bound C* = (C71) ;.

Based on a composite comprising a matrix and uni-directional fibres, the Reuss and

Voigt bounds on the effective Young’s modulus of a heterogeneous composite are given

by

1 1 1 1 1
- —d9+/ —dle and  Fu; :—{/EdQJr/Ed(Z},
EReuss \Q |: 21 El 2o E2 Voist ‘Q N ' 22 ?
(2.25)

where F; and E, are the Young’s modulus of materials 1 and 2 respectively that make
up a composite of volume (2. With a constant elastic modulus for materials 1 and 2
over the entire domain these can be expressed as

1 1—¢ ¢

B~ B g M Bewm = (1-0)Ei+ ok (2.26)

Hashin-Shtrikman

The bounds developed by Hashin and Shtrikman were determined using the concepts
of polarization and the principle of minimum potential energy [74]. As these bounds
are sensitive to specimen size they are only valid for sample sizes significantly larger
than the characteristic microstructure length. These provide the tightest bounds for a
generalized isotropic heterogeneous material where no restrictions on the geometrical
arrangement of the microstructure are made. The Hashin-Shtrikman bounds on the

bulk and shear modulus are given by

¢ . 1—0¢
K1+ — P S KY < Ko+ — 39 and
Ko—K1 3r1+4p1 K1—K2 3ko+4pu2
¢ . 1-¢
ft S dlmiom] = W S H2t — 6ol (2.27)
2 — 1 5u1[3k1+4p1] 1 —p2 Su2[3ka+4pa]

where k1, p1 and kg, po are the shear and bulk moduli for material 1 and material 2,
respectively. With these upper and lower values for shear and bulk moduli and using
the expressions at ([2.20]) the Hashin-Shtrikman bounds on the Young’s modulus and

Poisson’s ratio can be calculated.

These theoretical results bound the effective Young’s modulus as follows:

EReuss S E/‘HslOwer S E* S EHS S EVoigt . (228)

upper
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2.3.6 Application of boundary conditions

In this work, two classes of boundary conditions are applied to the RVE: homogeneous

and periodic.

Homogeneous boundary conditions

Two forms of homogeneous boundary conditions are considered in this work:
e Kinematic uniform boundary conditions, as given by (2.9)), prescribe the dis-

placement at all boundaries of an RVE, and

e Static uniform boundary conditions, as given by (2.10]), prescribe the traction
on all faces of an RVE.

Kinematic uniform boundary conditions

Application of kinematic uniform boundary conditions for the case of the three normal
loads requires that three orthogonal faces are fixed in the direction normal to the face.

Loads are then applied to one of the remaining three faces for each loading case as

given by
Fixed boundaries Loading cases
u,® =0 x — direction: u® — ylad =0
u =0 y — direction: u¥t — ul*? =0
u = z — direction: u? — 2! = 0.
where 1°?d is a constant prescribed displacement.

For the case of the three shear loads, the loads are applied in in-plane directions with

the corresponding opposite face constrained in the same in-plane direction as follows:

Fixed boundaries Loading cases

u =0 yx — direction: u¥ — 2 =
u = zy — direction: u;! — ulead = ()
u® =0 xz — direction: u? — yload = 0.

Rigid body motion is restricted in all six cases by fixing all degrees of freedom of the

node at the origin.
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Static uniform boundary conditions

Static uniform boundary conditions are applied by prescribing the traction at sur-
faces in order to simulate uniaxial and simple shear tests for the normal and shear
loading cases respectively. All non-specified surfaces are prescribed with zero traction
boundary conditions. These boundary conditions alone, however, lead to a non-unique
solution due to rigid body motion. Various solutions have been proposed, including
the use of the Lagrange multiplier method, mass-type diagonal perturbation [93], and
the construction of free-flexibility matrix [94]. Here we address the singularity through
the addition of semi-Dirichlet boundary conditions as developed by Javili et al. |95}96).
These prescribed-displacement boundary conditions prevent rigid body motion without
invalidating the necessary assumption of a uniform stress distribution over the entire

boundary, and are applied as follows:

e Translational motion is prevented by fixing a random point (point A in Figure

2.6) on the boundary in the z—, y— and z—directions.

e Rotational motion is then prevented by further restricting the z—, y— and
z—directions separately at the three other nodes connected to point A (e.g.,
point B, C and D respectively in Figure such that X7 # X, X¢ # X
and XP # X2 where X, (*_) is the (-) positional co-ordinate of point *. It should
be noted that the locations of points B through D and their respective restricted
degrees of freedom should also be selected so as to prevent spurious tractions

as this would violate the foundational assumptions of SU boundary conditions.

e A traction force is then applied to the RVE.

)

Fig. 2.6: Application of SU boundary conditions with semi-Dirichlet boundary condi-
tions implemented to prevent rigid translation and rotational body motion.

By

Periodic boundary conditions

The application of periodic boundary conditions has been shown to be the best per-

forming boundary condition for a finite RVE size. They produce the fastest convergence
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to the effective property investigated with increasing RVE size for both periodic and
non-periodic microstructures [90-92]. Classically periodic boundary conditions are ap-
plied by connecting two nodes that have the same co-ordinates but lie on opposite
faces, and then prescribing a displacement difference. As such becomes

ut — U =& [ — 2, (2.29)

where k+ and k— represent the k' pair of opposite parallel faces. Since both £ and
¥t — 2"~ are known a priori, the right hand side of becomes a constant. This is
easily implemented in commercial software via constraint equations and consequently
solved using a constraint elimination method. As periodic boundary conditions are used
to simulate a macro-structure consisting of periodic elements, continuity of both the
displacements and tractions across the boundaries are required. The continuity of the
displacements is explicitly satisfied by while the traction continuity is implicitly

ensured.

In order to have matching node pairs on parallel opposite faces a periodic mesh is
required on the boundaries of the RVE. In the investigation of complex microstruc-
tures such as gold/polymer nanocomposites, however, this requirement would lead to
an extremely fine mesh discretization which would be prohibitively computationally
expensive. To circumvent this, various methods have been proposed to apply periodic
boundary conditions to non-periodic meshes. Xia et al. [97] satisfied the requirements
for periodic boundary conditions using unified boundary conditions on parallelepiped-
shaped periodic RVEs. As this method is only applicable to parallelepiped-shaped
RVEs with one type of microstructure, its limitations are obvious. Larsson et al. [91]
included a weak micro-periodicity assumption of the displacement fluctuation field to
enforce periodic boundary conditions. This method requires complex programming and

is difficult to implement within commercial finite element software such as ABAQUS.

Nguyen et al. [98] and Tyrus et al. [99] employed periodic boundary conditions by
interpolating the displacements at the boundaries of the RVE using polynomials such
as Lagrange polynomials, cubic splines and, in three dimensions, Coons patches. By
doing so, the displacement at any point within an element on the negative face can
be calculated by interpolating between the nodal values and thus a matching node no
longer needs to exist. The interpolated value can then substituted for the u*~ term
in (2.29). Although this method is fairly simple it requires additional coding, which

makes it unsuitable for use in commercial software.
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As the microstructure is extremely complex for gold/polymer nanocomposites and,
even without creating a periodic mesh, an RVE can easily contain several hundreds of
thousands of elements, implementation in commercial software is necessary. Thus the
master /slave approach, developed by Yuan and Fish [100] and utilized by Schneider et
al. [101] and Kassem [102], which has been tailored for use in ABAQUS, will be used
here. To accommodate the non-periodic mesh the use of tie constraints is adopted (the
*TIE keyword within ABAQUS). This involves two opposite but parallel surfaces: one
termed the slave surface, the other the master surface. The displacement of the nodes
on the slave surface are constrained to the movement of the closest node/s by projec-

tion onto the master surface and utilizing the element shape functions (see Figure [2.7)).

Fig. 2.7: Depiction of *TIE constraint in ABAQUSwhere node a is constrained by nodes
1 and 2, node b is constrained by node 2 and node c is constrained by nodes 1 — 3 using
element shape functions [100].

Due to limitations within ABAQUS further steps need to be taken to allow for ([2.29))
to be implemented. The full master/slave approach for one pair of sides of an RVE is
summarised as follows (see Figure ;

e A replica of the master surface is created and placed at a small distance away

from the slave surface;
e Tie constraints between the replicated master face and the slave face are defined;

e Equations linking the displacement of a reference node (nodes created externally
form the RVE), nodes on the replicated master face and nodes on the original

master face are created and;
e A displacement is prescribed at the reference node.
To ensure the model is not over constrained, the corner and edge nodes need to be

treated individually with multipoint constraints and edge-coupling using node based

tying (node-to-surface ties in ABAQUS).
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Fig. 2.8: Master/slave set-up for periodic boundary conditions on VE with a non-
periodic mesh in (a) 3D and (b) 2D. The two-dimensional example is given as a
schematic illustration and is extended to the 3D case in this work. The replicated
master surfaces are given by the red, blue and green surfaces. Tie constraints (orange
dashed line) are created between each replicated surface and corresponding slave sur-
face parallel to it. Additionally constraint equations (black dashed line) are developed
between corresponding reference nodes, replicated master surfaces and the correspond-
ing original master surfaces.

Figure [2.9)shows the resulting deformation of an RVE after imposing kinematic, static
uniform and periodic boundary conditions in compression. The kinematic uniform
boundary conditions show relatively rigid boundaries which are as expected due to
explicit prescription of the displacement along these boundaries. At the boundaries of

the RVE with the periodic boundary conditions, a clear periodic deformation is noted.

2.3.7 Quantification of anisotropy

The effective elasticity tensor given in (2.16) is valid for a fully anisotropic material. It
is important to be able to quantify the degree of anisotropy of a material for structural
applications. A low degree of anisotropy will also result in a simpler elasticity tensor

to describe the material.
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Fig. 2.9: Resulting deformation of a gold/polymer nanocomposite after imposing three
different types of boundary conditions.

A measure of anisotropy of cubic crystals, the Zener anisotropy index [103], is defined

by
20

T
where Cj; are the terms within the elasticity tensor C given in (2.16). A = 1 repre-

sents a purely isotropic material and a departure from this represents the degree of

A (2.30)

anisotropy. This measure quantifies anisotropy by comparing the resistance of a ma-
terial to shearing across two different planes and in two different directions. Kanit et
al. [104] used an alternative form of this measure, given by

A = (2.31)

where

Cua + Css + Cie ~ Ci+Cy+Cs ~ Cia+ Oy + Oy
Yii= and Yy = .

3 ’ 3 3

Y=
(2.32)

Chung and Buessem [105] modified the Zener index using empirical methods to produce

an anisotropy measure of the form

Y=k 3(A—1)
kY + kR 3(A—1)24254"

AC = (2.33)
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where A® = 0 indicates a purely isotropic material and the superscripts (V) and
(R) represent the Voigt and Reuss bounds on the shear modulus. For polycrystalline

materials these are given by [8§]

9/{;\/ — (Cll + 022 + 033) + 2(012 + 023 + 032) and (234)

R (S11 + Sag + S33) + 2(S12 + Saz + S32), (2.35)
where S;;, i,j = 1,2,3 are terms in the the compliance tensor $ = C~!. As a material

becomes more anisotropic, the gap between the Reuss and Voigt bounds increases and
so AY > 0.

The above anisotropy indices do not, however, take into account the full tensorial nature
of the elasticity tensor and are only applicable for cubic crystals where Cyy = Cs5 = Cegg.
A universal anisotropy index AY was thus introduced by Ranganathan and Ostoja-
Starzewski [106] to take into account the possible non-isotropic bulk resistance of a

crystal. This is defined by
. AN
A :5/€_R+F_67 (2.36)

where the Reuss and Voigt bounds for the bulk moduli are given by [8§]

151" = (C11 + Cag 4 C33) — (Ch2 + Caz + C31) + 3(Caa + Cs5 + Cop), - (2.37)
15
LE = (S11 + Sz + Sa3) — (S12 + Saz + S31) + 3(Sas + Ss5 + See) - (2.38)
As with the Chung and Buessem index, AY = 0 for an isotropic elastic material and

departure from this indicates the extent of the crystal anisotropy.

2.4 Results and discussion

The homogenization and micromechanical analysis was carried out using ABAQUS/S-
TANDARD on a volume element (VE) of a gold/polymer nanocomposite (Figure [2.10).
The VE was created within ABAQUS by cutting and merging a homogeneous block with
a pure NPG structure (developed by B.-N. Ngo from Helmholtz-Zentrum Geesthacht,
Germany [81,82]). The VE has a gold volume fraction of 29.7% and relative ligament
size of 31.5 nm. Using MESHLAB, a mesh of 437 913 linear tetrahedral elements was
created. The properties of the gold and polymer constituents are given in Table [2.1]
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Fig. 2.10: Volume element of gold/polymer nanocomposite (grey=polymer,
yellow=gold) with a cut-out showing the interconnected nanoporous gold network of
ligaments. A 2D slice of the nanoporous gold is also shownEl

Table 2.1: Bulk material properties

Polymer m symbol  value

bulk modulus K 1.63 GPa
shear modulus 1 0.75 GPa
Poisson’s ratio v 0.3

Gold [27]

bulk modulus K 216.64 GPa
shear modulus 1 27.08 GPa
Poisson’s ratio v 0.44

2.4.1 Homogenization

The effective elasticity tensor resulting from each type of boundary condition is given
in Table 2.2

Looking at the entries and, most importantly, the location of the near zeroes in the
three matrices, all three reveal an elasticity tensor similar to that of (2.17)), that is, a

cubic crystal. The extent of the anisotropy is calculated using the measures given in
Section and given in Table

From Table [2.3]it is clear that this volume element is not only a cubic crystal but can

also be approximated as an isotropic material. As a result, the full material response

! Reproduced with permission from Elsevier (https://doi.org/10.1016/j.eml1.2017.09.006)
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Table 2.2: Effective elasticity tensor results using each type of boundary condition.
[7.50 2.66 2.63 0.09 0.06 —0.03 ] [6.30 2.26 2.25 0.05 0.02 —0.01 ]
7.83 2.72 0.08 0.01 -0.17 6.73 2.31 0.04 —0.01 —0.10
o 8.06 0.03 —0.07 —0.13 o 6.74 0.02 —0.05 —0.09
KuBC sym 2.40 —0.05 —0.06 SUBC sym 2.05 —0.04 —0.02
2.54  0.04 2.06 0.03
i 2.65 | i 2.15
[7.56 2.69 2.72 0.09 0.04 —0.02 ]
7.85 2.73 0.09 0 —0.12
o 8.03 0.02 —0.04 —0.07
PBC sym 245 —0.04 0
248 0.04
i 2.54 |

Table 2.3: Measures of anisotropy of the effective elasticity tensors in Table [2.2]
Isotropic materials have values of A =1, A’ =1, A° =0 and AV = 0.

Boundary condition

Anisotropy index symbol Static Periodic Kinematic
Zener A 1.01 1.01 0.992
‘Modified” Zener A 0.968 0.976 0.987
Chung and Buessem A€ 2.6e-05 4.53e-06 8.26e-06
Universal anisotropy index AY 0.0610 0.0307 0.076

can be described using two effective material parameters x* and p* as given by (2.19).
Only one of the six independent loading cases is necessary to calculate these parame-

ters. These parameters can then be used to calculate the effective Young’s modulus E*
and Poisson’s ratio v* using ([2.20)).

In this work, three normal loading cases along each of the three major axes were
applied to the volume element using each of the three boundary conditions. The aver-
age of the effective material parameters of each loading case for each type of boundary
condition are given in Table [2.4]

The effective Young’s modulus is in agreement with Wang |45 who recorded a value
of 4.01 GPa for a gold/polymer nanocomposite with a 27% volume fraction and a lig-
ament size of 35 nm £+10 nm. Samples of pure nanoporous gold with similar material
parameters (30% gold volume fraction and 25— 30 nm ligament diameters) recorded by

Balk et al. [27] gave a Young’s modulus of 2.7 GPa. The nanocomposite is understand-
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Table 2.4: Effective elastic properties calculated from numerical homogenization under
three different boundary conditions. Theoretical bounds for the Young’s modulus are
also given.

Boundary condition

Effective property Reuss HSjower Static Periodic Kinematic HS ypper  Voigt

bulk modulus k* [GPal 3.717  4.417 4.381
shear modulus  p* [GPa] 2.153  2.551 2.558
Poisson’s ratio v* 0.257  0.258 0.255

Young’s modulus E* [GPal|2.539 3.170 5.413 6.417 6.423  14.538 22.935

ably stiffer than pure NPG, however, only marginally so considering the large increase
in compressive strength (1.5 times increase in stiffness with a 3.5 times increase in
compressive strength [45]). Using the proposed scaling law for the Young’s modulus of

a gold/polymer nanocomposite given by [70]
E* = [Ey — Ep) ¢** + Ep, (2.39)

where E); is the Young’s modulus of the metal (i.e., gold in this case), and Ep is the
Young’s modulus of the polymer. A Young’s modulus of 5.84 GPa is calculated which
sits within the range of the imposed boundary conditions. Similarly they record a Pois-
son’s ratio for the nanocomposite of 0.3; the results in Table are in agreement with
this.

As expected, results from the simulations lie within the theoretical bounds and agree-
ment with the ordering of bounds according to (2.28)). Although the upper and lower
theoretical bounds span a large range of values in Table 2.4] the Hashin-Shtrikman
bounds are noticeable tighter than the Reuss-Voigt bounds especially in the upper
bound calculation. However, either of these bounds would clearly not be suitable for

use as estimates for the nanocomposite.

The numerical homogenization results show the compliance of the SU boundary condi-
tions and the stiffer response as a result of the KU boundary conditions. The periodic
boundary conditions lie between these two as expected.The bulk modulus shows an un-
expected result in that the KU boundary condition gives a slightly smaller value than
that for the periodic boundary condition. This suggests that there is more resistance to
volume change under periodic boundary conditions compared to KU boundary condi-
tions. Under all three boundary conditions, the results are very similar thus confirming

the representativeness of the volume element to the real material.
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The numerical homogenization results all sit closer to the lower theoretical bounds.
The nanocomposite is, thus, considered to be closer to a state of iso-stress than a state
of iso-strain. Due to the stochastic arrangement of the gold ligaments it would be ex-
pected for the result to lie in the middle of the two theoretical bounds. The lower Reuss
bound assumes the matrix (the more compliant phase) carries most of the load while
the reinforcement (the stiffer phase) provides nominal strength. Such a situation would
produce a low strength material. In the nanocomposite, however, this is not seen as
the nanocomposite has a relatively compliant behaviour while maintaining a relatively

high strength, two features that are contradictory in classical engineering materials.

2.4.2 Elastic response along centroidal axis

The maximum and minimum principal stresses and strains of the elements located
along centroidal axis of the RVE are presented in Figure The RVE is under com-
pressive loading along the z—axis (also along the same axis as the centroidal elements)
by means of displacement boundary conditions. The results from the compression of

homogeneous blocks of gold and epoxy are also included.

Looking first at the principal strains, there is significantly more strain in the polymer
than in the gold constituent. This is expected as the gold material is significantly more
stiff. The difference between the maximum and minimum strain values for the gold
(-0.009 to 0.007) is almost negligible compared to the polymer (-0.088 to 0.036). The
maximum strains in both constituents are also much smaller and span a smaller range
as would be expected under a uni-axial compression test. The tensile strains in the ho-
mogeneous block are a result of lateral expansion and, due to their differing Poisson’s

ratios, have different maximum strain values.

Compared to their homogeneous block counterparts, there is less strain in the gold
constituent and more strain in the polymer constituent in the nanocomposite. The
lower strain values of gold occur as it is very stiff and highly connected and will thus
undergo minimal deformation. The network arrangement also allows for reorientation
and realignment of the ligaments without significant strain occurring. To compensate
for the lack of gold deformation, however, the polymer, which is more compliant, has
to undergo a significant amount of strain to account for the volume change imposed

on it. It thus deforms even more than its homogeneous counterpart.

Now focussing on the stress diagrams, as expected, higher stresses develop in the gold
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Fig. 2.11: Maximum and minimum principal stresses and strains along the centroid of
the RVE: comparison of bulk gold, bulk polymer, polymer phase in the nanocomposite
and gold phase in the nanocomposite. Significantly large tensile stresses and strains
are generated in the composite despite simulation of a pure compression test. The
gold within the composite shows considerable tensile and compressive stresses of equal
magnitude. El

than in the polymer constituent. The homogeneous blocks show a maximum zero stress
as the RVE is undergoing a uniaxial, unconstrained compressive deformation. The gold
constituent within the nanocomposite, however, shows large maximum and minimum
stresses of similar magnitudes. The large positive stress values result from the polymer
deformation around it and a complex network interaction amongst the gold ligaments.
A few elements in the centroid even have positive (tensile) minimum principal stresses.
Although a relatively large minimum stress is seen in the gold elements, all elements
still undergo a smaller stress than those in the pure homogeneous gold. This is, again,
a result of the combination of the ability of the gold ligaments to re-orientate and the

compliance of the surrounding polymer.

There are marginally larger minimum stress magnitudes in the nanocomposite’s poly-

2 Reproduced with permission from Elsevier (https://doi.org/10.1016/j.em1.2017.09.006)
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mer constituent compared to its homogeneous counterpart as a result of the much larger

deformation that the polymer has to undergo to compensate for the stiffness of the gold.

These diagrams show how, while the nanocomposite and the homogeneous counter-
parts are deformed macroscopically by the same amount, the polymer allows for this
deformation by undergoing most of the strain while the gold withstands the stresses

that develop (albeit less that its homogeneous counterpart in compression).

z-direction y-direction z-direction Y

0 GPa

€11 €22 €33

Fig. 2.12: Contour plots of the volume element under three uniaxial compression load-
ings (r—, y— and z—direction, left to right respectively). Top row: Stress in gold
constituent (polymer in grey). Bottom row: Strain in polymer constituent (metal in
black). Red areas indicate tensile or near tensile values while blue areas are locations
compression.

Figure shows contour plots of the stress in the gold constituent (top row) and the
strain in the polymer constituent (bottom row) under the three different compressive
loading cases and in the direction of each RVE’s respective loading direction. In the
top row the polymer is shown in grey and in the bottom row the gold material is shown
in black as they do not undergo large stresses or strains respectively. Only the com-
pressive stresses and strains are given, where red areas indicate tensile or near tensile

values and blue areas indicate compression values.
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As expected, gold ligaments that lie parallel to the axis of compression show areas
of high compressive stress. The highest stresses occur along the ligament necks with
lower compressive stress at the nodes. The strain in the polymer however, does not
show the same trend. There is no obvious correlation between the direction of com-
pression and the locations of high compressive strain. This is due to the high volume of
polymer in the nanocomposite which allows for a distribution of the strain throughout
the material. The locations of compression of the polymer occur in areas where the gold
ligaments are very close and are restricting the polymer. The high stiffness of the gold
means it will not deform and so the polymer is forced to deform around and between

the gold ligaments.

2.4.3 Loading case of the ligaments

To investigate the dominant loading mode, the magnitude of the loading modes on
the cross sections of the gold ligaments within the nanocomposite RVE undergoing
compression along the r—axis were investigated. Ten ligaments were investigated, two
ligaments orientated along each principal direction and four other randomly orientated
ligaments. The normal and shear stresses were calculated using the traction vector
located at the centroid of the elements on the ligament cross sections. From this the
total of the normal and shear forces were calculated as well as the bending moment
and the torque acting on the ligament surface. The maximum bending moment and the
orientation of its axis was determined by calculating the bending moment at several
angles and selecting the angle that produces the largest bending moment. The average

values of each loading mode for the ten ligaments are given in Table 2.5

Table 2.5: Average loading mode magnitude experienced by ten ligaments within the
gold /polymer nanocomposite when undergoing compression

Loading mode Magnitude
Bending moment 4.225 pN.nm
Torque 2.279 pN.nm
Normal force 1.233 uN
Shear force 0.229 uN

From Table [2.5| a complex mixture of loading modes is noted as the deformation of one
ligament influences many other differently aligned ligaments within the complex inter-

connected network. However, it is evident that bending is more prevalent than torque
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and normal loading is significantly more prevalent than shear loading. That being
said, there is still significantly more shear force than one would expect for a pure com-

pression test. Bending is shown to be the most dominant loading mode in this material.

The loading mode of the ligaments within a foam has previously been shown to af-
fect its strength and stiffness. Deshpande et al. [62] state that stiffer and stronger
foams show tension/compression dominated loading. This is in agreement with the
work of Gibson and Ashby on open-cell metal foams [61],108]. As discussed in Section
strength and stiffness scale with density much faster if the deformation mode is
tension/compression dominated, compared to one in which bending is the dominant
mode. In pure NPG it has been suggested that a shift from a tension/compression
loading mode in ordered metal foams to a bending dominated loading mode due to
ligament disorder may contribute to the compliance of the material under compres-
sion [48,56,57]. Under tensile loading NPG has a predominantly tension/compression
loading mode which thus enhances its brittleness. As a tension/compression symmetry
is noted in the loading modes within the nanocomposite RVE, there would be a large
amount of bending when undergoing tensile loading, which supports the suggestion
that a change in the loading mode in the nanocomposite towards bending causes the

improved ductility of this material [5].

The distributions of the shear and normal stresses on the faces of three exemplar
ligaments are shown in Figure Only one distribution of each of the principally
orientated ligaments is shown as the trend observed in either ligament along one orien-
tation was very similar. As there were no clear trends among the randomly orientated
ligaments they are not discussed further. The top row in Figure depicts the normal
force vectors acting either into (filled in circles) or out of (encircled crosses) the page.
The size of these markers show the magnitude of the force vector. The bottom row
depicts the shear forces acting on the plane of the ligament’s cross sectional area with
the length of the arrow indicating the magnitude of the vector. In these diagrams, the
ligament cross sectional areas are outlined and the forces are located at the centroids

of the faces of the elements on these cross sections.

In Figure there are clear areas in all three ligaments of higher normal forces with
a decrease in these as one moves across the ligament. In the y—orientated ligament,
a change in the direction of the normal forces is very clear. The compression aligned
ligament (r—orientated ligament) has a very large normal force and a significant bend-

ing moment. The significant compressive stresses in compression-axis aligned ligaments
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cross section of a cross section of a cross section of a
z-orientated ligament y-orientated ligament z-orientated ligament

normal force: -3.14 uN normal force: 0.527 uN normal force: 1.00 uN

bending moment: 17.54 uN.nm bending moment: 2.04 xN.nm bending moment: 0.854 uN.nm
shear force: 0.116 uN shear force: 0.391 uN shear force: 0.378 uN

torque: 1.36 uN.nm torque: 5.014 uN.nm torque: 2.02 uN.nm

Fig. 2.13: Normal and shear stress distribution on the cross section of three ligaments
with in the RVE. --- = approximate bending neutral axis of y— and z—orientated
ligaments. @ = inward pointing normal force, ® = outward pointing normal force
calculated at each elemental centroid. The diameter of the circle or length of line
represents the relative magnitude of the normal or shear force respectively. @ = centroid
of ligament cross section. E|

was also seen in Figure The non compression-axis aligned ligaments show a com-
bination of forces acting both inwards and outwards with a relatively small resultant
tensile normal force. The bending moment in these ligaments is also comparatively
small. This suggests that the compression-axis aligned ligaments are highly load bear-
ing. This is analogous to a fibre-reinforced composite where the strength is maximized
for loading along the fibre direction and decreases away from the fibre direction. The
nanocomposite is superior to this conventional composite, as it not only has ligaments
in all directions providing isotropic strengthening but the interconnected nature of the
ligament network further enhances its strength. However, if the nanocomposite were to
be used in a simple loading scenario (uniaxial loading), by fine-tuning the microstruc-
ture to increase the number of aligned ligaments compared to non-aligned ligaments

an improvement in strength could be attained.

3 Reproduced with permission from Elsevier (https://doi.org/10.1016/j.em1.2017.09.006)
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The high prevalence of normal loading in the ligaments in the nanocomposite com-
pared to the bending dominated deformation found in nanoporous gold may be one
factor that has enhanced strength and stiffness of the nanocomposite (in addition to

the load distribution and load-bearing benefits of the polymer constituent).

Turning now to the shear stress distributions, there is less of a clear trend shown
in the diagrams. The shear stresses generally show a circular distribution around the
centroid. Those not showing this mostly point outwards from the centroid. The circular
distribution results in the torque loading mode. The y—orientated ligament shows a
very clear circular distribution of shear stresses resulting in a relatively large torque
value. The effects of torsion should not be disregarded as they were shown to be im-
portant in the macroscopic mechanical response in NPG [55]. However, how a torsion
loading mode influences the strength and stiffness of the nanocomposite is not well
understood. There are also larger shear stresses in the non compression-axis aligned
ligaments.At the locations where the largest normal forces were calculated the largest
shear forces occur. The higher than expected prevalence of these shear forces (espe-
cially at the edges) is indicative of a very complex interaction at the interface between
the gold and the polymer. Although the influence of delamination was not considered
here it may further affect the loading modes in the nanocomposite especially with such

large shear stress prevalent.
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This chapter considers the initiation and propagation of cracks in nanoporous gold and
its polymer filled counterpart. This is carried out using computational compact-tension
tests with an embedded RVE at the crack tip of the CT specimens. The influence of
the gold volume fraction on various fracture properties of these two materials is probed
and the improvement in ductility of the nanoporous gold upon polymer impregnation

is explored.
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3.1 Introduction

Although fracture is commonly observed at the macroscopic level with the forma-
tion of large cracks, it often stems from a variety of microscopic failure mechanisms.
These mechanisms can be dependent on properties such as the materials involved or
their morphology and topology. Within hierarchical materials the distinct structural
arrangements of the microstructure would have a significant influence on the macro-

scopic failure and changes at these levels can significantly alter the fracture behaviour.

Understanding how they fracture is of importance to tailor-made material creation.
Investigating this experimentally, however, can be very difficult if even possible. By
using computational micromechanics and performing ‘virtual’ fracture tests it can be
done relatively quickly and extensively. Computational fracture tests allow one the abil-
ity to model the exact geometry and arrangement of the microstructure and investigate
a variety of material properties and their influences on initiation and propagation of
cracks. Another advantage of ‘virtual’ tests is the opportunity to eliminate external
experimental influences. The true material behaviour can be probed whereby any ex-
ternal influences such as microstructural defects or the unforeseen creation of stress
concentrations during machining and processing, which are often present in experi-
mental tests, are eliminated. It also offers one the ability to observe local microfields

of stress and strain.

3.2 Concepts of fracture mechanics

This section will cover some of the basic concepts in the field of fracture mechanics
[109,110] to aid the discussion of results in Section [3.5].

3.2.1 Modes of fracture

The study of fracture mechanics typically commences by introducing a crack or notch
into a specimen thereafter placing it in a state of stress. Crack initiation and propaga-
tion are then observed upon application of a load in one of three modes (Figure :
Opening (Mode I), sliding (Mode II) or tearing (Mode III).
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Mode I: Opening Mode II: Sliding Mode IlI: Tearing

Fig. 3.1: Three loading conditions that enable crack propagation.

3.2.2 Elastic vs elastic-plastic fracture mechanics

There are two major theories within fracture mechanics in the small-strain regime:
Linear Elastic Fracture Mechanics (LEFM) and Elastic-Plastic Fracture Mechanics
(EPFM).

Linear Elastic Fracture Mechanics (LEFM)

The theory of linear elastic fracture mechanics, developed and extended by Alan A.
Griffith and George R Irwin [112] respectively, is applicable to materials that
exhibit small scale yielding in the form of a very small region of non-linearity around
the crack tip (red circle in Figure . That is, there is a negligible plastic region
around the crack tip. This theory is thus mostly only applicable to brittle materials.
Properties such as the stress intensity factor K and the strain energy release rate G
are extracted; these two measures are related to each other by simple formulae. The
strain energy release rate is a measure of the energy required to create new cracked
surfaces upon fracture. If K > Ko or G > G¢ a crack will propagate, where K¢ is

the fracture toughness of the material and Gj¢ is the critical energy release rate.
Flastic-Plastic Fracture Mechanics (EPFM)

The theory of elastic-plastic fracture mechanics is applicable to materials where the
plastic zone (created as the yield stress is exceeded in the region near the crack tip)
is non-negligible (green circle in Figure . LEFM is no longer applicable in these
scenarios. The common parameters for determining the fracture toughness using EPFM
are the crack tip opening displacement and the J-integral. The former aims to provide
a measure for the blunting of a crack tip prior to fracture and the latter is a way to
calculate the strain energy release rate of material and is equal to G for a linear elastic

material.
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Fig. 3.2: Schematic showing the plastic regions for branches of fracture mechanics (red-
LEFM, green-EPFM).

3.2.3 Fracture toughness

Fracture toughness is a measure of a material’s ability to resist further fracture when a
crack already exists. A ductile material will have a higher fracture toughness compared
to a brittle material. A ductile failure mode (and hence high fracture toughness) is
almost always more favourable than a brittle one due to the slower progression of
the crack, as a ductile fracture can be identified and repaired before the material
completely fails. Ductile crack progression is referred to as ‘stable’ as it only grows if
the applied stress is increased. This is in opposition to brittle materials where failure
occurs suddenly and catastrophically. Brittle materials undergo ‘unstable’ crack growth
as the crack grows rapidly without any increase in applied stress. The quantification of
the fracture toughness allows for comparisons on the extent of a materials’ brittleness
to be made and allows one to see how toughening mechanisms have altered its fracture

toughness.

Work to fracture

An uncommon but useful measure of fracture toughness over and above those men-
tioned in Section is that of work to fracture wy. The work to fracture is a measure
of the total external work done on a specimen and captures the components of work
associated with elastic strain energy, the energy associated with the creation of new
surfaces during fracture (essential work to fracture) and the energy involved in plastic

deformation and other dissipative processes (non-essential work to fracture) [113,114].

Toughening mechanisms

Ductile materials have higher fracture toughness values as the local stresses are dissi-

pated throughout the material, thus resulting in lower stresses at the crack tip which
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drive crack initiation and growth. The mechanisms that allow such dissipation, however,
often also result in the low strength of these materials. In contrast, brittle materials
generally have a high strength but a very low toughness. It is most desirable in appli-
cations for materials to have both high toughness and strength. Thus mechanisms to
improve the toughness of brittle materials while maintaining their inherent strength are
often pursued. There are generally two ways to increase the work to fracture value and
hence toughness of a material: 1) minimize or eliminate cracks during manufacturing,
and ii) maximize the energy cost of propagating a crack, that is increase the amount
of energy needed to create new crack surfaces. The former would need to be addressed
during the initial processing of the material such as the creation of voids during so-
lidification or crack formation issues during an annealing process. The latter can be
addressed by promoting a variety of toughening mechanisms. There are two categories
of toughening mechanisms: intrinsic and extrinsic |[115]. The former occurs ahead of the
crack tip and is aimed at preventing crack initiation while the latter occurs at the crack

tip and aims to slow crack growth, thereby facilitating a ‘stable’ crack propagation.
Intrinsic toughening mechanisms

Intrinsic toughening mechanisms occur in the process zone ahead of the crack tip.
These mechanisms aim to reduce the dissipative mechanisms associated with intrinsic
damage processes in the materials. This is often strongly related to the plasticity of a
material as the aim is to increase the plastic zone ahead of the crack tip. These mech-
anisms aim to alter the inherent fracture toughness of a material through improving a
material’s general ductility. Examples of intrinsic toughening mechanisms include the
promotion of dislocation activity, sliding mechanisms and micro-cracking. It is gener-
ally very difficult to alter a materials intrinsic toughening mechanisms as it involves

changing features such as bond strengths or inherent material characteristics.
FExtrinsic toughening mechanisms

Extrinsic toughening mechanisms are generally associated with features present behind
the advancing crack tip. These mechanisms aim at firstly reducing the local stress field
at the crack tip and thereby also the crack driving force, and secondly allowing for
energy to be released without advancing the crack significantly. These mechanisms
(unlike intrinsic ones) are primarily associated with slowing the growth of a crack and
not the initiation of crack growth. They are thus closely associated with the calculated
work to fracture of a material. There is a large variety of such mechanisms, but only
three common ones (shown in Figure will be addressed here:
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Fig. 3.3: Three common extrinsic toughening mechanisms.

Crack deflection This occurs when the crack propagates in a direction other than
perpendicular to the applied load, i.e. in a straight line. This would occur when
an obstacle of significantly larger strength or toughness arrests the minimum
energy path of a crack, thus deflecting it. Crack deflection can also occur due
to a weaker area in a direction not along the conventional crack path attracting
the crack. In three dimensions the crack is also able to move laterally. Lateral
crack deflection reduces the stress and hence driving force at the crack tip
compared to a conventional crack by blunting the tip. Vertical and lateral crack
deflection also increases the energy required for catastrophic failure as a larger
cracked surface area needs to be created in order to form a crack long enough to
cause complete material failure. This mechanism can be achieved through the
introduction of either stronger or weaker particles or fibres into a material. It can

also be achieved by orientating laminate composites in specific configurations.

Crack bridging Crack bridging occurs when load bearing links extend across the
crack faces behind the crack tip. It is mostly seen in composites with a ductile
constituent. The bridging element can be created, for example, by fibres perpen-
dicular to the expected crack propagation direction. These bridging elements
contribute to both a re-distribution of the stress away from the crack tip and
towards the bridging elements, as well as an increase in energy dissipation as a
result of de-bonding resulting in the pulling-out of fibres from the matrix or as

a result of fibre elongation.
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Secondary cracking and void formation Secondary cracking refers to cracking within
a material that occurs at locations in the vicinity of but not at the crack tip.
The intrinsic toughening mechanism whereby microvoids and cracks are pur-
posefully created during the production of the material aims to improve the
fracture toughness of a material by reproducing this effect. This cracking in-
creases the crack area created (essential work to fracture) without advancing
the crack tip and hence providing resistance to crack propagation. If the crack-
ing occurs within or very near the fracture process zone, however, this could
cause a lower crack resistance of a material. The presence of cracks also dissi-
pates the energy away from the crack tip. This mechanism can be introduced
in a variety of ways. For example in very brittle two-phase ceramics, one phase
is placed in tension and the other in compression and so under tensile loading
the phase already under residual tension will crack more easily and thus release
energy and reduce the crack tip stress. The amount of cracking, however, needs
to be limited as too much secondary cracking in the material will result in its
failure before a crack emanating from the crack tip can form. The distribu-
tion of cracks or voids is also a factor that will affect the effectiveness of this
mechanism. Randomly distributed cracking is far more effective than clustered

cracking and many smaller cracks are preferred to fewer larger cracks.

3.2.4 Plane strain and plane stress fracture

The thickness of specimens undergoing compact-tension testing can affect whether the
specimen is dominated by a state of plane stress or plane strain. When thin specimens
are tested, a lack of material in the thickness direction prevents a large stress develop-
ment in this direction. Thus, the specimen undergoes strain in this direction (Poisson
contraction). A biaxial stress state occurs at the crack tip on the midplane and this
in turn creates a larger plastic zone which results in a more ductile fracture response
than may be seen in larger specimen sizes. In this case the specimen is dominated by
a state of plane stress. In thicker specimens contraction at the midplane is prevented
due to the constraint of the adjacent material. This gives rise to stresses in the thick-
ness direction. The stress is zero at the free surface and reaches a maximum as one
approaches the midplane. At the midplane the crack tip is now in a triaxial stress state
with a small amount of strain permitted here. At the midplane a state of plane strain
is now dominating. This state results in a smaller plastic zone and hence a more brittle

fracture response.

Macroscopically brittle and high strength materials are more likely to show plane strain
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fracture independent of specimen thickness as the material strength prevents lateral
contraction even for small thicknesses. These materials are more likely to be inherently
brittle at all thicknesses.

3.2.5 Randomly fused network

The randomly fused network model introduced by Arcangelis et al. [116] was used to
model the breaking phenomena that occurs in disordered structures such as foams and
porous materials. In this model an electrical analogue is introduced where fuses with
variable probability to failure burn out as the voltage increases. This is analogous to
ligaments with variable mechanical strength fracturing as the load increases and has
been used to understand the brittle fracture of nanoporous gold [27]. Using this model

several features of network breakages have been investigated.

Kahng et al. [117] showed that the material fracture begins with the weakest liga-
ment failing first and the crack propagates as adjacent ligaments are then overloaded.
Investigation on crack propagation showed that for a brittle network, the material
catastrophically failed after a only few cracks formed and began to grow. On the con-
trary, for a ductile network, crack formation and growth were very gradual. Several
interspersed cracks formed and catastrophic failure was due to the coalescence of these
cracks. This also resulted in significantly more cracks required for the material to even-

tually fail.

Duxbury et al. [118] further showed that if the strength of the ligaments are all similar
(i.e., the difference between the weakest and strongest ligaments is very small) once
the weakest ligament fails all other ligaments are expected to fracture quickly as well
thus presenting as a brittle macroscopic fracture. However, if the ligament size and
thus strength have a very wide distribution it will require several ligaments to fail for
the entire material to weaken so as to be unable to withstand the load. This would be
representative of ductile failure mode. The macroscopic failure mode of these network

systems would then be independent of the microscopic failure mode.

3.3 Finite element fracture concepts

3.3.1 Numerical crack propagation techniques

There are a variety of techniques that can be used to model fracture and crack propa-

gation computationally. These include but are not limited to: adaptive remeshing, the
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extended finite element method (XFEM), cohesive zone modelling (CZM), and element
deletion (Figure [3.4)).

= cohesive elements [[] deleted elements

adpatl\_/e XFEM CZM elemgnt
remeshing deletion

Fig. 3.4: Four common methods of numerically modelling crack propagation.

Adaptive remeshing involves deleting the mesh around a crack tip upon crack growth
after which a user defined incremental crack length is applied and a new mesh is placed
around the advanced crack tip [119]. XFEM, attributed to the work of Belytschko and
Black [120] and Moés et al. [121], extends the classical finite element method to capture
discontinuities in the solution variable (such as cracks or holes) or in the derivatives of
the solution variable (such as jumps in strain). It enriches elements by including dis-
continuous functions within its description in order to capture crack propagation. This
method requires no remeshing, making it significantly less computationally expensive

than the adaptive remeshing technique.

Cohesive zone modelling models fracture by inserting line elements (in 2D models)
between elements and the crack is modelled as a separation of elements along their
edges. The criterion for separation is determined by a cohesive traction law at the co-
hesive surfaces [122,[123]. This method either requires knowledge of the crack path to
be followed or the insertion of line elements throughout the model, which can result in
a highly computationally expensive simulation especially in modelling complex geome-

tries.

Element deletion is a simple technique of modelling crack propagation whereby an
element is effectively removed from the simulation by setting the stiffness to zero when
some deletion criterion is met at all or some of the integration points. ABAQUS/EX-
PLICIT has a built in method for the deletion of an element whereby an element is
removed from the mesh when the critical damage limit is met at any one of the inte-
gration points. This technique requires no additional elements and is computationally

inexpensive. It is favourable for use when fracture within complex geometries are to be
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investigated. This technique will be used in Section to model the crack propagation

within nanoporous gold and its polymer impregnated composite.

3.3.2 Modelling the fracture of metal foams

Although the use of the FE method to investigate the fracture of nanoporous metals
has not previously been done, the use of this method in modelling metal foams has
been investigated. Specifically, the use of FE beam networks have often been used to
model the cell walls of metallic foams. The significant reduction in computational costs
motivates the use of beam elements over continuum elements. Schmidt and Fleck [124],
using beam element models in conjunction with an element deletion approach, numer-
ically investigated crack propagation within honeycomb structures. Onck et al. [125]
constructed a three-dimensional model of a single ligament as found in metal foams
to model their elastic, plastic and fracture behaviour. This model, consisting of beam
elements, takes into account the tapered geometry and cross sectional area of the lig-
aments. They then used this model to investigate the sensitivity of the behaviour of

metal foams to a variety of ligament parameters (geometric or otherwise).

A two-dimensional version of this single strut model was used to represent the cell
walls of a metallic foam material by Mangipudi and Onck [126]. Here the sensitivity of
relative density, strain hardening characteristics, cell shape and structural randomness
on the damage and fracture of this material was investigated. Using the same model,
Mangipudi and Onck also investigated notch sensitivity [127]. Similarly, using beam
elements to model cell walls, Tankasala [128] was able to investigate four 2D lattice
configurations and the effects of the relative density, extent of strain hardening and
failure criterion on their ductility and ultimate tensile strength. Modelling a three-
dimensional aluminium foam, Zhang et al. |129] used shell elements to model the cell
walls whose thickness could easily be increased in order to assess the sensitivity of cell

wall thickness and relative density on the brittle fracture behaviour.

3.4 Finite element model

To model the fracture within nanoporous gold and the polymer filled counterparts a
finite element model using the element deletion technique was used. Mode I crack prop-
agation was investigated by means of a ‘virtual’ compact-tension (CT) test which is

commonly used to evaluate the fracture toughness of materials. It was selected due to
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Fig. 3.5: (a) Dimensions of compact-tension test specimen. (b) Compact-tension speci-
men making use of an embedded VE at the crack tip which models the full microstruc-
ture of nanoporous gold and the impregnated polymer. The blue region beyond the VE
is modelled as a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>