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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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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).

Fig. 1.1: An example of the hierarchical structure of bone [2] 1.

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].

1 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 1.2. 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 1015 ligaments per mm3. 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 [5]2and [6]
3

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 [8]. This has resulted in properties

of these materials often being very different, and possibly more appealing, to those

of their bulk counterparts [9]. 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 [10, 11]. 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 [21], aluminium [22] and gold [23].

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, 32–35]. 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 1.3) [7,25,26,41–51]. 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



Chapter 1. Introduction 5

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].

(a)
(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 [24]4respectively.

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 [47,52,53]. 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 [46, 53–55]. 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 Lührs 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
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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, Weissmüller [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 Weissmüller [5] showed qualitatively the improved tensile ductility

using a three-point bending test the results of which can be seen in Figure 1.4(a).

(a)
(b)

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 [45] 5.

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. [44] 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 3



Chapter 1. Introduction 9

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 1.4(b)) [5, 44, 45, 65]. 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 1.5).

The origin of the unexpected exceptional strength above either constituent individu-

ally is not fully understood. Wang and Weissmüller [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-



Chapter 1. Introduction 10

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]6.

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 3
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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 [74]. It is

important for the condition of the separation of scales to be maintained, with Lµ <<

LRVE << LM where Lµ, LRVE and LM are the characteristic lengths of the microstruc-

ture, RVE and macroscopic body respectively (Figure 1.6).

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 [75]. 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 [41] and

gyroid [41,58,63] 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 [56, 57,77].
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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

3 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:

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

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

under a compact-tension test; and

� 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 2 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 Extreme Me-

chanics Letters (doi:10.1016/j.eml.2017.09.006 and 10.1016/j.eml.2020.100815) respec-

tively. Those of Chapter 4 have been published in the Journal of the Mechanics and

Physics of Solids (doi:10.1016/j.jmps.2019.103848).

https://doi.org/10.1016/j.eml.2017.09.006
https://doi.org/10.1016/j.eml.2020.100815
https://doi.org/10.1016/j.jmps.2019.103848


2

Elastic response of the

nanocomposite

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;

2. 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;

3. 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,

4. 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-

crostructural arrangements and inclusions in the response of a material at the macroscale.

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,
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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 Ω̄ ∈ R3. With the assump-

tion that it undergoes small deformations described by the Green small strain tensor

ε =
1

2

[
Gradu+ (Gradu)T

]
, (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,

σ = C : ε . (2.2)

Consider a small sample body representative of the fully resolved microstructure; this

is referred to as an RVE, which occupies a domain Ω comprising two materials labelled

1 and 2, with a material 2 volume fraction of φ (see Figure 2.3). Each material is

homogeneous, linear elastic and non-overlapping so that Ω1 ∩ Ω2 = ∅. The boundary

∂Ω̄, with a normal vector given by n, comprises Dirichlet boundary ∂Ωu on which
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displacements are prescribed, that is u = ū; and Neumann boundary ∂Ωn on which

tractions are prescribed, that is t = t̄. With an RVE subjected to body forces b, the

equilibrium problem is as follows:

Find u ∈ ∨ such that u = ū on ∂Ωu and∫
Ω

Gradw : σ dV =

∫
Ω

b ·w dV +

∫
∂Ωn

t ·w dA ∀w ∈ V, (2.3)

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

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

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

The effective response is characterized by the relation

〈σ〉Ω = C? : 〈ε〉Ω , (2.4)

where

〈·〉Ω =
1

Ω

∫
Ω

· dΩ (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

[88]

〈σ〉Ω : 〈ε〉Ω =
1

Ω

∫
Ω

σ : ε dΩ. (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.

〈ε〉Ω = 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.

〈σ〉Ω = L . (2.8)

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):

u|∂Ωu = E · x ; (2.9)

Pure traction/ static uniform (SU):

t|∂Ωn = L · n ; and (2.10)

Periodic displacement:

u|∂Ωu = E · x+ v, (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)).

(a)
(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:

E?
SUBC ≤ E?

PBC ≤ E?
KUBC . (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

Eii = β (no summation over repeated indices) , (2.13)

Eij = β (i 6= j) . (2.14)

Here i, j = 1, 2, 3 and β 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).

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

〈σ11〉Ω
〈σ22〉Ω
〈σ33〉Ω
〈σ12〉Ω
〈σ23〉Ω
〈σ13〉Ω


=



C?1111 C
?
1122 C

?
1133 C

?
1112 C

?
1123 C

?
1131

C?1122 C
?
2222 C

?
2233 C

?
2212 C

?
2223 C

?
2231

C?1133 C
?
2233 C

?
3333 C

?
3312 C

?
3323 C

?
3331

C?1112 C
?
2212 C

?
3312 C

?
1212 C

?
1223 C

?
1231

C?1123 C
?
2223 C

?
3323 C

?
1223 C

?
2323 C

?
2331

C?1131 C
?
2231 C

?
3331 C

?
1231 C

?
2331 C

?
3131





〈ε11〉Ω
〈ε22〉Ω
〈ε33〉Ω
2〈ε12〉Ω
2〈ε23〉Ω
2〈ε13〉Ω


. (2.15)

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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

〈σ11〉Ω
〈σ22〉Ω
〈σ33〉Ω
〈σ12〉Ω
〈σ23〉Ω
〈σ13〉Ω


=



C?11 C
?
12 C

?
13 C

?
14 C

?
15 C

?
16

C?22 C
?
23 C

?
24 C

?
25 C

?
26

C?33 C
?
34 C

?
35 C

?
36

C?44 C
?
45 C

?
46

sym C?55 C
?
56

C?66





〈ε11〉Ω
〈ε22〉Ω
〈ε33〉Ω
2〈ε12〉Ω
2〈ε23〉Ω
2〈ε13〉Ω


, (2.16)

where C?11 = C?1111 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

〈σ11〉Ω
〈σ22〉Ω
〈σ33〉Ω
〈σ12〉Ω
〈σ23〉Ω
〈σ13〉Ω


=



C?11 C
?
12 C

?
13 0 0 0

C?22 C
?
23 0 0 0

C?33 0 0 0

C?44 0 0

sym C?55 0

C?66





〈ε11〉Ω
〈ε22〉Ω
〈ε33〉Ω
2〈ε12〉Ω
2〈ε23〉Ω
2〈ε13〉Ω


. (2.17)

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

(2.16) becomes

〈σ11〉Ω
〈σ22〉Ω
〈σ33〉Ω
〈σ12〉Ω
〈σ23〉Ω
〈σ13〉Ω


=

1

3



[3κ? + 4µ?] [3κ? − 2µ?] [3κ? − 2µ?] 0 0 0

[3κ? + 4µ?] [3κ? − 2µ?] 0 0 0

[3κ? + 4µ?] 0 0 0

3µ? 0 0

sym 3µ? 0

3µ?





〈ε11〉Ω
〈ε22〉Ω
〈ε33〉Ω
2〈ε12〉Ω
2〈ε23〉Ω
2〈ε13〉Ω


,

(2.18)

where κ? and µ? are the effective bulk and shear moduli respectively. From (2.18) these

parameters can be computed from

3κ? =

〈trσ

3

〉
Ω〈tr ε

3

〉
Ω

and 2µ? =

√
〈σ′〉Ω : 〈σ′〉Ω
〈ε′〉Ω : 〈ε′〉Ω

. (2.19)

Here tr (·) denotes the trace of (·) while (·)′ def= (·) − tr (·)
3
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

E? =
9κ?µ?

3κ? + µ?
and ν? =

3κ? − 2µ?

6κ? + 2µ?
, (2.20)

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

ε = 〈ε〉Ω+ ε̃, and using the positive-definiteness of C the following relation is obtained:

0 ≤
∫
Ω

ε̃ : Cε̃ dV . (2.21)

Expansion of (2.21) and application of (2.6) and (2.5) gives

0 ≤ (〈ε〉Ω : (〈C〉Ω − C?) : 〈ε〉Ω)|Ω| (2.22)

Similarly, splitting the stress field into σ = 〈σ〉Ω + σ̃ gives

0 ≤
(
〈σ〉Ω :

(
〈C−1〉Ω − (C?)−1

)
: 〈σ〉Ω

)
|Ω| (2.23)

The effective property can thus be bounded as follows:

〈C−1〉−1Ω ≤ C
? ≤ 〈C〉Ω . (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, ε = ε0 and 〈σ〉Ω = 〈 C : ε 〉Ω =

〈C〉Ω : ε0, which gives the Voigt bound C? = 〈C〉Ω. With the assumption of a uniform

constant stress field, σ = σ0 and 〈ε〉Ω = 〈C−1 : σ〉Ω = 〈C−1〉Ω : σ0 which gives the
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Reuss bound C? = 〈C−1〉−1Ω .

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

EReuss

=
1

Ω

[∫
Ω1

1

E1

dΩ +

∫
Ω2

1

E2

dΩ

]
and EVoigt =

1

Ω

[∫
Ω1

E1dΩ +

∫
Ω2

E2dΩ

]
,

(2.25)

where E1 and E2 are the Young’s modulus of materials 1 and 2 respectively that make

up a composite of volume Ω. With a constant elastic modulus for materials 1 and 2

over the entire domain these can be expressed as

1

EReuss

=
1− φ
E1

+
φ

E2

and EVoigt = (1− φ)E1 + φE2 . (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

κ1 +
φ

1
κ2−κ1 + 3[1−φ]

3κ1+4µ1

≤ κ? ≤ κ2 +
1− φ

1
κ1−κ2 + 3φ

3κ2+4µ2

and

µ1 +
φ

1
µ2−µ1 + 6[1−φ][κ1+2µ1]

5µ1[3κ1+4µ1]

≤ µ? ≤ µ2 +
1− φ

1
µ1−µ2 + 6φ[κ2+2µ2]

5µ2[3κ2+4µ2]

, (2.27)

where κ1, µ1 and κ2, µ2 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 ≤ EHS lower
≤ E? ≤ EHS upper ≤ EVoigt . (2.28)
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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:

� Kinematic uniform boundary conditions, as given by (2.9), prescribe the dis-

placement at all boundaries of an RVE, and

� 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

ux0y = 0 x− direction: ux1x − uload = 0

uy0x = 0 y − direction: uy1y − uload = 0

uz0y = 0 z − direction: uz1z − uload = 0.

where uload 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

uy0x = 0 yx− direction: uy1x − uload = 0

uz0y = 0 zy − direction: uz1y − uload = 0

ux0z = 0 xz − direction: ux1z − uload = 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:

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

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

� Rotational motion is then prevented by further restricting the x−, y− and

z−directions separately at the three other nodes connected to point A (e.g.,

point B, C and D respectively in Figure 2.6) such that XB
x 6= XA

x , XC
y 6= XA

y

and XD
z 6= XA

z 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.

� 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.

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 (2.11) becomes

uk+ − uk− = E · [xk+ − xk−], (2.29)

where k+ and k− represent the kth pair of opposite parallel faces. Since both E and

xk+−xk− are known a priori, the right hand side of (2.29) 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 (2.29) 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 uk− term

in (2.29). Although this method is fairly simple it requires additional coding, which

makes it unsuitable for use in commercial software.



Chapter 2. Elastic response of the nanocomposite 29

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 2.8) :

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

from the slave surface;

� Tie constraints between the replicated master face and the slave face are defined;

� 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;

� 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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(a)
(b)

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

A =
2C44

C11 − C12

, (2.30)

where Cij 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

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′ =
2Y44

Y11 − Y12
, (2.31)

where

Y44 =
C44 + C55 + C66

3
, Y11 =

C11 + C22 + C33

3
and Y12 =

C12 + C23 + C31

3
.

(2.32)

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

an anisotropy measure of the form

AC =
κV − κR

κV + κR
=

3(A− 1)2

3(A− 1)2 + 25A
, (2.33)
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where AC = 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 [88]

9κV = (C11 + C22 + C33) + 2(C12 + C23 + C32) and (2.34)
1

κR
= (S11 + S22 + S33) + 2(S12 + S23 + S32) , (2.35)

where Sij, i, j = 1, 2, 3 are terms in the the compliance tensor S = C−1. As a material

becomes more anisotropic, the gap between the Reuss and Voigt bounds increases and

so AC > 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 C44 = C55 = C66.

A universal anisotropy index AU 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

AU = 5
κV

κR
+
µV

µR
− 6 , (2.36)

where the Reuss and Voigt bounds for the bulk moduli are given by [88]

15µV = (C11 + C22 + C33)− (C12 + C23 + C31) + 3(C44 + C55 + C66) , (2.37)
15

4µR
= (S11 + S22 + S33)− (S12 + S23 + S31) + 3(S44 + S55 + S66) . (2.38)

As with the Chung and Buessem index, AU = 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 shown.1

Table 2.1: Bulk material properties

Polymer [107] symbol value
bulk modulus κ 1.63 GPa
shear modulus µ 0.75 GPa
Poisson’s ratio ν 0.3
Gold [27]
bulk modulus κ 216.64 GPa
shear modulus µ 27.08 GPa
Poisson’s ratio ν 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 2.3.7 and given in Table 2.3.

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

1 Reproduced with permission from Elsevier (https://doi.org/10.1016/j.eml.2017.09.006)
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Table 2.2: Effective elasticity tensor results using each type of boundary condition.

C?KUBC =


7.50 2.66 2.63 0.09 0.06 −0.03

7.83 2.72 0.08 0.01 −0.17
8.06 0.03 −0.07 −0.13

sym 2.40 −0.05 −0.06
2.54 0.04

2.65

 C
?
SUBC =


6.30 2.26 2.25 0.05 0.02 −0.01

6.73 2.31 0.04 −0.01 −0.10
6.74 0.02 −0.05 −0.09

sym 2.05 −0.04 −0.02
2.06 0.03

2.15



C?PBC =


7.56 2.69 2.72 0.09 0.04 −0.02

7.85 2.73 0.09 0 −0.12
8.03 0.02 −0.04 −0.07

sym 2.45 −0.04 0
2.48 0.04

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, AC = 0 and AU = 0.

Anisotropy index symbol
Boundary condition

Static Periodic Kinematic
Zener A 1.01 1.01 0.992
‘Modified’ Zener A′ 0.968 0.976 0.987
Chung and Buessem AC 2.6e-05 4.53e-06 8.26e-06
Universal anisotropy index AU 0.0610 0.0307 0.076

can be described using two effective material parameters κ? and µ? 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 ν? 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.

Effective property
Boundary condition

Reuss HS lower Static Periodic Kinematic HSupper Voigt
bulk modulus κ? [GPa] 3.717 4.417 4.381
shear modulus µ? [GPa] 2.153 2.551 2.558
Poisson’s ratio ν? 0.257 0.258 0.255
Young’s modulus E? [GPa] 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? = [EM − EP]φ2.45 + EP , (2.39)

where EM 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 2.4 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 2.11. The RVE is under com-

pressive loading along the x−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. 2

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.eml.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).

Fig. 2.12: Contour plots of the volume element under three uniaxial compression load-
ings (x−, 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 2.12 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 x−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 µN.nm
Torque 2.279 µN.nm
Normal force 1.233 µN
Shear force 0.229 µN

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

1.2.1 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 2.13. 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 2.13 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 2.13 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 (x−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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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. 3

was also seen in Figure 2.12. 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.eml.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.



3

Fracture of nanoporous gold and its

polymer filled counterpart

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 3.1):

Opening (Mode I), sliding (Mode II) or tearing (Mode III).
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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 [111] 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 3.2). 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 > KIC or G > GIC a crack will propagate, where KIC is

the fracture toughness of the material and GIC is the critical energy release rate.

Elastic-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 3.2). 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 3.2.2 is that of work to fracture wf . 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: i) 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.

Extrinsic 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 3.3) 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).

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 Moës 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



Chapter 3. Fracture of nanoporous gold and its polymer filled counterpart 52

investigated. This technique will be used in Section 3.4 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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(a)
(b)

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 an isotropic homogeneous material using effective linear elastic homog-
enized properties. 1

its simple geometry and suitability to model Mode I fracture in metallic materials. The

dimensions of the CT-specimen used are shown in Figure 3.5(a).

To capture the micromechanical features of crack propagation within NPG an embed-

ded volume element (VE) located at the crack tip is used as shown in Figure 3.5(b).

The VE models the fully resolved microstructure of the nanocomposite at the crack

tip and within the immediate fracture region. This technique has been previously uti-

lized by González and LLorca [130] and Canal et al. [131] to investigate the fracture

of a fibre-reinforced composite material during a three-point bending test. Using this

embedded VE an exact crack path can be captured within the VE region while simul-

taneously extracting the macroscopic load-displacement curve from the ‘virtual’ test.

The region beyond the VE is modelled as an isotropic linear elastic homogeneous solid

using homogenized effective properties.

Embedded volume element

To investigate the changes in the fracture behaviour of the composite at different

gold volume fractions and thicknesses, VEs of five gold volume fractions: φM =

20, 30, 40, 50, 60% (Figure 3.6(a)) and five thicknesses: W/B = 48, 24, 16, 12 (Figure

3.6(b)) were used. At each volume fraction and thickness three realizations were cre-

1 Reproduced with permission from Elsevier (https://doi.org/10.1016/j.eml.2020.100815)
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(a) (b)

Fig. 3.6: (a) A VE section of the gold/polymer nanocomposite at each volume fraction:
20, 30, 40, 50, 60% (left to right). (b) Four thicknesses of one of the realized VEs: W/B =
48, 24, 16, 12 (left to right). Red dashed line indicates the equivalent midplane among
all VEs.

ated, representing a different stochastic network of ligaments. With the aim of keeping

the topology as consistent as possible, each realization was initially created at the lowest

volume fractions, after which the volume fraction of gold was increased by increasing

the ligament size. The VEs generated have elastomechanically representative lengths

and widths [83] whereas the thickness is varied to investigate plane strain-plane stress

effects.

Each VE is modelled using a voxel mesh with equal sized voxels, so that the different

thickness can also be characterized by their voxel thickness. Each VE at each thick-

ness was created starting at the same midplane (red dashed line in Figure 3.6(b)) and

selecting an equal number of voxel on either side necessary to create the required thick-

nesses. To compare the behaviour of the pure NPG with the nanocomposite, NPG VEs

were created from the nanocomposite by removing the polymer material. This ensures

consistent topology of the metal phase between the nanocomposite and the nanoporous

gold VEs. NPG VEs were created at four volume fractions (φM = 30, 40, 50, 60%) and

only one thickness (W/B = 12).

3.4.1 Boundary conditions

The boundary conditions are applied to simulate a macroscopic CT test. Two refer-

ence nodes (depicted as black circles in Figure 3.5(b)) are created and kinematically

constrained to nodes located on the surface of the surrounding circle. Kinematically

constrained nodes simulate the rigid body motion of these nodes, thereby simulating a

rigid pin inserted into these circles. Both reference nodes are free to rotate about the

z−axis and the upper node is allowed to translate vertically in the y−direction. All

other degrees of freedom are constrained at the reference nodes. Zero traction boundary

conditions are applied to all other boundaries of the model.
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3.4.2 Material behaviour

Fundamental kinematics

In this chapter we use a multiplicative decomposition 2 of the deformation gradient

into an elastic F e and plastic part F p such that

F = F eF p . (3.1)

This leads to a definition of the elastic right Cauchy-Green deformation tensor and

elastic Green-Lagrange strain tensor given by

Ce = [F e]T F e and Ee =
1

2
[Ce − I] , (3.2)

respectively.

The elastic left Cauchy-Green deformation tensor is given as

Be = F e [F e]T . (3.3)

Using this, the effective plastic distortional stretch λp is given as

λp =

√
trBp

3
, (3.4)

where Bp = F p [F p]T is the plastic left Cauchy-green deformation tensor.

With the material time derivative of the deformation gradient given as

Ḟ = LF , (3.5)

where L =
∂v

∂x
is the spatial velocity gradient, the plastic rate of deformation tensor

is of the form

Dp =
1

2

[
Ḟ

p
[
Ḟ

p
]−1]

(3.6)

Assuming both the polymer and gold material undergo isochoric plastic deformation,

the condition trDp = 0 is imposed.

The material behaviour of each constituent within the gold/polymer nanocompos-

ite located within the embedded VE is described through the following constitutive

relations.
2 This was first introduced in the context of finite plasticity in the work of Bilby et al. [132] although it is

often termed the Kröner and Lee decomposition [133–135]
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Polymer

The polymer used here is an epoxy resin. Epoxy is classified as an amorphous glassy

polymer which is both temperature- and time-dependent. Compared to other poly-

mers, epoxies have excellent mechanical strength (in both tension and compression)

and are commonly used in the aerospace industry. It is also a commonly used matrix

material within composites. The stress-strain response of this ductile polymer is highly

non-linear, as can be seen in Figure 3.7.

Fig. 3.7: Stress strain response of an epoxy resin during a compression test displaying
an elastic-viscoplastic response. Taken from [50].

The behaviour is characterized as elastic-viscoplastic, which exhibits an initial isotropic

elastic region up to a yield point. After a period of post-yield strain softening a network

hardening mechanism occurs, resulting in strain hardening. The constitutive theory

used here is a macroscopic theory for the deformation of an epoxy resin under isother-

mal conditions above the glass transition temperature (these polymers show a brittle

response below this temperature). The theory was developed by [136, 137] and later

used by Bargmann et al. [50] in their work on modelling gold-polymer nanocomposites.

The details of the constitutive relations for this model are given below.

In order to fully define the behaviour of this material expressions for the elastic and

plastic stress need to be formulated. In addition to this a flow rule and evolution equa-

tions for internal state variables need to be described. The elastic and plastic stress

expressions are formulated from a Helmholtz free energy function Ψ . Here, it is addi-

tively decomposed into elastic Ψ e and plastic parts Ψp

Ψ = Ψ e(Ee) + Ψp(λp). (3.7)
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The elastic part is defined as

Ψ e =
1

2
κtr(Ee)2 + µdev(Ee) : dev(Ee) , (3.8)

where κ and µ are the bulk modulus and shear modulus respectively and dev(·) refers

to the deviatoric tensor of (·). From this the rotated Cauchy stress σe, where σe =

[Re]T σRe, is given by

σe =
∂Ψ e

∂Ee = κ tr(Ee)1 + 2µ devEe . (3.9)

The plastic part Ψp is formulated in terms of the effective distortional plastic stretch

introduced in (3.4). The plastic part is of the form

Ψp = µRλ
2
L

[
λp

λL
x+ log

( x

sinhx

)
− 1

λL
y − log

(
y

sinh y

)]
, (3.10)

with

x = Γ−1
(
λp

λL

)
and y = Γ−1

(
1

λL

)
. (3.11)

Here, µR and λL are material parameters called the rubbery modulus and network

locking stretch, respectively. Γ−1 is the inverse of the Langevin function Γ (z) =

coth (z)− 1/z.

As seen in Figure 3.7 there is a Bauschinger-type reverse-yielding upon unloading.

This results from the development of back stress. A back stress Sback that accounts for

this after large plastic deformations and also the rapid strain-hardening response after

the softening region is given by

Sback = 2dev

(
sym

(
∂Ψp

∂Bp ·B
p

))
= µbackdevBp , (3.12)

where µback, the back stress modulus, is given by

µback =
1

3λp
∂Ψp

∂λp
= µR

λL
3λp

Γ−1
(
λp

λL

)
. (3.13)

It is noted that since Γ−1 (z)→∞ as z → 1, µback →∞ as λp → λL.

An associative flow rule for large deformation plasticity using the plastic rate of defor-

mation tensor is adopted, for which case
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Dp = νp
[

devσe − Sback

2τ̄

]
. (3.14)

Here the equivalent plastic shear strain rate νp is given by

νp = ν0

[
τ̄

s− α/3 trσe

]1/n
, 0 < n ≤ 1 and s− α

3
tr(σe) > 0 ; (3.15)

ν0 is the the reference plastic shear strain rate and α and n are pressure and strain rate

sensitivity material parameters. The case n → 0 corresponds to the rate-independent

formulation while n→ 1 corresponds to linear viscosity. The equivalent shear stress τ̄

is defined by

τ̄ =

√
1

2
[devσe − Sback] : [devσe − Sback]. (3.16)

The internal state variable s in (3.15) describes the isotropic resistance to plastic flow

which increases from some initial value s0 to a peak saturation value s̃ and then de-

creases to some equilibrium value scv. The saturation value of s is defined by

s̃ = scv [1 + b[ηcv − η]] . (3.17)

Here, a second internal state variable η which describes the local free volume is intro-

duced. The local free volume is commonly believed to cause the non-linear stress-strain

behaviour before the yield-peak and the softening that follows in Figure 3.7. The free

volume increases with loading from 0 to some equilibrium value ηcv.

The evolution of the two internal state variables is given by

ṡ = νph0

[
1− s

s̃ (η)

]
and η̇ = νpg0

[ s
scv
− 1
]
, (3.18)

This ensures that ṡ is positive below saturation and negative when s is above the sat-

uration value.

The above equations give rise to 11 material parameters: {µR, λL, ν0, α, n, s0, scv, ηcv, b, h0, g0}.
The values identified by Bargmann et al. [50] were used and are given in Table 3.1.

Moreover, values of Young’s modulus of E = 1.038 GPa and Poisson’s ratio of ν = 0.35

were selected [5]. Failure within the epoxy material is assumed to occur when the effec-

tive plastic stretch at a material point reaches a critical value λp,cri = 1.192 [137,138].
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Table 3.1: Elastic-viscoplastic material parameters identified in [50] for the epoxy resin
constituent.

Parameter Symbol Value Dimension
Rubbery modulus µR 5.2384 [MPa]
Network locking stretch λL 1.67 [−]
Reference plastic shear-strain rate ν0 0.0017 [s−1]
Pressure sensitivity parameter α 0.204 [−]
Rate sensitivity parameter n 0.043 [−]
Initial resistance to plastic flow s0 18.033 [MPa]
Equilibrium value for s scv 8.621 [MPa]
Equilibrium value for η ηcv 0.000773 [−]
Parameter for s̃ b 1750.2 [−]
Rate controlling parameter for s h0 2147.8 [MPa]
Rate controlling parameter for η g0 0.004519 [−]
Critical effective plastic stretch λp,cri 1.192 [−]

Gold

The gold material is modelled as elastic-plastic-damage: in particular linear isotropic

elastic, isotropic J2 plasticity and a coupled isotropic Lemaitre damage model. A brief

overview of these material models is given here.

In a specimen undergoing a uniaxial tensile test, cracks and voids appear within the

material. At these locations the material no longer provides strength against the load

imposed on it. If these defects are removed, a fictional effective area contributing to the

development of an effective stress within the material can be considered [139]. Lemaitre

damage, a commonly used damage material model, introduces the concept of a damage

variable D to represent the ratio of the area damaged by these cracks or voids to the

total original area. If D = 0 there is no damage present, if D = 1 the material has

fully ruptured (the total original area is damaged by crack or voids). Between these

two values D gives a quantification of the damaged state of the material. In practice,

the material will weaken and fail before the entire area is damaged, thus a material pa-

rameter Dcri is introduced as the critical threshold at which the material fails [140,141].

The effective stress measure σ̃e is scaled by the damage variable such that

σ̃e =
σe

1−D
, (3.19)

The effects of damage on the strain field are considered to be modified due to the inclu-

sion of damage in defining the effective stress. Within the elastic region of deformation,
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linear isotropic elasticity relates the scaled stress and strain such that

σe = κtr(E) + 2µdev(E) , (3.20)

where κ is the bulk modulus and µ is the shear modulus.

Plastic behaviour is governed by J2 plasticity with an isotropic hardening rule. Plastic

flow is initiated when the von Mises stress,

τ̃ e =

√
3

2

(
σ̃e : σ̃e − 1

3
(trσ̃e)2

)
, (3.21)

equals the yield stress τy. Thereafter, hardening occurs within the material and the

yield surface, defined by f(σ̃, αp) = τ̃ e − τy ≤ 0, develops such that

τy = τ0 + q(αp) (3.22)

where τ0 is the initial yield stress. q(αp) defines the hardening in terms of the equivalent

plastic strain αp. The hardening rule used is a combination of linear and saturation

type hardening and is given by

q = [τ∞ − τ0]
[
1− e−δαp]

. (3.23)

Here τ∞ and δ are material parameters.

The associative flow rule for this material is given by

Dp = α̇p ∂f

∂σ̃e , (3.24)

where
∂f

∂σ̃e =
3

2

σ̃e − 1
3
trσ̃e

τ̃ e
.

Finally, the inclusion of the damage variable requires the introduction of the dam-

age evolution law as follows

Ḋ = α̇pY

S
, (3.25)

Here S is a material parameter and Y is the thermodynamically formal damage con-

jugate variable given by [142]
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Y =
1

4µ

[[
〈σ̃e

1〉2 + 〈σ̃e
2〉2 + 〈σ̃e

3〉2
]

+

[
2µ

κ
− 3

]
〈tr σ̃e/3〉2

]
+

h

4µ

[[
〈−σ̃e

1〉2 + 〈−σ̃e
2〉2 + 〈−σ̃e

3〉2
]

+

[
2µ

κ
− 3

]
〈−tr σ̃e/3〉2

]
.

(3.26)

Here 〈·〉 denotes the Macauley bracket such that 〈x〉 := 1
2
(x+ |x|) and σ̃e

A, A = (1, 2, 3)

are the principle stresses of σe. A quasi-unilateral damage evolution parameter h ∈ [0, 1]

acts as a weighting factor. This factor scales the energetic contribution of the compres-

sive principal stresses and the hydrostatic stress [140,143,144].

At the nanoscale, continuum models are known to have limited use as they do not

take into account dislocation activity. It would be most suitable to use a crystal plas-

ticity based constitutive for the gold which models the generation and interactions of

dislocations. These dislocations contribute to the “smaller is stronger” yield stress re-

lationship exhibited by the gold material. Although the gold constitutive model here

does not take these mechanisms into account, the use of this kind of phenomenological

continuum model has previously provided insights into the deformation of the material

while greatly reducing the computational expense [71,78]. This reduced computational

complexity allows one to use the more complex and realistic material geometry. Addi-

tionally, as the ligament sizes are relatively the same across all specimens, comparative

conclusions can still be drawn when using these continuum material models. Further-

more, size effects due to surface elasticity have been shown to emerge only at diameters

below 10 nm [59,145].

The above constitutive model gives rise to 6 material parameters: {τ0, τ∞, δ, S, h,Dcri}.
The experimental results of uniaxial tensile tests of Emery and Povick on 250 nm thick

fine-grained gold films were used to determine τ0, τ∞, δ, S and h. These values are given

in Table 3.2. The Young’s modulus E = 79 GPa and Poisson’s ratio ν = 0.44 were

taken from those of bulk gold [25,27,146].
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Table 3.2: Damage and material parameters identified for the gold constituent.

Parameter Symbol Value Dimension
Initial yield stress τ0 155 [MPa]
Isotropic hardening saturation stress τ∞ 405 [MPa]
Isotropic hardening exponent δ 625 [−]
Damage rate scaling parameter S 1 [MPa]
Quasi-unilateral damage evolution parameter h 0 [−]
Critical damage Dcri 0.011 [−]

To determine Dcri, a RVE of nanoporous gold with elastoplastic representative di-

mensions [83] and a volume fraction of 30% was simulated under three tensile tests,

along each orthogonal direction. The tensile test was simulated using kinematic uni-

form (prescribed displacement) boundary conditions as discussed in Chapter 2. The

fracture strain was taken at the point of ultimate fracture stress due to the known

brittleness of nanoporous gold. The stress strain plots for each simulated tensile test

are shown in Figure 3.8 with inserts showing the displacement field in the direction of

the test applied. The sudden brittle nature of nanoporous gold fracture is evident here.

Fig. 3.8: Stress-strain plots of a RVE of nanoporous gold under uniaxial tensile testing
in three orthogonal directions. Inserts show the displacement field in the direction of
the tensile test at various points where blue indicates no displacement and red indicates
the maximum displacement.

Using Dcri = 0.011 the ultimate stress and fracture strains given by each tensile test

given in Table 3.3 were determined. There is a wide range of ultimate stresses (9− 98

MPa) and fracture strains (0.22− 7.3%) in the experimental literature on nanoporous

gold under tensile loading using a similar gold volume fraction. The larger ultimate

stresses of 87− 98 MPa and strains of 6.2− 7.3% were recorded by Xia et al. [38] using

nanoporous gold samples with very small ligament diameters (10− 11 nm). Molecular
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Table 3.3: Ultimate stress and fracture strains of a 30% gold volume fraction nanoporous
gold RVE under uniaxial tensile loading.

Tensile direction Ultimate tensile strength [MPa] Fracture strain [%]
x 14.85 0.38
y 14.50 0.38
z 14.79 0.38

Average 14.71 0.38

dynamic simulations using samples with ligament diameters of similar sizes also pro-

duced significantly larger stress and strain values and so these results as well as those

of [38] are not considered here. As mentioned in Section 1.2.1, these numerical results

have also not been validated by experiments. The results of Balk et al. [27], Briot et

al. [28], Sun et al. [29] and Badwe et al. [30] with samples of ligament diameters greater

than 20 nm and up to 700 nm are all somewhat in agreement with an ultimate stress

range of 10 − 25 MPa and fracture strain range of 0.35 − 0.7%. This narrower range

was used to select the appropriate critical damage threshold.

The material behaviour of the interfaces between constituents is often also modelled in

order to capture delamination between the two. Modelling this interface would be pro-

hibitively computationally expensive when combined with the complex topographical

and morphological features and thus is not accounted for here.

Homogeneous region

The homogeneous region of the CT specimen (blue region in Figure 3.5(b)) is modelled

as an isotropic linear elastic material. Thus the material response can be fully defined

using two effective elastic constants, Young’s modulus E? and Poisson’s ratio ν?.

The effective Young’s modulus of nanoporous gold at volume fractions less than 50%

is calculated from the relation given in [83]:

E?

EM
= 2.03

[
φM − φpM
1− φpM

]2.56
, (3.27)

where EM is the Young’s modulus of the metal (i.e., gold in this case). φpM = 0.159 [83]

is the percolation threshold and defined as the minimum volume fraction that can be

achieved while still maintaining a continuous ligament network. Soyarslan et al. [83]

recognized that above a volume fraction of 50%, this relation no longer holds and so the

classical Gibson-Ashby scaling law for open cell porous metal foams is adopted [61,147]:
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E?

EM
= φ2

M . (3.28)

The effective Poisson’s ratio is determined from the empirically determined relation

[83]:

ν? = 0.262 logφM + 0.365. (3.29)

The effective elastic property relations for the gold/polymer nanocomposite are signif-

icantly different from that of the nanoporous gold. Carolan et al. [148] proposed an

adaptation to the Gibson-Ashby scaling law given by (3.28) to account for a second

continuous phase:

E? = EP + (EM − EP )φ2
M , (3.30)

where EP is the Young’s modulus of the polymer phase. The relation was then specif-

ically calibrated for the gold/polymer nanocomposite by [70] to give

E? = EP + (EM − EP )φ2.45
M . (3.31)

This relation is used for all volume fractions of the nanocomposite.

The effective Poisson’s ratio was found to be constant ν = 0.3 at all volume fractions

for the nanocomposite [70].

3.5 Results and discussion

The simulations of all micro-specimens were performed in Abaqus/Explicit using the

inbuilt element deletion functionality. The material models described in Section 3.4.2

were implemented using Vumat subroutines written by Celal Soyarslan of Wuppertal

University, Germany. To allow for appropriate computational times mass scaling was

necessary. The inertial effects were minimized by applying the displacement slowly and

as a smooth function. Load-displacement curves were created for all specimens for each

realization. It was noted that the results for the three samples at each volume fraction

were very similar; thus, it is only necessary to show the results of one sample per volume

fraction. The results given in the following are for only the thickest specimens, except

in Section 3.5.4.
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Fig. 3.9: Load-displacement curves of the nanocomposite material with different volume
fractions of gold. The curves of a pure polymer and pure gold material are also given.
With increasing volume fraction of gold the decreasing ductility shown by smaller dis-
placements at fracture and the increasing strength shown by higher load/unit thickness
values is evident. 3

3.5.1 Fracture within gold/polymer nanocomposite

The load-displacement curves for the nanocomposite at the five different volume frac-

tions are shown in Figure 3.9. Specimens of bulk polymer and bulk gold were also

simulated to allow for comparisons to be made. The gold specimen displays a brittle

fracture response with the fracture preceded only by a straight line which is represen-

tative of a pure linear elastic response and no plastic deformation before fracture. The

polymer shows a representative elastic-plastic response, with no clear fracture point.

As expected, the curves of the nanocomposite lie between the two bulk constituent

curves. At lower gold volume fractions, between 20 and 40%, the material shows an

elastic-plastic response where as in the higher volume fraction samples the elastic-

plastic region of deformation becomes less obvious and the material moves towards a

linear elastic fracture mechanism.

One of the main features shown in Figure 3.9 is that with an increase in the gold volume

fraction the displacement at fracture decreases and the maximum load increases. The

former reveals a decrease in ductility while the latter reveals the associated increase in

strength that often accompanies a loss in ductility.

3 Reproduced with permission from Elsevier (https://doi.org/10.1016/j.eml.2020.100815)



Chapter 3. Fracture of nanoporous gold and its polymer filled counterpart 66

The volume fraction of polymer and the volume fraction of the gold directly contribute

to these features. The polymer is a low load carrying capacity material; however it is

extremely ductile and so can undergo significant displacement. The gold material is

very strong but very brittle and so can withstand a large load but only at very small

displacements. As with most composites, as the volume fraction of each constituent

increases or decreases the prevalence of the mechanical properties of each constituent

also increases or decreases respectively. That is, at low volume fractions of gold the

ductility of the polymer is more obvious while the high strength of the gold is less so.

Another feature contributing to the differing responses is the interconnectivity of the

constituents. As the gold volume fraction increases, the interconnectivity of the gold

ligament network increases and the interconnectivity of the polymer decreases. At the

lowest gold volume fraction the gold network connectivity is relatively weak, addition-

ally there is a small amount of this reinforcing material and thus the polymer material

has to provide the majority of the support, thus resulting in the low load capacity at

lower volume fractions. However, with a weaker connectivity the network is far less

constrained against deformation and so a small amount of localized deformation of the

gold network can occur without this deformation transferring over the gold network

to other locations. This was similarly suggested by Beets et al. [40] with regards to

pure NPG. On the other hand, at higher gold volume fractions there is a high degree

of connectivity and so localized displacement of the network results in significant dis-

placement throughout the sample.

A unique feature in the load-displacement curves of, particularly, the higher volume

fraction specimens are their jagged nature. The sudden drops are associated with brittle

ligament breakages occurring in the gold ligament network and the rise that follows is

an indicator that the load has been re-distributed to adjacent ligaments. As ligaments

break, the network weakens and the polymer is required to carry more of the load. The

repetitive failure of ligaments continues until a critical number of ligaments have failed

which weakens the gold ligament network to a point where the load transferred to the

polymer is in excess of what it can withstand. Thus a crack propagates through the

polymer network and the nanocomposite fails catastrophically. Times of notably large

ligament fracture are marked 1 − 4 on Figure 3.9. Figure 3.10(a) shows an example

of the fracture of a gold ligament, which causes the drop at marker 1 in Figure 3.9.

The resultant re-distribution of the stress within the gold and polymer networks is also

shown in Figures 3.10(b) and 3.10(c) respectively where locations of significant stress

re-distribution are encircled. The stress within the gold is transferred to locations rel-

atively far from the crack tip while the polymer shows a stress increase at the location
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where the gold fractured.

(a)

(b) (c)

Fig. 3.10: (a) The gold ligament failure associated with marker 1 on Figure 3.9 and
the stress re-distribution within the (b) gold and (c) polymer network associated with
this.

There is far less jaggedness seen in the specimens with lower volume fractions. This

however is not a result of the lack of ligament breakage but rather due to the damping

effects of the polymer. In these specimens, the gold ligaments are surrounded by large

amounts of polymer and so when the gold fractures the sudden loss of load carrying

capacity is reduced as the polymer is able to absorb the energy transferred. Due to its

ductile nature and large volume fraction, it can deform without failing. The stronger

interconnectivity within the polymer gives it additional strength against fracture.

Figure 3.11 shows the number of elements that were deleted due to their exceeding the

critical damage limit in specimens of each volume fraction for the polymer and metal

phases separately. This allows comparisons to be made about the amount of damage

required by each specimen to undergo complete failure.

The ratio of gold to polymer elements deleted at the ultimate fracture point is similar

to the volume fraction of each constituent. That is, at high gold volume fractions more

gold fails than polymer while at lower gold volume fractions significantly more polymer
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Fig. 3.11: The cumulative number of elements of each constituent that failed and thus
were deleted during the CT test for each specimen at each volume fraction. The point
of ultimate fracture is indicated with the filled in circles. The points marked 1 to 4 on
Figure 3.9 are similarly marked here.4

failure is seen. In all samples the first element to fracture is of the gold constituent.

The locations marked 1− 4 on Figure 3.9 are marked on Figure 3.11 and occur when

several gold elements are deleted, thus indicating large gold ligament fractures as was

previously suggested.

The sudden long vertical line segments at the ultimate fracture point indicates the

brittle nature of the 60 − 40% samples which are similar to the trends noted in the

investigation by Kahng et al. of brittle randomly fused networks [117]. The complete

failure of these specimens occurs when a large number of gold elements suddenly fail,

which shows that the gold constituent controls the fracture displacement at the higher

volume fractions. These gold ligament fractures are accompanied by a large number

of polymer elements failing as a result of the sudden transfer of the load carried by

the gold to the surrounding polymer phase (as also seen in Figure 3.10(c)). This load

exceeds the maximum load that can be carried by the polymer and thus the polymer

will immediately fail at this location.

Different behaviour is seen at the lower gold volume fractions. The failure of gold

elements is very gradual. There are no significantly long vertical sections representa-

tive of a large number of gold elements failing. Although the gold still fractures in a

brittle manner (that is, suddenly with no plastic deformation) this is not evident on

4 Reproduced with permission from Elsevier (https://doi.org/10.1016/j.eml.2020.100815)



Chapter 3. Fracture of nanoporous gold and its polymer filled counterpart 69

the curves. At these volume fractions, however, there is significant failure within the

polymer as, with little reinforcement, it experiences most of the stress. Also, at ulti-

mate failure there is no sudden rise in the fracture of gold elements as was noted at

the higher volume fractions, only a continued exponential increase in polymer element

failure. This suggests that the polymer material controls the fracture displacement at

these lower volume fractions.

Additionally, at higher volume fractions the curves of the two constituents follow

roughly the same trend. That is, both the gold and polymer suddenly rise and plateau

simultaneously. Whereas at the lower volume fractions, the failure of the two con-

stituents happens independently of each other. The polymer has an exponential in-

crease in failed elements while the gold maintains a gradual and slow linear rate of

failing elements.

Fig. 3.12: The cumulative number of elements that failed in the full nanocomposite
and were deleted during the CT test for each specimen at each volume fraction. The
point of ultimate fracture is indicated with the filled in circles.

The resistance to failure of each specimen can be inferred, for comparative purposes,

by looking at the total number of failed elements at ultimate fracture which is given

in Figure 3.12. There is a trend of increasing resistance to failure as the gold volume

fraction decreases from 60% to 30%. Based on the properties of each constituent this

result is not unexpected. The gold material has a low resistance to fracture due to its

brittle nature while the polymer has a high resistance to fracture corresponding to its
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ductile nature. Thus, at high volume fractions one expects the gold to dominate the

fracture behaviour, as observed here. A similar trend was noted by Spahr et al. [149]

and Kinloch and Taylor [150] in their research of composites. Spahr et al. [149] noted

that with an increase in fibres embedded in a polypropylene matrix, the fracture tough-

ness of the material decreased. Kinloch and Taylor [150] noted a maximum fracture

energy associated with a certain percentage of micro and nano-composite particles em-

bedded in an epoxy matrix and above this a decrease in toughness was seen. Both

researchers attributed this decrease to a lack of polymer material available to allow

for the full distribution of the stresses within the composite. Following similar logic,

Kinloch and Taylor [150] calculated that a minimum inter-particulate distance exists

and with more particulates added this distance decreases which results in insufficient

matrix material around each particles to successfully distribute the load. This concept

would be analogous in this gold/polymer nanocomposite to both the decreased con-

nectivity and decreased pore size of the polymer network as the gold volume fraction

increases.

Thus, at the lowest volume fraction one would expect the number of elements to be at

a maximum, however, this is not the case here. Interestingly, the 20% volume fraction

specimen shows a decrease in fracture resistance. A suggested reason for this is that

the gold network is at its weakest to begin with and then is continually weakened by

ligament fractures while the polymer is unable to withstand the load imposed on it.

The interplay between the strength of the gold network and the stress transfer ability of

the polymer thus gives the 30% volume fraction sample the largest fracture resistance

even though it does not have the largest strength as noted in Figure 3.9.

Figure 3.13 provides a visual depiction of the elements that are deleted during the

CT tests. These, therefore, provide a visual representation of the crack propagation

through the specimens. The volume of fractured material in Figure 3.13 is consistent

with the results in Figure 3.12 where the 30% volume fraction specimen has the largest

volume of fractured elements, while above and below this volume fraction a smaller

volume of fractured elements is required for ultimate fracture to occur.

Comparing the crack propagation of the 20% and 60% volume fraction samples, sig-

nificant differences are illustrated. At the lowest metal volume fraction, there is a

significant amount of gold secondary cracking (cracking at locations far away from the

crack tip). There is also a small amount of polymer fracturing as a result of the load

transferring to the polymer as was explained earlier. This is consistent with the ductile
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Fig. 3.13: Crack development and propagation through the VE section at each volume
fraction. The deleted polymer elements due to failure are depicted in grey and the
metal elements in gold.
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network description of randomly fused networks [117]. This extensive secondary crack-

ing is attributed to the low connectivity of the gold network allowing large localized

deformation to occur. At these locations, the large amount of polymer causes the gold

to undergo a large local displacement which causes it to fracture. As it is far away from

the crack tip, however, this does not cause the entire material to fail. In contrast to

this in the highest volume fraction specimens there is almost no secondary cracking.

This is again consistent with a randomly fused network description of fracture [117].

As mentioned previously, due to the high connectivity of the gold network, localized

deformation is prevented.

The presence of secondary cracking creates a high possibility of delamination. Lower

volume fraction nanocomposite samples may thus be even weaker than observed here.

As the crack propagates it is also clear that the crack does not propagate in a straight

line (that is, perpendicular to the applied loading). When the crack propagates through

the polymer it will encounter gold ligaments in its path. As the gold is significantly

stronger than the polymer the path of least resistance is not through the gold but rather

around the gold. Thus the crack is deflected towards either locations of fractured gold

or through the polymer. Both vertical and lateral crack propagation are evident in

Figure 3.13. The vertical re-direction of the crack is shown in Figure 3.14 where the

side view of the VE sections are depicted. The vertical deflection of the crack is most

pronounced in the 40% volume fraction specimen as here the material has similar sized

gold and polymer ligaments and so as the crack propagates through the polymer phase

it encounters relatively large gold ligaments that hinder its progression. In the 60%

volume fraction specimen a small amount of crack deflection is seen. Here the crack

propagation occurs mainly in the gold phase and, since this is the stronger material, it

does not encounter an obstacle that would arrest its propagation. At the lowest volume

fraction there is also almost no vertical movement. As the gold network is less prevalent

in this specimen and the polymer pores are comparatively large, the polymer can easily

move through the material without being arrested by the presence of a gold ligaments.

Interestingly, Figure 3.14 shows that both the 20% and 60% volume fraction samples

have two of the shortest crack lengths at ultimate fracture. At the lowest volume frac-

tion this is due to the low strength of the material as a result of its large percentage

of polymer while at the highest volume fraction, the brittleness of the material, due to

its large percentage of gold, results in only a short crack needed for ultimate fracture.
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Fig. 3.14: Side view of the crack propagation through the specimen at each volume
fraction showing the vertical crack deflection. The metal elements are depicted with a
gold circle and the polymer with a grey cross

3.5.2 Comparison between gold/polymer nanocomposite and pure

nanoporous gold

Fig. 3.15: Comparative load-displacement curves between the nanocomposite material
and pure NPG specimens. Here the brittleness of the pure NPG can be seen in contrast
to its composite counterpart. 5

Load-displacement curves are shown in Figure 3.15 comparing the nanocomposite with

its pure NPG counterpart. At the lowest volume fraction, both the maximum loads

and the ultimate fracture displacements are significantly less for the pure NPG sam-

ples than for the nanocomposites. The lower ultimate fracture point is an indicator

of the higher brittleness of pure NPG compared to the nanocomposite as discussed in

the literature [5, 44]. Within the samples of pure NPG, the same trend as seen in the

nanocomposite of increasing strength and decreasing fracture displacement for increas-

5 Reproduced with permission from Elsevier (https://doi.org/10.1016/j.eml.2020.100815)
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ing volume fraction of metal is shown. Furthermore a similar jaggedness in the curves

is shown although there are far fewer ligament fractures required in the pure NPG for

the network to weaken to a point where the entire material fractures. As discussed

earlier, in the nanocomposite, when the gold ligament breaks, the stress is transferred

and distributed through the gold network as well as to the polymer. Also, although the

polymer is a low load carrying material, it was able to carry a fraction of the load thus

reducing the load on the gold ligament network. The polymer network clearly stabilizes

the ligaments in the nanocomposite thus delaying complete material failure.

In the lowest volume fraction pure NPG specimens, the small thickness of the speci-

mens may result in a weaker connectivity than would be truly representative of pure

NPG and this may result in the very low fracture strength and displacement at this

volume fraction.

Figure 3.16 gives the displacement at ultimate fracture and the maximum load of

pure NPG, the corresponding nanocomposite and bulk specimens of gold and polymer.

Additionally, the upper and lower bounds by means of a weighted average formula of

each property are shown. These bounds are calculated using the following:

fupper =

(
φM
fM

+
φP
fP

)−1
and flower = φMfM + φPfP ,

where fupper and flower are the upper and lower bounds respectively for a material prop-

erty f of the composite. fM and fP are the values of property f for the bulk metal

and bulk polymer constituent respectively. These bounds would correspond to a fibre-

reinforced composite with brittle long fibres and a ductile matrix.

Figure 3.16(a) shows a decrease in fracture displacement with increasing volume frac-

tion for both the nanocomposite and pure NPG specimens, although it is more obvious

in the nanocomposite. This was similarly shown by Coldea et al. [151] in the inves-

tigation of polymer-infiltrated-ceramic-network composites. The improved ductility of

the nanocomposite is represented by the larger fracture displacements compared to

the small displacements achieved by the pure NPG at all volume fractions. As the

volume fraction increases, however, the difference between the displacement of the

nanocomposite and pure NPG becomes smaller; at a 60% volume fraction the fracture

displacements are very similar. This is indicative of an increasing brittleness of the

nanocomposite with an increase in the metal volume fraction.
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(a) (b)

Fig. 3.16: Influence of the gold volume fraction on (a) the displacement at complete
fracture and (b) the maximum load sustained by nanocomposite and pure nanoporous
gold specimens. Results for the bulk constituents as well as upper and lower bounds of
a continuous and unidirectional fibre-reinforced composite are also included.6

In Figure 3.16(a) the lower bound estimates the fracture displacement for a fibre-

reinforced composite loaded transverse to its fibre direction while the upper bound

refers to the fracture displacement if loaded along the fibre direction. Both the

nanocomposite and the pure NPG have fracture displacements that lie within the

bounds of the fibre-reinforced composite. The nanocomposite spans almost the entire

range of these bounds. Unlike fibre-reinforced composites the displacements achieved

by the nanocomposite are expected in all directions of loading. Thus at a 20% volume

fraction the nanocomposite will have the maximum available ductility of the fibre-

reinforced composite in all directions unlike the composite which only has this high

ductility when loaded along the fibre direction. A decrease in ductility will occur when

loading the conventional composite at angles other than this. This makes the nanocom-

posite more versatile in its application and easier to use when designing structures with

a complex mixture of loading. At the same time, however, the 60% volume fraction

nanocomposite specimen will not show any improvement in its ductility if the loading

direction changes whereas the fibre-reinforced composite will improve its ductility as

the loading direction becomes parallel to the fibre direction. Thus, even though it may

be simpler to design for, the use of the conventional fibre-reinforced composite could

prove to be a superior choice if ductility is needed, especially in the cases of simple

loading conditions (e.g., uniaxial).

6 Reproduced with permission from Elsevier (https://doi.org/10.1016/j.eml.2020.100815)
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Nanoporous gold performs poorly in both fracture displacement and maximum load

especially when compared to its nanocomposite counterpart. This was again noted in

the investigation of failure of ceramic/polymer materials [151]. The fracture displace-

ment of the pure NPG material lies very close to the weighted average lower bound

at each volume fraction. This is the weakest and most brittle response of the conven-

tional fibre-reinforced composite. Improved ductility in the conventional composite is

possible by changing the orientation of the loading, whereas, pure NPG will show no

improvement in ductility and thus will exhibit this brittle response independent of the

loading direction.

Compared to the bulk gold sample, both the pure NPG and nanocomposite have larger

fracture displacements even though the pure NPG is very brittle. Upon loading its net-

work structure allows for the distortion and re-orientation of ligaments without the

generation of excessive stress. Thus it is able to deform more than bulk gold without

fracturing. This also explains the decrease in fracture displacement with increasing

volume fraction as the connectivity is strengthened.

Figure 3.16(b) shows the improvement in strength of both the pure NPG and nanocom-

posite that accompanies the increase in gold volume fraction. The pure NPG samples

show a stronger dependence on gold volume fraction with increasing load compared

to the nanocomposite. Other than at the lowest gold volume fraction, the nanocom-

posite lies within the bounds of fibre-reinforced composites where at a 20% volume

fraction the nanocomposite shows a weaker response than the weakest loading direc-

tion of the conventional composite. In Figure 3.16(a), however, this nanocomposite

showed an equal and possibly greater fracture displacement (i.e., superior ductility),

thus highlighting the trade-off between strength and ductility. The differing responses

to different loading directions and the required design complexity would also be a factor

to consider in deciding between these two types of composites.

The nanocomposite is never able to replicate the strength of a fibre-reinforced compos-

ite in its strongest direction (given by the weighted mean upper bound) at any volume

fraction (unlike the large span of the fracture displacement of the nanocomposite cf.

Figure 3.16(a)). The strength of the nanocomposite lies closer to the weaker response

of the conventional composite (given by the weighted mean lower bound) at all volume

fractions. However it is worth mentioning, again, that this response is independent of

loading direction, unlike that of the conventional composite.

The pure NPG has a lower strength than its nanocomposite at all volume fractions



Chapter 3. Fracture of nanoporous gold and its polymer filled counterpart 77

with the difference between the two again decreasing as the volume fraction increases.

At the lower gold volume fractions, pure NPG shows a much weaker response, even less

than the polymer, and is significantly lower than the bulk gold sample even at its high-

est volume fraction (at a 60% gold volume fraction pure NPG has 40% of the strength

of bulk gold). It is also always weaker than the weakest response of the fibre-reinforced

composite.

For each property investigated, the results of the nanocomposite lie closer to that

of the weaker performing constituent (i.e., closer to the fracture displacement of the

gold and maximum load of the polymer) at all volume fractions. This shows how the

weaker performing constituent dictates the material’s performance in each of these

properties. In other words, the maximum load is more significantly affected by the low

load carrying capacity of the polymer compared to the superior strength of the gold

constituent and the displacement at fracture is influenced more by the brittle nature

of gold compared to the ductility of the polymer. The fracture displacement relative

to the bulk polymer sample and the maximum load relative to the bulk gold material

are given in Table 3.4. This allows one to see the percentage influence of the superior

property of each constituent on the properties of the nanocomposite.

Table 3.4: Comparison of the displacement at complete fracture and maximum load
between nanocomposite specimens and that of pure polymer and gold specimens re-
spectively for each gold volume fraction.

Volume fraction [%] Disp/Disppolymer [%] Load/Loadgold [%]
20 81 27
30 56 33
40 34 40
50 24 49
60 16 58

Considering first the relative load carrying capacity at each volume fraction, the

percentage influence is generally consistent with the amount of gold present in the

nanocomposite. That is, at a 60% volume fraction the relative maximum load is simi-

lar (58%) and is similarly consistent at the other volume fractions with a slightly higher

comparative load at the lower volume fractions e.g., a 27% comparative load at a 20%

volume fraction. The combined loss of strength due to the porous nature of the gold

ligament network (which results in the lower strength values seen in the pure NPG

samples in Figure 3.15) and the influence of the polymer on the load carrying capacity
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of the material are thus suggested to be of equal relevance.

Focusing next on the comparative fracture displacements and the relationship between

the percentage polymer, the same trend is not noticed. At a 20% gold volume fraction

the comparative displacement is similar to the percentage polymer present (81% with

80% polymer) however at a 60% gold volume fraction, there is a significantly lower

comparative displacement (16% with 40% polymer). This suggests that at the lower

volume fractions the brittle nature of the gold does not have as great an influence on

the ductility of the material. This is likely as a result of the decrease in connectivity

as the gold volume fraction decreases.

Figure 3.17 gives the crack propagation of the pure NPG. Compared with the nanocom-

posite (Figure 3.13), a few similarities are noted. The dispersed nature of the crack at

the lower volume fraction is evident, and at the highest (60%) and lowest (20%) volume

fractions the samples have the shortest crack lengths. However, all pure NPG speci-

mens have shorter crack lengths than their nanocomposite counterparts.

The number of deleted gold elements at ultimate fracture in the pure NPG samples

compared to the nanocomposite specimens is given in Table 3.5. At volume fractions

between 30 and 50% the number of fractured gold elements in the pure NPG specimens

are significantly lower than in the nanocomposite specimens as the polymer supports

and stabilizes the gold network in the nanocomposite, allowing for more gold ligaments

to break without complete fracture occurring. At a 60% volume fraction, the difference

is negligible as a result of the small percentage of polymer surrounding the gold net-

work.

Table 3.5: The number of deleted gold elements at complete fracture in the pure NPG
and nanocomposite samples respectively.

Volume fraction [%]
Number of deleted elements
Pure NPG Nanocomposite

30 52 697
40 350 1296
50 1403 1567
60 1258 1230

The 30% specimen shows a large amount of secondary cracking in Figure 3.17 with no
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Fig. 3.17: Crack development and propagation through the VE sections of NPG at each
volume fraction where the deleted metal elements due to failure are depicted in gold.

distinct crack propagation emanating from the crack tip at ultimate fracture. Table

3.5 also gives a very small number of deleted and hence fractured elements at complete

fracture. The low connectivity of this low volume fraction specimen is suggested as the

reason for very few ligament failures required for complete fracture to occur.

The comparative fracture resistance of each specimen is quantified by calculating the
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work to fracture from the area underneath each load-displacement curve in Figures 3.9

and 3.15. The results are shown in Figure 3.18.

Fig. 3.18: Relative work to fracture of pure NPG and nanocomposite at different gold
volume fractions. The work to fracture is also given for bulk polymer and gold for
comparison. The nanocomposite specimens show a significantly improved resistance to
fracture compared to the pure NPG specimens.7

Resistance to fracture decreases with increasing volume fraction in the nanocompos-

ite. This is due to the improved ductility with decreasing gold volume fraction and the

prevalence of different toughening mechanisms. There are three extrinsic toughening

mechanisms exhibited by the nanocomposite: i) secondary cracking, ii) crack deflection

and iii) crack bridging.

As discussed in Section 3.2.3, secondary cracking of the gold material in locations

far away from the crack tip allows for the dissipation of energy from the crack tip

without advancement of the crack tip [152, 153]. As seen in Figure 3.13, the lower the

volume fraction of gold, the further away from the crack tip this secondary cracking

occurs, which is a pre-requisite for this mechanism to be effective. In the higher volume

fraction specimens, the secondary cracking occurs closer to the crack tip, thus allowing

for the crack to advance suddenly by means of a coalescence of the cracks. This sec-

ondary cracking results in a crack length long enough to cause complete failure, thus

contributing to its relatively brittle fracture response.

7 Reproduced with permission from Elsevier (https://doi.org/10.1016/j.eml.2020.100815)
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Crack deflection, the movement of the crack vertically and laterally when hindered by

a gold ligament, results in a tortuous crack path. As lateral crack propagation blunts

the crack tip, the stress concentration at the crack tip is reduced, and hence the driving

force of the crack is decreased. This is noted to some extent in all the nanocomposite

samples in Figures 3.13 and 3.14.

Crack bridging occurs when the polymer is stretched across the crack tip between

two gold ligaments. The tensile extension of the polymer allows for energy to be re-

leased without causing complete fracture. Other metal infiltrated ceramic composites

show a similar mechanism that has contributed to their improved ductility [150, 154].

Understandably, the greater the volume of polymer (lower volume fraction of gold), the

more prevalent this mechanism becomes. This is shown in Figure 3.19 where the strain

in the loading direction at the fractured surfaces of the 20% and 50% specimen are

shown. The greater the extension the greater the energy dissipated by this mechanism.

The 20% sample shows significantly greater extension of the polymer material.

At the lowest volume fraction, the nanocomposite has a high resistance to fracture, even

greater than that of the highly ductile bulk polymer material. While the bulk polymer

only has intrinsic toughening mechanisms, the 20% gold volume fraction specimen has

both intrinsic toughening and shows all three extrinsic toughening mechanisms.

Fig. 3.19: Strain plots of the fractured surfaces of the 20% (left) and 50% (right) gold
volume fraction specimens at complete fracture. There is more strain and thus more
significant crack bridging noted in the lower volume fraction sample.
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As expected, the pure NPG has a lower fracture resistance than the nanocomposite

at all volume fractions. A slight increase in resistance with increasing volume fraction

is noted. Aside from the intrinsically brittle nature of the gold as a cause, the lack

of polymer matrix to allow for stress re-distribution away from the crack tip results

in a process zone that is limited by the ligament diameter. The small size of the pro-

cess zone causes a high stress concentration at the crack tip which drives the crack

propagation. Additionally, none of the three toughening mechanisms can be utilized by

pure NPG. At the lowest volume fractions, pure NPG even shows a lower resistance to

fracture than the extremely brittle bulk gold specimen. Due to the porous nature and

low connectivity at these volume fractions pure NPG has a much reduced load carrying

capacity and strength.

Figures 3.20(a) through 3.20(d) provide comparisons of a combination of mechanical

properties using four Ashby plots: strength-density (Figure 3.20(a)), Young’s modulus-

strength (Figure 3.20(b)), toughness-Young’s modulus (Figure 3.20(c)) and toughness-

strength (Figure 3.20(d)). Strength here was determined from the largest load reached

on the load-displacement curves, and toughness was quantified from the work to frac-

ture calculations. In all four plots the volume fraction of gold increases from left to

right.

In Figure 3.20(a) it is most desirable for materials to lie in the upper left corner

as these materials have the greatest strength-to-weight ratio. Compared to the pure

NPG material, the nanocomposite has a higher strength to weight ratio. Although

the nanocomposite and the pure NPG span a similar density (x−axis), the nanocom-

posite has a much greater strength (y−axis), especially at the lower volume fractions

(far left values). This is a highly sought after feature for any material as an increase in

strength would not cause a large increase in density, thus giving a light, strong material.

Figure 3.20(b) shows that although both materials are able to cover a similar range

of Young’s moduli by changing the volume fraction of gold, the nanocomposite has

the additional property of superior strength especially at the higher volume fractions.

Interestingly the larger volume fraction pure NPG specimens have an equal and even

greater strength than the lowest volume fraction nanocomposite specimen but with

much higher Young’s moduli. This may be beneficial when designing a structure as

materials with similar strengths are available at different stiffness values.

In Figure 3.20(c), tough materials are expected to lie in the upper left corner and
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(a) (b)

(c) (d)

Fig. 3.20: Ashby plots: (a) strength-density, (b) Young’s modulus-strength, (c)
toughness-Young’s modulus and (d) toughness-strength. Volume fraction increases
within encircled material type in all plots from left to right.8

brittle materials in the bottom right. Again, the pure NPG and nanocomposite sit in a

similar position horizontally but the nanocomposite sits higher than pure NPG at all

volume fractions. This is due to the ductility enhancement in the nanocomposite by

the impregnation of the polymer. The nanocomposite has a favourable combination of

a relatively high toughness at a variety of Young’s moduli.

Finally, the combination of strength and toughness in the nanocomposite compared

to the pure NPG material is evident in Figure 3.20(d). At the lowest volume fraction,

the nanocomposite has both a greater strength and toughness than the bulk poly-

mer indicative of a relatively strong yet ductile material. On the other hand, the pure

NPG material shows the unfavourable characteristics of both a weak and brittle ma-

terial. Another feature indicated by this plot is the likelihood of the type of failure

8 Reproduced with permission from Elsevier (https://doi.org/10.1016/j.eml.2020.100815)
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of a material. It is favourable for materials to yield before fracture as yielding is a

slower, less catastrophic, process. From Figure 3.20(d) is is evident that the nanocom-

posite is more likely to undergo yielding before fracture compared to the pure NPG

material. Classically, as one moves diagonally from the upper left to bottom right, a

decrease in the size of the process zone is also noted. This is in agreement with what

is observed in the nanocomposite, and will be discussed further in the following section.

As expected, in all categories the results for the nanocomposite lie between those

of the bulk gold and polymer values on all four diagrams, thus creating a selection

of a combination of properties in the range between these two very different materi-

als. Furthermore, although the pure NPG shows weaker performance on all plots, it

does provide an even wider range of material options, which may be useful for certain

applications.

3.5.3 Midplane and free surface

Figure 3.21 displays the stress plots of each constituent individually at the free surface

of the RVE as well as at the midplane. The pure polymer sample has a very large pro-

cess zone, indicative of its ductile nature. The pure gold sample has a very small process

zone compared to the polymer, indicative of its highly brittle nature. The most notice-

able feature is the decrease in the area of the process zone in the polymer constituent

with an increase in gold volume fraction. A large process zone allows the specimen to

undergo greater displacement before reaching the critical stress at the crack tip, which

would result in fracture. As this process zone decreases, the stress is concentrated in

a region around the crack tip, and less energy is distributed throughout the material.

This results in only a small amount of deformation before the stress at the crack tip

initiates crack propagation and the material fractures. This small process zone is con-

sistent with the findings of Spahr et al. [149] and Kinloch and Taylor [150], as discussed

in Section 3.5.1.

The effects of the size of the process zone on material ductility can also be extended

to explain the extreme brittleness of the pure NPG samples. In pure NPG, the stress

distribution and hence area of the process zone is confined to the ligament diameters,

thus resulting in a small process zone and an extremely brittle response. There may be

some distribution throughout the ligament network, but this would be small compared

to the distribution by the polymer in the nanocomposite.
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Fig. 3.21: A comparison between the von Mises stress distribution at the free surface
and midplane surface of the RVE sections just before they undergo ultimate fracture
(90% of ultimate fracture displacement). The stress contours for the pure polymer and
pure gold material are also given.9
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The gold constituent does not show a trend in process zone area changes with vol-

ume fraction. At all gold volume fractions, however, localized regions of high stress

concentrations far away from the crack tip are seen. These localised stress locations are

more prevalent in the larger volume fraction samples. As previously stated, at larger

volume fractions the network connectivity is strengthened, thus preventing localized

displacement of the material without significant increases in the stress at these lo-

cations. These localised regions result in secondary cracking occurring far away from

the crack tip, which enhances the fracture toughness. Areas of secondary cracking are

shown and encircled in Figure 3.22.

A larger process zone is shown on the free surface than on the midplane surface of

all specimens. As the material is less constrained on the outer surface deformation can

occur as was described in Section 3.2.4 with regards to the case of plane strain fracture

behaviour. As a result more elements fail at the midplane compared to at the free

surface. This is also shown in Figure 3.22.

In Figure 3.22 crack initiation is not seen in the 50% sample. Most of the failed and

hence removed elements in the bottom right frame of Figure 3.22 are of the gold con-

stituent due to the stiffness of the gold network. A few of the surrounding polymer

elements failed due to the load transfer described previously. This secondary cracking

does not directly contribute to the failure of the material. Many gold ligaments fail

while the material continues to withstand an increase in load (Figure 3.9). Crack ini-

tiation has therefore yet to occur in this higher volume fraction specimen, whereas in

the 20% volume fraction sample a noticeable crack propagation is seen. Crack bridging

is also seen in the 20% specimens in Figure 3.22.

Figure 3.23 shows the decrease in lateral deformation of the nanocomposite samples

with increasing gold volume fraction. At higher gold volume fractions a state of plane

strain dominates the behaviour. A state of plane strain is indicative of a brittle fracture

response. On the other hand, in the lower gold volume fraction samples the ductility of

these samples allows for lateral contraction which shows a state of plane stress domi-

nating at the free surface. This state is indicative of a ductile fracture response. Thus a

transition from a ductile to a more brittle material is shown by the decrease in lateral

contraction.
9 Reproduced with permission from Elsevier (https://doi.org/10.1016/j.eml.2020.100815)
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Fig. 3.22: Close up of crack tip of the 20 and 50% volume fraction specimens at the mid-
plane and free surface. Longer crack tip and more damage was noted at the midplane
compared to the free surface.

Fig. 3.23: Comparison of lateral strain (ε33) showing more thinning at lower volume
fractions which is indicative of a more ductile material.

3.5.4 Effects of specimen thickness

To further investigate plane strain-plane stress effects, Figure 3.24 gives the displace-

ment at which the first finite element is deleted due to reaching the critical damage

limit. In the 20% and 30% volume fraction the displacement at which the first element

is removed increases as the thickness decreases. This is as expected and suggests a move

towards plane stress fracture from a more brittle plane strain fracture. This trend is not

as clearly observed in the specimens containing more than 30% gold. These specimens

are stiffer and more brittle and so display plane strain fracture at all thicknesses due

to the high resistance to contract laterally. Additionally, the ductility increase associ-

ated with the decrease of gold volume fraction is noted by a corresponding increase in

displacement at first element failure with a decrease in gold volume fraction at each

thickness ratio.
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Fig. 3.24: Plane strain-plane stress effects are shown by looking at the displacement of
the CT-specimens when the first finite element is deleted due to damage. At the lower
volume fractions the clear trend of delayed failure with decreasing thickness is noted.
This is not noticeable above 40% due to the intrinsic brittleness of the specimens as
the metal volume fraction increases.



4

Chemo-electro-mechanical coupling

in the nanocomposite

The motivation for this chapter is the functionality that arises from impregnation of

the pores in nanoporous gold with a polymer. Within the polymer a mechanism exists

such that, upon electrical stimulation, it shrinks or expands. With the nanoporous

gold providing a reinforcing skeleton, there is an opportunity for this material to be

used in actuation applications. The effects of the gold volume fraction on the actuation

response of this material is investigated here.
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4.1 Introduction

Certain polymers have the ability to change size or shape in the presence of an electric

field. These materials are termed electroactive polymers (EAPs). Compared to other

commonly used electrically stimulated materials such as shape memory alloys or elec-

troactive ceramics, electroactive polymers have many superior properties, including

actuation strains that are orders of magnitude larger, and significantly lower power

consumption than these other compounds. These properties have motivated their use

as sensors or actuators in microelectronic mechanical systems (MEMS), or as artifi-

cial biomimetic robots or muscles. The mechanism by which EAPs deform can be of

an electronic or ionic nature, which motivates their division into two major groups:

Electronic EAPs and Ionic EAPs [155].

4.1.1 Electronic EAPs

In electronic EAPs an electric field and Coulomb forces cause the polymer to deform.

In electronic EAPs the deformation is as a result of an electric field causing the polar-

ization of the crystalline material, or a rearrangement of cross-linked polymer chains.

The Coulomb field can also directly cause strains in these materials. Examples of

electronic EAPs include electrostrictive, electrostatic, piezoelectric, and ferroelectric

materials. The advantages of these materials include their fast response time and high

mechanical energy density. A shortcoming is the high activation electric field required

to activate the deformation mechanisms.

4.1.2 Ionic EAPs

Ionic EAPs undergo a volume change due to, for example, the movement of ions within

the polymer network as in an ionomeric polymer-metal composite [156], the diffusion

of ions through a material from an electrolyte as in conductive polymers [157], ionic

polymer gels [158] or, for carbon nanotubes, a change in the carbon-carbon bond length.

These EAPs are advantageous as they exhibit large strains under a relatively low

activation voltage. The diffusion of ions, however, means that these materials have a

slower actuation process compared to the actuation reaction of electronic EAPs which

is orders of magnitude faster. Examples of these materials include ionic polymer-metal

composites (IPMC), conductive polymers, carbon nanotubes, and ionic polymer gels.

In this work we only consider conductive polymers.
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Conductive polymers

Conductive polymers (CPs) such as polypyrrole (PPy) and polyaniline (PANI) are

insulating in their neutral state. A conductive state is reached through a chemically or

electrochemically induced process called ‘doping’, whereby a charge is induced through

reduction or oxidation of the polymer. This results in compensatory cations or anions

moving into the polymer to balance this charge. Although this mechanism allows these

polymers to be used in a variety of applications such as batteries, super-capacitors

and chemical separators, to name a few, this doping mechanism also facilitates the

volume expansion and contraction of conductive polymers, which motivates its use as

an actuator. The movement of ions into and out of the electrode results in its expansion

(as shown in Figure 4.1) and shrinkage respectively [159–162]. These compensatory

ions are provided by an electrolyte into which the conductive polymers are immersed.

Whether oxidation causes ions to enter or exit the polymer depends on the size of the

anions.

Fig. 4.1: Schematic representation of the volumetric swelling caused by an influx of
small ions due to the oxidation of the conductive polymer as described by (4.1).

If the anions in the polymer are small enough to move, deformation occurs as a result of

the gain or loss of anions in a region. Alternatively, if the anions are too large to move,

cation movement causes the volume change in the polymer [155]. These two reactions

may be summarised as

[(polymer)]solid + n
(
A−
)
solution red

ox
−−−⇀↽−−−

[
(polymer)n+ n(A−)

]
solid

+ n
(
e−
)
metal

(4.1)

and
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[
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)]
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−−−⇀↽−−−
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]
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+

n
(
C+
)
solution

+ n
(
e−
)
metal

, (4.2)

respectively. Here n(·) is the number of the (·) chemical species within the reaction.

In (4.1), anion (A−) movement compensates for the polymer charge with oxidation

causing expansion and reduction causing shrinkage of the polymer. In (4.2) due to the

immobility of macroscopic anions (MA−), cation (C+) movement occurs to compen-

sate for the polymer charge with reduction causing expansion and oxidation causing

shrinkage of the polymer.

Simultaneous anion and cation movement can occur when medium sized anions are

present. However, this results in a smaller volume change than the previous two cases.

The redox reactions and resulting deformation occur within an electrochemical cell

arrangement in which a conductive polymer is connected as a working electrode [163].

The presence of a counter electrode and electrolytic solution is also necessary. If the

conductive polymer is attached to a film that undergoes no volume change in either a

bilayer (Figure 4.2(a)) or trilayer (Figure 4.2(b)) arrangement, the polymer’s expansion

or contraction results in a bending deformation.

(a) (b)

Fig. 4.2: Conductive polymer film in a (a) bilayer and (b) trilayer arrangement with
an electrolytic film between the two CP electrodes through which the ions move. A
volume shrinkage as a result of ions exiting the material and expansion due to ions
entering results in a bending deformation.
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In the trilayer arrangement, a counter electrode is no longer necessary as one of the two

polymer films would now take on this role. This arrangement also creates an opportu-

nity to remove the electrolyte by using an electrolytic film in place of the non-volume

changing film (e.g., a paper film soaked in an electrolytic solution) to facilitate the

anion movement between the films. The removal of the need for an electrolyte solution

could greatly expand the applications of conductive polymers.

There are several advantages to the use of conductive polymers as actuators [163].

CPs utilize both electronic and ionic conductive mechanisms as the redox reaction is

triggered by an electric field. This is similar to the mechanisms in the the body to ac-

tuate muscles. This suggests that CPs may be easily implemented as artificial muscles,

compared to pure electronic or purely ionic polymers. CPs are also biocompatible and

require low voltages for actuation, two necessary characteristics of materials to be used

within the human body. Additionally, their actuation force can easily exceed that of

human muscles. The strain produced due to volume change is also significant.

Some disadvantages of CPs include the fact that ion diffusion is relatively slow and

so the actuation speed is slow. The actuation speed can be optimized by minimiz-

ing the film thickness; however, this often results in a decreased actuator force. The

ionic conductivity is also a parameter that can be increased to improve actuator speed.

Delamination of CP films can also hinder their performance as an actuator. The exten-

sional strain of CPs (i.e., not in bending) is not very large, which mimics the operating

mode for natural muscles. Finally, degradation due to electrochemical over-oxidation

is another disadvantage that can arise when using a CP, although this can be avoided

by controlling the applied potential.

One of the greatest hindrances to the use of EAPs (ionic or electronic) in MEMS is

the relatively low actuation force generated. One avenue used to improve performance

is to incorporate a reinforcement phase. Various substrates have been suggested for

this purpose, for example, the use of flexible metal films to create bilayer or sandwich

structures, embedding nanoscale particles (such as the incorporation of multi-walled

carbon nanotubes), or creating interpenetrating composites from polymer networks or

nanoporous metals.

Nanoporous metals are favourable for several reasons [164]. Their porous, bi-continuous

nature allows for the unhindered transport of ions through the polymer phase. These

favourable flow paths would facilitate relatively fast actuation speeds. The complex

interconnectedness of the two phases suggests a smaller possibility of delamination
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compared to film or sandwich structures. Nanoporous metals would also support de-

formation in every direction, thus allowing for the possibility of various modes of actu-

ation. Compared to the incorporation of nanoparticles and creation of interpenetrating

polymer networks, nanoporous metals also provide greater mechanical robustness.

There have been a few experimental investigations into the actuation responses of

nanoporous gold. Wang et al. [165] deposited a film of polypyrrole onto the surface

of nanoporous gold and achieved a strain amplitude of 0.19% when placed in an elec-

trolytic solution. Detsi et al. [166] achieved a strain of 0.15% with polyaniline covering

the ligaments in a nanoporous gold material.

Pure nanoporous gold has also shown to undergo electrically induced strain [72, 167].

This strain is caused by a charge build-up on the surface of the gold which induces

a surface stress [7, 168, 169]. Unfortunately, by coating this surface with a conduc-

tive polymer, a charge build-up on the surface is now prevented and so this actuation

mechanism is no longer available [166,170].

4.2 Theory

The behaviour of conductive polymers is modelled as a coupled problem involving mass

(ion) transport, electrostatics and deformation [156,171,172]. There are three forms of

coupling: electro-mechanical, chemo-mechanical and chemo-electric fields (Figure 4.3).

Fig. 4.3: Coupled multi-physics problem within conductive polymers.

Electro-mechanical coupling is a result of polarization of the polymer. This causes an

extension of cross linked chains within the polymer and hence deformation. Mass trans-

port is coupled to the deformation as the movement of ions and their mixing within

the polymer causes it to either expand or contract [156]. Finally, the coupling between
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the ion transport and the evolution of the electric field (chemo-electric coupling) is

modelled using a Poisson-Nernst-Planck (PNP) framework where the Nernst-Planck

equation describes the motion of a charged chemical species in a fluid [173] due to

diffusion and migration. This is combined with Poisson’s equation (i.e., Gauss’s law for

an electric field).

In conductive polymers, elastic waves are approximately five orders of magnitude slower

than electromagnetic waves [174]. Compared to the mechanisms in the polymer relat-

ing to ion transport and deformation these are very slow. Hence the effects due to the

magnetic fields are neglected. Additionally, only small strains are considered in this

work.

Numerical modelling of a material requires, firstly, for the governing equations of each

primary field to be defined. Secondly, for the constitutive relations that describe the

behaviour in terms of the primary variables must be detailed and finally the problem

must be fully defined with the prescription of boundary and initial conditions.

4.2.1 Governing equations

Chemo-electro-mechanical behaviour is described in terms of three primary fields: dis-

placement u, electrostatic potential φe and the ion concentration field c in a body

Ω [156,171,172]. The three governing equations are as follows:

Mechanical behaviour

Mechanical behaviour is governed by balance of linear moment law and occurs through-

out the composite:

ρü = divσ + b in Ω . (4.3)

Electrostatic behaviour

Electric behaviour is governed by Gauss’s law

−div d + F [zc− cini] = 0 in Ω . (4.4)

The electric displacement field d for a electrically linear and isotropic material is given

by
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d = ε0εre . (4.5)

Here, ε0 denotes the absolute permittivity constant (in a vacuum), εr defines the relative

permittivity of the material, and the electric field e is classically defined in terms of

the electric potential φe by

e = −gradφe . (4.6)

The second term in (4.4) refers to the total charge density made up of free charges

where F is Faraday’s constant and zc − cini is the difference between the initial ion

concentration and the charge density of mobile ions in the polymer. z is the charge

number or valance of the ion.

Ion transport

The equation governing the transport of an ion species within the polymer is given by

ċ = −div j + w in Ω . (4.7)

Here, j and w are the flux and the source term, respectively.

4.2.2 Constitutive equations

In a metal/polymer composite the body Ω comprises a metal part ΩM and a polymer

part ΩP such that Ω = ΩM ∪ ΩP . The constitutive equations are based on those pro-

posed by Wilmers et al. [6]. As our attention is confined to small strains, linearizations

of the equations proposed by Wilmers et al. [6] are used. The constitutive equations

for each part of body Ω are defined through a free energy function.

Metal part

In the metal component only a purely mechanical response will be considered. Thus only

the balance of linear momentum equation is of relevance in this phase. The Helmholtz

free energy for an isotropic and linear elastic material is given by

ρψ(ε) = µε : ε+
1

2
λ[trε]2 , (4.8)

in which µ and λ denote the Lamé parameters. The total stress within this phase is

thus given by

σ =
∂ρψ

∂ε
= 2µε+ λ[trε]I . (4.9)
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Polymer part

The polymer phase, on the other hand, is governed by the full chemo-electro-mechanical

coupled problem. The Helmholtz free energy is additively decomposed into parts: me-

chanical ψu, electro-mechanical ψφ, and chemo-mechanical ψc:

ψ(ε,d, c) = ψu(ε) + ψφ(ε,d) + ψc(ε, c) . (4.10)

The mechanical part is given by (4.8).

The polymer is assumed to be an isotropic and electrically linear dielectric material,

so that the electro-mechanical energy is given by

ρψφ(ε,d) =
1

ε0εr

[
[d⊗ d] : I + ε : [d⊗ d]− 1

2
trε [d · d]

]
. (4.11)

The chemo-mechanical part is given by

ρψc(ε, c) =
1

z
kF [zc− cini] trε+Rθ

[
ln

(
c

cini

)
c− c

]
, (4.12)

where k is a proportionality constant, R is the gas constant, and θ is the absolute

temperature. The energy contribution from the chemo-mechanical part can be seen to

comprise two contributions: a part developing as a result of an excess or depletion of

ions in a region (first term), and a part that accounts for the mixing of ions within the

polymer network (second term). Only the mechanics terms have been linearized due to

the assumption of small strains thus the second term has not been linearized, doing so

would remove the effects of the mixing of ions.

From this form of the Helmholtz free energy (4.10) the full Cauchy stress σtotal is

decomposed into contributions from mechanical σ, electro-mechanical σφ, and chemo-

mechanical σc components:

σtotal =
∂ρψ

∂ε
= σ +σφ +σc

= 2µε+ λtrεI +
1

ε0εr

[
d⊗ d− 1

2
[d · d] I

]
−1

z
kF [zc− cini] I .

(4.13)

Here the electro-mechanical contribution is associated with the Maxwell stress induced

by an applied electric field, and the chemo-mechanical contribution is associated with

ion accumulation. The chemo-mechanical contribution, as explained in [6] and [156],

arises from molecular interactions of ions in regions of high or low concentrations due
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to the imbalance of charge density.

The total electric field is also split into two contributions based on the constitutive rela-

tion given by (4.11): a part eM associated with the electric field according to Maxwell’s

first equation of electrostatics, and a part eu developing from the applied deformation.

Thus

e =
∂ρψ

∂d
= eM +eu

=
1

ε0εr
d +

1

ε0εr
[ε · d− d trε] . (4.14)

For small deformations eu ≈ 0 and so is neglected here. Making use of (4.6) the electric

displacement within the polymer is given by

d = −ε0εrgradφe . (4.15)

The classic Nernst-Planck equation to describe the flux of ions in the polymer is derived

from a chemical potential of mixing given by

µmix = φeFz +
∂ψ

∂c
= Fz

[
φe +

k

z
trε

]
+Rθ ln

(
c

cini

)
. (4.16)

Using the general relation

j = − c

Rθ
D gradµmix , (4.17)

where D is the diffusion constant for the polymer and neglecting any dependence on

the deformation state of the material, (4.16) and (4.17) yield

j = −D

[
grad c+ c

zF

Rθ
gradφe

]
. (4.18)

Here the flux comprises two terms: The first term is a flux driven by the concentration

gradient of the ions and hence represents a flux due to diffusion. The second term is

a flux driven by the electric potential gradient and represents a flux due to migration

due to the need for electro-neutrality within the polymer.

Using (4.18), there exists a possibility for non-physical concentration values to be pro-

duced. This is because the size and volume of the polymer chains and ions are not

accounted for. Treating these entities as infinitely small points allows for concentra-

tions to increase indefinitely above realistic limits. In the real material, however, this is

obviously not the case. There exists a saturation point within the polymer after which
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no more ions can be accommodated. To this end, a modification now given to (4.18)

proposed by Schlake [175] accounts for the limited amount of available volume into

which ions can diffuse.

Three components contribute to the total volume Vtotal: the solvent material (fixed

polymer chains and ions), mobile ions, and available space into which ions can move.

The volume density fraction of the mobile ion species at a material point is given by

Vions
Vtotal

= vions =
4

3
πNAR

3
ionsc , (4.19)

where Rions is the radius of an individual ion species and NA is Avogadro’s constant.

The volume fraction of available space is thus given by

vo = 1− [vions + vsolvent] , (4.20)

where vsolvent is the volume density fraction of the solvent material.

This results in a modification to the ion flux j, which becomes 1

j = −D

[
vo grad c+ c

zF

Rθ
vo gradφe + c grad vions +

1

Rθ
cvo gradWi

]
. (4.21)

Wi can represent an externally applied potential; however, no additional external po-

tentials other than the electric potential are applied here and so this term and its

gradient gradWi vanish.

As the volume of available space decreases with ions moving into it vo → 0 with

vo = 0 representing a fully saturated state.

The concentration fields of four test cases of this modification are shown in Figure

4.4. Here the polymer phase includes mobile ions and an electric field is applied across

the polymer. The movement of the mobile ions is initiated by the electric potential

gradient (i.e., migration of ions to establish electro-neutrality in the polymer) after

which both diffusion and migration contribute to the movement.

In all four cases, saturation is clearly seen in the modified case, compared to the un-

modified case. The unmodified cases also all reached significantly larger maximum con-

centration values compared to their modified counterparts. Additionally, the effects of

1 Details on the derivation of this modified flux term can be found in [175].
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(a) (b)

(c) (d)

Fig. 4.4: Four test cases to show the effects of the modification made to the classic
Nernst-Planck equation. The modification presented in (4.21) shows that the effects of
saturation and crowding is captured. Regions of a high and low concentration of ions
are indicated by red and blue regions respectively. It should be noted that for each test
case the maximum value of ion concentration for the modified cases was significantly
lower than that of the unmodified case.

ion crowding can also be seen, most notably in Figure 4.4(c), where the saturated con-

centration region extends further into the larger (lower) pore compared to the smaller

(upper) pore. Crowding of ions at the entrance to the pore has created a slight bottle-

neck effect. This is also seen when comparing the extent of the saturated concentration

regions in the larger pore of Figure 4.4(b), compared with the smaller pore of Figure

4.4(d).

4.2.3 Summary

The governing equations together with boundary conditions and initial conditions are

summarised in Tables 4.1 and 4.2.
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Table 4.1: Equations governing the three fields within the conductive polymer

Deformation ρü = div

(
2µε+ λ [trε] I +

1

ε0εr

[
d⊗ d− 1

2
[d · d] I

]
− 1

z
kF [zc− cini] I

)
Electrostatic 0 = div (ε0εrgradφe) + F [zc− cini]

Ion transport ċ = −D div

(
vograd c+ c

zF

Rθ
vogradφe + c grad vions

)
Table 4.2: Boundary and initial conditions of the conductive polymer

Boundary conditions Initial condition

Deformation u|∂Ωu = ū, σn|∂Ωn = t̄ ut=0 = 0

Electrostatic φe|∂Ωu = φ̄e, e · n|∂Ωn = ē −

Ion transport c|∂Ωu = c̄, j · n|∂Ωn = j̄ ct=0 = cini

4.3 Finite element model

4.3.1 Model description

The chemo-electro-mechanical response of a gold/polymer nanocomposite is modelled

here to investigate the effects of the volume fraction of metal on the evolution of the

three primary fields. Additionally, details of the micromechanical response are also

probed. This investigation is conducted on four RVEs with gold volume fractions of 25,

34, 42 and 50%. These RVEs were generated using the level set method as described in

Section 1.3. These RVEs were meshed with 96× 96× 96 voxel elements. Computations

were performed using facilities provided by the University of Cape Town’s ICTS High

Performance Computing team (hpc.uct.ac.za). The polymer used is a perchlorate-doped

polypyrrole (PPy/ClO−4 ) where perchlorate anions act as the transported anions. The

material parameters for both the gold and polymer material are given in Table 4.3.

4.3.2 Boundary conditions

The RVEs here are considered to be small samples of the gold/polymer nanocomposite

material that make up a working electrode within an electrolytic cell as shown in Figure

4.5.

Using the equations given in Table 4.1, a local chemo-electro-mechanical response to the
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Table 4.3: Table of material parameters for gold and polypyrrole

Symbol Value
Gold

Mass density ρ 19.3 g/cm3 [176]
Lamé parameters λ 198.6 GPa [177]

µ 27.08 GPa [177]
Polypyrrole

Mass density ρ 1.47 g/cm3 [178]
Lamé parameters λ 0.346 GPa [27]

µ 0.231 GPa [27]
Absolute permittivity ε0 8.854·10−12 F/m
Relative permittivity εr 10000 [176]
Faraday’s constant F 96485.337 C/mol
Valence mobile species z -1 [176]
Electro-mechanical coupling parameter k 50 J/C [156]
Diffusivity D 10·10−10 m2/s [176]
Initial ion concentration cini 1.3·102 mol/m3

Mobile anion radius Rions 0.240 nm [179]
Solvent volume fraction density vsolvent 0.67 [180]
Avogadro’s constant NA 6.02214·1023 mol−1

Fig. 4.5: Schematic depiction of the electrolytic cell set-up with a gold/polymer
nanocomposite acting at the working electrode in order to undergo electrically induced
deformation. 2

electrical stimulus is modelled in the RVE. It is important for the boundary conditions

to be able to represent the global response of the macroscopic material into which it

is embedded. To assist with the description of application of the boundary conditions,

2 Reproduced with permission from Elsevier (https://doi.org/10.1016/j.jmps.2019.103848)
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the conventions of a RVE with faces and normals labelled as in Figure 4.6 will be used

throughout.

Fig. 4.6: Description of the normal vectors and face naming convention used to describe
the boundary conditions applied to the RVE. The faces are defined by the following
vertices: X0 − EADH, X1 − BFGC, Y0 − AEFB, Y1 − DCGH, Z0 − ABCD, Z1 −
EFGH.3

Electrostatics

The boundary conditions applied to the electric field are shown in Figure 4.7. A linear

potential gradient is applied across the RVE by applying Dirichlet boundary conditions

φe = −1.00 V and φe = +1.00 V on sides X0 and X1 respectively. Neumann boundary

conditions are applied on all remaining faces (Y0, Y1, Z0, Z1), that is, e = 0.

Ion transport

The ion transport is driven by both the concentration gradient as well as the potential

gradient. As a uniform concentration is assumed at the start, it is only the electric

potential, applied as described in the previous section, that generates ion flux in the

direction of the potential gradient. Neumann boundary conditions are set with j = 0

on faces Y0, Y1, Z0 and Z1.

3 Reproduced with permission from Elsevier (https://doi.org/10.1016/j.jmps.2019.103848)
4 Reproduced with permission from Elsevier (https://doi.org/10.1016/j.jmps.2019.103848)
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Fig. 4.7: Schematic depiction of the electrostatic boundary conditions used. 4

Fig. 4.8: Schematic depiction of the ion transport boundary conditions used. 5

On the remaining two faces the influx and efflux of ions occurs with influx occurring

on the X0 face and efflux occurring on the X1 face (See Figure 4.8). The application of

the electric potential and hence the creation of a potential gradient causes oxidation to

occur within the polymer. This oxidation causes the polymer no longer to be electrically

neutral, which results in an influx of ions to balance the charge. The influx on face X0

is thus given by

jX0
= −zF

Rθ
cvoD gradφe . (4.22)

As this is an embedded RVE in a larger material sample, the efflux of ions from the

RVE (and into another section of the nanocomposite) will still be occurring on the

X1 face. Within the RVE, the balance of mass in this control volume still needs to be

5 Reproduced with permission from Elsevier (https://doi.org/10.1016/j.jmps.2019.103848)
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maintained. By integrating (4.7) over the domain the mass balance in the RVE is given

by ∫
Ω

ċ dV = −
∫
Ω

div j dV. (4.23)

The use of the divergence theorem on the right-hand-side of (4.23) yields∫
Ω

ċ dV = −
∫
∂Ω

j · n dA. (4.24)

As zero flux boundary conditions have been prescribed on faces Y0, Y1, Z0 and Z1, the

right-hand side of (4.24) is simplified to read∫
Ω

ċ dV = −
∫
AX0

j · n dA−
∫
AX1

j · n dA, (4.25)

where A( · ) is the polymer surface area on the ( · ) face. The term on the left-hand side

can be calculated by summing the rate of change in concentration at each node from

the last time increment. The first term on the right-hand side arises from the influx

of ions, which is also known as it is prescribed by (4.22). The efflux (given by the

second term on the right-hand side) can thus be calculated by rearranging (4.25) and

evaluating the integrals to give

j · n|AX1
= −

∫
Ω

ċ dV + j · n|AX0
AX0

AX1

. (4.26)

Mechanical conditions

To simulate the global response of the surrounding material a form of mixed boundary

conditions is used. The resistance of the adjacent material is accounted for by assuming

a spring on these faces (see Figure 4.9) such that the traction at the external faces is

given by

σn = pu , (4.27)

where p is a spring constant. As p→ 0 the boundary mimics a traction free Neumann

boundary and as p→∞ a zero displacement Dirichlet boundary is enforced.

4.3.3 Finite element implementation

Multiplying (4.3), (4.4), and (4.7) by test functions δu, δφe, and δc0, respectively which

satisfy the homogeneous Dirichlet boundary conditions, applying the divergence theo-

rem and introducing the Neumann boundary conditions the following weak formulation
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Fig. 4.9: Schematic depiction of the mechanical boundary conditions used. 6

of the problem is obtained:∫
Ω

ρδu · ü dV +

∫
Ω

σ : grad δu dV −
∫
Ω

δu · b dV −
∫
∂Ω

δu · (σn) dA = 0 ;

(4.28)

−
∫
Ω

ε0εre · grad δφe dV −
∫
Ω

δφeF [c− cini] dV +

∫
∂Ω

δφe ε0εre · n dA = 0 ;

(4.29)∫
Ω

δc0 ċ0 dV −
∫
Ω

j · grad δc0 dV −
∫
Ω

δc0w dV +

∫
∂Ω

δc0 j · n dA = 0 . (4.30)

The same polynomial degree of interpolation is adopted for all variables, so that

u(X) =
Nen∑
I=1

N I(X)uI , φe(X) =
Nen∑
I=1

N I(X)φe I and c0(X) =
Nen∑
I=1

N I(X)cI0 ,

(4.31)

where N I(X) are the elemental shape functions and uI , φe I and cI0 are the nodal de-

grees of freedom associated with the displacement, electrostatic and ion concentration

field.

With these substitutions (4.28) becomes

M IJ üJ +RI
u = P I

u , with (I, J = 1, ...,Nen) (4.32)

6 Reproduced with permission from Elsevier (https://doi.org/10.1016/j.jmps.2019.103848)



Chapter 4. Chemo-electro-mechanical coupling in the nanocomposite 107

where M , Ru, and P u are the mass matrix, the internal force vector, and the external

force vector respectively. In component form,

M IJ = ρ

∫
Ω

N INJ dV ;

RI
u =

∫
Ω

σgradN I dV −
∫
∂Ω

N Iσn dA ;

P I
u =

∫
Ω

N Ib dV.

(4.33)

Similarly, (4.30) becomes

DIJ ċJ +RI
c = P I

c , (4.34)

where D, Rc and P c are the mass permittivity matrix, the internal flux vector and

the external source vector, respectively. Their nodal representation is

DIJ =

∫
Ω

N INJ dV ;

RI
c = −

∫
Ω

j · gradN I dV +

∫
∂Ω

N Ij · n dA ;

P I
c =

∫
Ω

N Iw dV.

(4.35)

Accordingly, the first law of electrostatics in its discretized form at the local nodal level

is written as

KIJ
φ φ

e J = P I
φ, (4.36)

where Kφ and P φ are the stiffness matrix and the external source vector, respectively.

At the nodal level they read

KIJ
φ =

∫
Ω

ε0εrgradN IgradNJ dV ;

P I
φ =

∫
Ω

F

[
Nen∑
K=1

NKcK − cini

]
N I dV −

∫
∂Ω

N Iε0εre · n dA .

(4.37)

The relations for σ, j and e to their respective primary field variables are given by

(4.13), (4.21) and (4.6).
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Solution method

Implicit method

Using a time independent method, (4.36) is solved within Abaqus/Standard. As the

electro static problem is linear with respect to φe, the problem is of the form

Kφd = P φ , (4.38)

where Kφ and P φ are given by (4.37) and d = φe J .

Explicit methods

The equations (4.32) and (4.34) are solved using an explicit time integration scheme

within Abaqus/Explicit. Although the time-scale is defined by the slow diffusion

process, dynamics are included to allows for an explicit solver to be used as an FE

problem of this size would not solvable using the implicit solver of Abaqus/Stan-

dard.

Specifically, (4.32) is solved using an explicit central-difference rule. This uses a time

stepping scheme where t1 < t2 < ... < tend and the time increment is defined as

∆t = tk − tk−1. The solution at time t = tk is represented as uI(tk) = uIk. The kine-

matic state is advanced to time tk+1 using the velocity at time tk+1/2 = tk +∆t/2 and

the acceleration at time tk.

With the advanced velocity field given by

u̇Ik+1/2 = u̇Ik−1/2 +
∆tk+1 −∆tk−1

2
üIk , (4.39)

the unknown displacement field at time tk+1 is given by

uIk+1 = uIk +∆tk+1u̇
I
k+1/2 = uIk +∆tk+1u̇

I
k−1/2 +

∆t2k+1 −∆tk+1∆tk−1

2
üIk , (4.40)

where the acceleration at the current time step is determined directly from the dis-

cretized equation; that is,

üIk =
[
M IJ

]−1 [
P J
u −RJ

u

]
. (4.41)

As explicit methods calculate future quantities using quantities calculated only at pre-

vious time steps they are conditionally stable. Stability limits on the size of the time

step must thus be calculated. The stability limit for this central difference integration

scheme is determined from the smallest time it takes for an elastic wave to cross any of
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the elements in the mesh. The maximum suitable time step for the central-difference

rule is given by

∆tu = `

√
ρ

λ+ 2µ
, (4.42)

where ` is the smallest characteristic length of any element within the mesh.

The transport equation (4.34) is analogous to the transient heat equation and is solved

using an explicit forward-difference integration scheme, so that the concentration field

at time tk+1 is found from

cIk+1 = cIk +∆tk+1ċ
I
k . (4.43)

Here

ċIk =
[
DIJ

]−1 [
P J
c −RJ

c

]
. (4.44)

The maximum stable time increment for this scheme is given by

∆tc =
`2

D
. (4.45)

The time increment for the simultaneous solution of both fields is chosen so that, from

(4.42) and (4.45),

∆t = min (∆tu, ∆tc) . (4.46)

Staggered explicit-implicit method

In order to solve the three fields using Abaqus, the displacement and transport

problem (in Abaqus/Explicit) must be coupled to the electrostatics problem (in

Abaqus/Standard) using a staggered method. This involves first solving for the

displacement and concentration fields monolithically for n time increments. The

Abaqus/Explicit simulation is then paused and the concentration field is imported

into Abaqus/Standard, from which the electric potential is obtained. Finally, the re-

sulting electric potential field is imported back into Abaqus/Explicit. The displace-

ment and concentration problem is then calculated for the next n time increments using

the new updated electric potential. This is repeated until the end of the simulation is

reached. As the electric potential field does not evolve in time with the displacement

and concentration problem, the explicit-implicit interfacing needs to occur regularly,

often and throughout the simulation. This interfacing is quite time expensive and so is

performed every 5 time increments. Using test simulations it was shown that more fre-

quent interfacing did not yield differences in the developing fields. The solution scheme
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is summarized in Algorithm 1.

Algorithm 1: Explicit-implicit solution method

Result: Calculation of u, c, φe

initialization;

while tk < tend do

initialize i;

for n increments do

Calculate u, c using central-difference scheme in Abaqus/Explicit;

i = i+ 1;

tk = ti;

Extract concentration field at t = tk and import into Abaqus/Standard

input file;

Calculate φe using forward-difference scheme in Abaqus/Standard;

Extract electrostatic field at t = tk and import into Abaqus/Explicit;

Four Abaqus subroutines are utilized in order to achieve this:

Uel: This subroutine creates user elements that are defined by non-standard (linear or

non-linear) constitutive equations or involve non-standard degrees of freedom.

This subroutine is called for each element individually; the material behaviour

for that element needs to be defined within the subroutine. This information is

then passed to the Abaqus solver. In a linear problem, this process is only re-

quired once. Here, a Uel subroutine is created to solve the electrostatic field. It

requires the coding of the stiffness matrix Kφ (termed the Jacobian in Abaqus

documentation) and the right-hand side vector P φ. The stiffness matrix is a

function of the shape function and material parameters while the right-hand

side vector involves the shape functions and concentrations which are calcu-

lated at the integration points.

Vuel: Similar to the Uel, this subroutine also creates a user-defined element within

Abaqus/Explicit. This subroutine is used to solve the concentration and dis-

placement fields using an explicit time scheme. It requires the coding of the mass

M and permittivity matrix D for the displacement and concentration problem

respectively as well as their respective right-hand side vectors, P u − Ru and

P c − Rc respectively. This requires the calculation of the concentration, dis-

placement and electric potential as well as their respective gradients at the

integration points. These values are used in the relations given by (4.13) and

(4.21) to calculate the required vectors and matrices.
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The implementation of the boundary conditions is also carried out in this sub-

routine. For boundary elements, the boundary nodes are identified and bound-

ary conditions are applied. The implementation of the displacement boundary

is achieved by multiplying the nodal displacement value by the spring constant

p and adding it to the right-hand side vector.

The flux boundary conditions are slightly more difficult to implement. Here

the element needs to be categorized as an influx or efflux boundary element

(zero flux boundary conditions are automatically assumed and so are not dealt

with).

If it is an influx element, concentration on the influx face and electric potential

across the element are calculated and the influx given by (4.22) is added to the

right-hand side vector.

If it is an efflux element, the rate of change of concentration across the RVE in

the previous time increment (
∫
Ω
ċ dV) and the total influx (j · n|AX0

) is read

from an external file and (4.26) is added to the right-hand side of that vector.

The calculation and writing of the rate of change of concentration and the total

influx are also done within the Vuel subroutine.

Vexternaldb: This subroutine pauses the Abaqus/Explicit simulation and al-

lows for external programs to run and dynamically communicate data between

these programs. In this method, data needs to be passed to and from Abaqus/-

Explicit and Abaqus/Standard.

Within the Vexternaldb subroutine an external shell script is run after n

increments in Abaqus/Explicit. This script facilitates the following:

� Extracts and writes the current concentration field from the explicit

simulation of an external file using a Python code;

� Runs the Abaqus/Standard electrostatic problem with this new con-

centration field;

� Extracts the new electric potential field from the electrostatic problem

and writes the data to an external file. This data is then passed to the

explicit problem through another subroutine.
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In addition to this, the Vexternaldb subroutine also assists in calculating

and storing the
∫
Ω
ċ dV and j · n|AX0

terms necessary for the flux boundary

condition calculation.

Vufield: This is the final subroutine necessary for the implementation of this stag-

gered explicit-implicit method. This subroutine allows one to prescribe and

modify pre-defined field variables. It is thus used here to update the electric

field within Abaqus/Explicit every n increments after the Vexternaldb

subroutine has extracted it from the electrostatic problem.

The use of subroutines within Abaqus is summarized in Figure 4.10.

Fig. 4.10: Details of the computational implementation of an staggered explicit-implicit
solution scheme used to solve the couple chemo-electro-mechanical problem. 7

4.4 Results and discussion

The chemo-electro-mechanical response of the four RVEs described in Section 4.3.1 is

simulated over 1750 ns using Abaqus. The resultant fields are probed to investigate

possible structure-property relationships that develop in regard to the volume fraction

or topological and morphological characteristics of the nanocomposite.

4.4.1 Electrostatic response

The change of the electric potential across the RVEs at the lowest (25%) and highest

(50%) gold volume fraction specimens at the beginning and end of the simulation are

7 Reproduced with permission from Elsevier (https://doi.org/10.1016/j.jmps.2019.103848)
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shown in Figure 4.11. A slight shift in the potential over time can be seen in both

RVEs. This is due to the presence of the mobile ions that have moved into the polymer

constituent. Due to the high electric potential gradient across the RVE (compared to

what would be present in a macroscale model) the ions are unable to fully neutralize

the charge within the conductive polymer.

Fig. 4.11: The development of the electric potential field in the 25% and 50% RVEs.
A slight shift is noted due to the ions moving into the polymer. The gold material is
shown in black.

4.4.2 Ion transport

In Figure 4.12 the development of the concentration field over the simulation is shown

for each RVE. Crowding and saturation, as described by the modification to the classic

Nernst-Planck equation and shown in the test cases in Figure 4.4, are evident in this

figure.

A significant structural-property relationship seen in this figure is a decreasing speed

of ion transport as the volume fraction of gold increases. It is clear that the 25% gold

volume fraction RVE reaches its equilibrium concentration long before that of the 50%

gold volume fraction RVE. This is due to two factors: firstly, as ion transport does not

occur within the gold phase the gold ligaments perpendicular to the ion flow direction

hinder the ion transport; as the gold volume fraction increases the number of these

ligaments increases and so the ion transport is delayed.
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Fig. 4.12: Ion concentration development over time in the polymer phase midway through each RVE. Brown regions represent the metal
constituent where no ion transport occurs. It is evident that with increasing metal content the ion transport slows down significantly.8

8 Reproduced with permission from Elsevier (https://doi.org/10.1016/j.jmps.2019.103848)
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Secondly, ion transport is affected by the size of the polymer pores through which it

travels. Since the diameter of the ligaments increases with an increasing gold volume

fraction, the diameter of pore channels would thus decrease. Accordingly the combi-

nation of larger gold ligaments and smaller ion transport channels contributes to the

slower ion transport through larger volume fraction nanocomposite specimens.

Ion transport is directly linked to the response time of the actuator. That is, fast

ion transport will result in a swift actuation response. Thus one needs to consider

whether the mechanical benefits of adding more reinforcement to the nanocomposite

are more important than the speed of the actuation response. The ability to orientate

a significant portion of the ligaments in the direction longitudinal to ion transport in

order to minimize the obstruction to ion flux while maintaining a certain volume frac-

tion could present an opportunity to optimize the material to its function as a strong

and fast actuator.

Another feature noted in the development of the concentration field is a slightly speck-

led pattern on the influx face. Areas of relatively higher ion concentration are those

where the polymer pore channel is blocked by a gold ligament running perpendicular

to the ion flow. In areas of low ion concentration the polymer pore channels are not

blocked by gold ligaments and ion movement is unhindered, so that the ions move

through the RVE faster and do not pile up at the influx face. The amount of speckling

increases with volume fraction.

Figure 4.13 clearly shows two locations within the RVEs where, at the lower volume

fractions, there is no hindrance by the gold and thus no build-up of ions, while at the

higher volume fractions (42% and 50%) two locations with locally high concentrations

are caused by the presence of a perpendicular gold ligament. Due to the bicontinuous

nature of the nanocomposite the flow of ions is not completely hindered. As the simu-

lation progresses these ions are pushed out laterally and eventually move through the

polymer constituent.

4.4.3 Deformation response

Figure 4.14 gives the average displacement on a plane midway through the RVE in the

direction longitudinally and transversely to the ion flux at the end of the simulation

(t = 1750 ns). This plane was selected so as to mitigate effects of the influx bound-

ary condition. The ions flow predominately in the x−direction. The displacement in
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Fig. 4.13: Cross sections of the RVEs showing the concentration field and revealing
perpendicular gold elements that have slowed down the ion flow through the the RVE
and caused a build up of ions (red encircled areas) resulting in a speckled pattern on
the influx face of the RVEs. The black circled regions show the unimpeded flow of ions
at the lower volume fractions. This is most prominent at higher gold volume fractions.

Fig. 4.14: The average displacement of a plane midway through the RVE longitudinally
and transversely to the ion transport direction as indicated on the left of the graph. 9

the z−direction is quantitatively and qualitatively similar to the displacement in the

y−direction and so is not given here. Figure 4.15 shows a cross section of each RVE

at the end of the simulation where the deformations have been exaggerated to allow

for visual comparisons to be made.

9 Reproduced with permission from Elsevier (https://doi.org/10.1016/j.jmps.2019.103848)
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Fig. 4.15: Cross section showing the deformation of the RVEs. For visual comparison,
the deformations have been exaggerated. The gold material is shown in brown and the
polymer in grey. The solid black lines represent the undeformed RVE. The blue circles
indicate areas where the gold has been pushed out in the direction transverse to the
ion flux due to the expanding polymer. The red encircled areas indicate bulging areas
where the gold has remained relatively undeformed compared to the polymer. 10

These figures show a clear relationship between the deformation and the gold volume

fraction. The gold constituent does not undergo expansion or shrinkage itself and so

its deformation can only be facilitated by the deformation of the polymer surrounding

it. Thus, as the volume fraction of gold increases there is a combination of both less

polymer material to produce and apply a force as well as more gold to counteract

this reduced force. Additionally, the higher interconnectivity of the gold adds a further

strengthening factor that will aid in its resistance to the movement and deformation

caused by the polymer.

In Figure 4.14 a difference in the magnitude of deformation between the longitudi-

nal and transverse directions is noted. This difference is attributed to two different

mechanisms of displacement. In the direction longitudinal to the ion flux, the deforma-

tion is a result of a displacing mechanism while transversely the displacement results

from a deformation of the gold due to it being carried by the surrounding polymer.

10 Reproduced with permission from Elsevier (https://doi.org/10.1016/j.jmps.2019.103848)
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In Figure 4.15 the blue encircled regions show examples of the displacing mechanism.

Here, the gold has been pushed outwards by the expansion of the polymer phase oc-

curring earlier in the RVE.

The transverse deformation results from the polymer exerting a force directly on the

gold which causes it to deform. However, compared to the compliant polymer, the

gold’s high stiffness hinders this deformation mechanism. This mechanism is less ef-

fective due to the high stiffness of the gold and the high compliance of the polymer,

thus resulting in a smaller displacement compared to that in the longitudinal direc-

tion. The hindrance of the polymer’s deformation by the gold also causes bulging of

the polymer. Examples of this are seen within the regions encircled in red in Figure

4.15. The amount of bulging decreases with a decrease in gold volume fraction as there

is more polymer and hence a larger force can be exerted on the gold (of which there

is also less, which decreases its efficacy in resisting deformation). This bulging creates

opportunities for delamination to occur which is, obviously, disadvantageous to the use

of this composites as an actuator.

Using the relation for the effective Young’s modulus of the nanocomposite (Equation

(2.39)) the Young’s moduli of the 25%, 34%, 42% and 50% RVEs are calculated to

be 4.49, 7.34, 11.00 and 15.82 GPa respectively. Thus with only double the amount of

gold, the 50% RVE is 4 times stiffer than the 25% RVE. Similarly the deformations of

the 50% RVE are 4 and 3.5 times smaller in the longitudinal and transverse directions

respectively compared to that for the 25% RVE. The deformations thus seem to scale

equally to the stiffness of the material and so there exists a trade-off between stiffness

and strength on the one hand, and the deformation of the actuator on the other as is

noted with conventional composites.

A noteworthy feature of the deformation of the RVE is that it occurs in all three

directions. Even though some directions present larger deformations than others, this

three-dimensional facilitated and reinforced deformation is an advantage over other

conventional composites such as fibre-reinforced composites as it creates the opportu-

nity for a wider variety of actuation mechanisms to be utilized.

Figure 4.16 shows the development of the average transverse displacement and the ion

concentration at the midway plane over time. For the first 250 ns the ion concentration

remains at its initial state as ions are still moving through the first half of the RVE.

Following this, the ion concentration increases non-linearly until a plateau is reached.
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Fig. 4.16: The average displacement transverse to the ion flux direction (solid lines) of
a plane midway through an RVE and the average ion concentration (dashed line) on
this plane for each volume fraction.11

As also noted in Figure 4.12, ion flux occurs faster in the material with lower gold

volume fractions. The 25% volume fraction RVE reaches its equilibrium concentration

far sooner than the larger volume fraction RVEs. The first increase in ion concentration

occurs earliest in the lowest gold volume fraction RVE with a slight delay noted as the

gold volume fraction increases. The higher equilibrium concentrations at higher volume

fractions results from there being less polymer material.

For the first 250 ns there is a drastic increase in the transverse displacement despite

no increase in ion concentration. The displacement occurring during this time must

therefore be a result of the displacing deformation mechanism discussed previously. As

there are no excess ions in the polymer at this location, the polymer here cannot be

expanding; rather, the polymer in the first half (where ions are moving through) is

deforming and this deformation is transferred over the interconnected gold network to

cause the expansion seen. Following this period of time, as the ion concentration in-

creases, the deformation also shows an increase as the second deformation mechanism

begins to take effect, with the gold being carried by the expansion of the surrounding

polymer. Evidence of the dependence of transverse deformation on the concentration

also comes from the fact that as the concentration levels off in the last 250 ns, so too

does the displacement.

11 Reproduced with permission from Elsevier (https://doi.org/10.1016/j.jmps.2019.103848)



Chapter 4. Chemo-electro-mechanical coupling in the nanocomposite 120

Fig. 4.17: The average displacement longitudinal to the ion flux direction (solid lines)
of plane midway through an RVE and the average ion concentration (dashed line) on
this plane for each volume fraction.

Figure 4.17 shows the longitudinal displacement at the midway plane in comparison

to the ion concentration. As with the transverse displacement, in all RVEs there is an

initial sharp increase in displacement resulting from the displacing deformation mech-

anism. As the ion concentration begins to increase, a slight increase in the deformation

also occurs as the second deformation mechanism is initialized. Both mechanisms work

together until a maximum displacement is reached.

Thereafter, the longitudinal displacement no longer follows the same trend as the trans-

verse displacement and a decrease is seen even though the ion concentration increases.

During this stage the second deformation mechanism becomes more prominent and

the first mechanism is no longer acting suggesting that the longitudinal displacement

is more dependent on the first mechanism rather than the second mechanism.

Finally, the development of the normal stress transverse to the ion flow direction of

the gold constituent throughout the simulation for each RVE is shown in Figure 4.18.

Three interesting features are noted:

(i) A shift from a compressive response to a tensile response is seen as the gold

volume fraction increases;

(ii) The 42% RVE shows a decreasing compressive stress as the simulation develops,

which is unexpected as Figure 4.16 and 4.17 show an overall increase in the

deformation over time;
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(iii) Between the 25% and 42% RVE there is a decrease in stress with increasing

gold volume fraction as expected as the deformation decreases. However, the

50% volume fraction of gold shows an increase in the stress magnitude in the

RVE over that in the 42% RVE even though the 42% RVE undergoes greater

deformation.

Fig. 4.18: The volume averaged transverse normal stress development within the gold
constituent of each RVE. The contour plots of a cross sections of the 50% and 25%
RVE are shown to the right. The black regions indicate regions of compression. The red
lines indicate pathways that allow the gold to expand and thus decrease the compressive
stress. The polymer constituent is shown in grey.12

Regarding (i), at the lowest volume fraction a compressive stress response within the

gold constituent is noted. As the volume fraction increases the magnitude of the com-

pressive stress decreases, until at the highest volume fraction a fully tensile stress

response is seen. To explain why this feature exists in the gold phase two cross sections

of the highest and lowest gold volume fraction RVEs are shown in Figure 4.18. The

stress contours of the gold material acting transverse to the ion flow (y−direction) are

depicted. As expected the polymer phase shows a tensile response throughout all four

RVEs and so is shown here in grey. Black regions indicate areas of compressive stress.

In agreement with the accompanying stress plots, it is clear from these stress contours

that there are more regions of tensile stress than compressive stress in the 50% RVE.

This can be understood by considering two extreme scenarios. Consider first a gold

sphere surrounded by a polymer, secondly a polymer sphere surrounded by gold. In

the first scenario, representative of a low volume fraction sample, as the polymer ex-

pands the gold experiences compressive forces from all sides resulting in a compressive

12 Reproduced with permission from Elsevier (https://doi.org/10.1016/j.jmps.2019.103848)
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response. In the second case, representative of a high volume fraction sample, the ex-

pansion of the polymer produces a force on the inner surface of the surrounding gold

which pushes it outwards. This would in turn cause the gold to expand into the open

space and undergo tensile deformation. Comparing the first case with that for the 25%

RVE, here the gold is almost encapsulated by the polymer and hence experiences the

expansion of the polymer as a compressive force. In the 50% RVE, as in case two,

there is less polymer surrounding the gold and so fewer pockets of gold are under a

compressive stress. Continuous gold pathways through the cross section of the RVE

exist (see red dashed lines in Figure 4.18); along these the gold is able to expand and

hence produce more areas of tensile stress.

Figure 4.18 reveals a unique response in the 42% RVE characterised by features (ii) and

(iii). Feature (ii) is unique as one would expect the stress to increase as the deformation

of the RVE increases due to the ion transport through the polymer. This is not the

case in this RVE. In addition, feature (iii) is unexpected as it has been established that

as the gold volume fraction increases the deformation within the RVE decreases. Thus

one would expect the stress developed to also decrease. This trend is seen in the RVEs

from 25-42% gold fraction but from the 42% to the 50% RVE the stress magnitude

increases. A complex interaction between the gold and polymer interconnected phases

is suggested as a reason behind both of these features. Above a certain volume fraction,

the reinforcing effects of the gold constituent become disadvantageous as it becomes

too constricting, and thus large deformations are not allowed. A lower volume fraction

of polymer also prevents it from exerting enough force to overcome the stiffness of the

gold. Below this volume fraction, however, the gold connectivity is weak and its rein-

forcing ability is decreased. The deformation of the polymer can no longer be prevented

and this results in large deformations. The encapsulating nature of the polymer also

results in a reduction in the number of expansion pathways. The deformation and as-

sociated stress development in the nanocomposite are both important properties that

are affected by the volume fraction of gold, and need to be taken into account if this

material is to be considered for use in actuation applications.



5

Summary, conclusions and

recommendations

5.1 Summary

Nanoporous metals have unique and favourable properties, especially in compression.

Due to their brittle and poor performance in tension, however, their usage has been

limited. The creation of a composite in which the pores of the gold component are

impregnated with a polymer has the potential to address this shortcoming. Previous

experimental testing has shown drastic improvements in not only tensile but also its

compressive behaviour, thus opening it up to more extensive use in structural ap-

plications. The presence of a polymer phase also creates the possibility for its usage

in applications other than mechanical and structural, such as actuation and energy

storage. The micromechanical response and mechanisms causing the interesting ef-

fects in metal/polymer nanocomposites are difficult to probe experimentally due to

the nanoscale nature of this material. The use of the finite element method provides an

avenue through which this can be investigated. In this work the response of a gold/poly-

mer nanocomposite has been investigated under three different physical situations using

representative volume elements.

Elastic response of the nanocomposite

First of all, the effective elastic properties of the nanocomposite were calculated by nu-

merical homogenization using three different boundary conditions: kinematic uniform,

static uniform and periodic. Periodic boundary conditions were successfully applied

to a non-periodic mesh using a master/slave method. The isotropic behaviour of the

nanocomposite was confirmed and quantified using a variety of anisotropic indices.

The material behaviour was, thus, fully defined by calculating the effective Young’s

modulus and Poisson’s ratio. Good agreement between the three numerical results was

noted, confirming the representativeness of the material volume element. Under all

three boundary conditions the effective Young’s modulus lay within the Reuss-Voigt



Chapter 5. Summary, conclusions and recommendations 124

and Hashin-Shtrikman bounds. Good agreement with experimental results and analyt-

ical scaling laws was also shown.

Under compression, the stress-strain micromechanical response along the centroid of the

RVE was investigated. Comparing the constituents, the relatively compliant polymer

constituent showed higher strain values while the relatively stiff gold material showed

higher stress values. A combination of compressive and tensile values, especially in the

gold material, were also revealed as a result of the complex network connection of the

gold material. Comparison of the results of the constituents within the nanocomposite

to homogeneous blocks of each constituent revealed that the polymer undergoes signif-

icantly more strain than its pure material counterpart while the gold experiences less

strain and stress than its bulk counterpart.

A further investigation into the micromechanical response under compression was con-

ducted by investigating the loading case and stress distributions in 10 ligaments within

the RVE. This revealed a combination of bending and axial loading, significant torque

and an unexpectedly large shear force. A shift from the presence of axial dominated

loading modes of ordered network structures to a bending and torque dominated load-

ing mode in pure NPG is suggested to play a role in its increased compliance, so too

does the nanocomposite show similar loading modes even though the ligaments are now

surrounded by a polymer material. In tension, NPG shows an axial dominated loading

mode which is suggested, in part, to cause its brittle nature. In contrast to this the

nanocomposite showed a significant amount of bending in the ligaments under tensile

loading as the nanocomposite now has an elastic tension/compression symmetry. This

shift to a more bending dominated loading mode may, in part, account for the improved

tensile ductility of the nanocomposite.

The orientation of the ligaments was also shown to have a large influence on the type

and magnitude of loading experienced. Compression-axis aligned ligaments showed

compressive normal forces and substantially higher bending moments compared to

non-aligned ligaments. Overall, compression-axis aligned ligaments experienced larger

stresses.

Fracture of nanoporous gold and its polymer filled counterpart

The next investigation concerned the fracture behaviour of the nanocomposite through

‘virtual’ compact-tension (CT) testing. CT testing using specimens with an embedded

pure NPG or gold/epoxy nanocomposite RVE at the crack tip were conducted using

Abaqus/Explicit. The gold was modelled using a J2 plasticity model coupled with
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a Lemaitre damage model, while for the epoxy a Gearing-Anand amorphous polymer

viscoplasticity model with a critical plastic stretch dependent failure criteria was used.

Load-displacement curves and visualizations of the crack propagations were then cre-

ated, and mechanical properties were calculated for samples of various gold volume

fractions.

The most striking result was the exceptional improvement in ductility in the nanocom-

posite compared to the pure NPG sample at all volume fractions. Two main mechanisms

were observed to have contributed to the increased ductility. The first was related to

the stabilization of ligament breakages by the surrounding polymer. When a ligament

broke, the load was transferred across a large area via the interpenetrating polymer

and hence there was a decrease in the localized stress concentrations. Related to this is

the second mechanism of ductility whereby a large fracture process zone was noted at

the crack tip in the nanocomposite. This reduced the crack tip driving force allowing

for more deformation to occur without reaching the critical limit. The amount of gold

within the specimens significantly affected the size of the process zone with lower gold

volume fraction samples showing significantly larger process zones accompanying a in-

crease in ductility. Neither of these mechanisms occurs in the pure NPG samples. The

second mechanism facilitating ductility cannot exist as the process zone size is limited

to the diameter of the ligaments at the crack tip.

The effect of the volume fraction of gold on several mechanical properties was also

investigated. With a decrease in the volume fraction of gold an increase in the ultimate

fracture displacement and a decrease in the ultimate strength was seen. It was shown

that the weaker performing constituent dictated the performance in each of these prop-

erties. That is, while the gold’s brittle nature had a greater effect on the composite’s

displacement at fracture compared to the polymer’s ductile nature, the polymer’s low

strength had a greater influence on the strength of the nanocomposite than did the

gold’s high strength. The increase in network connectivity resulting from an increased

gold volume fraction was also considered to play a role in this increased strength. A

relatively high resistance to fracture was found in the lowest volume fraction nanocom-

posite sample. It had a toughness equal to that of the highly ductile pure polymer

material. Toughening mechanisms that were observed to contribute to the resistance

to fracture include crack deflection, crack bridging and secondary cracking. The last

two were highly prevalent in nanocomposite samples of low gold volume fractions.

Finally, the effects of specimen thickness on plane stress-plane strain fracture was

investigated. A shift from plane stress to plane strain fracture was only noted in the
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lower volume fraction samples as a result of their greater ductility. The lower ductility

of the higher volume fraction samples prevented any through-thickness thinning which

is necessary for plane stress fracture to occur.

Chemo-electro-mechanical coupling in the nanocomposite

The third situation investigated was that of the electrically stimulated deformation of

the nanocomposite. This deformation is brought about by the volumetric expansion or

shrinkage of an impregnated conductive polymer due to ion ingress or egress respec-

tively. Using a coupled chemo-electro-mechanical theory, the micromechanical response

was investigated by simulating nanocomposite RVEs taken from the working electrode

of an electrolytic cell.

In order to implement this theory within Abaqus a staggered explicit-implicit solution

scheme had to be developed, in which the ion transport and displacement fields were

solved monolithically in Abaqus/Explicit while the electrostatic field was solved

intermittently in Abaqus/Standard. This scheme made use of several Abaqus sub-

routines and Python scripting to facilitate data transfer and the interfacing between

Abaqus/Explicit and Abaqus/Standard.

The simulation of RVEs with different gold volume fractions was carried out. In all

samples a small shift was noted in the electrostatic field over time and significant dif-

ferences between different volume fraction samples were noted in the ion transport and

displacement fields.

The ion transport field showed a clear dependence on the volume fraction of gold.

An increase in gold volume fraction was accompanied by a decrease in the ion trans-

port rate through the RVE. This was attributed to a combination of an increase in the

number of gold pores aligned normal to the direction of ion flow which act as barri-

ers to ion flow and a decrease in the polymer pore channels through which the ions flow.

Inspection of the deformation field revealed two mechanisms of micromechanical de-

formation in the nanocomposite. The first causes deformation by the expansion of the

polymer phase occurring earlier in the material pushing the gold ahead of it outwards.

This mechanism causes deformation in all directions of the RVE. The second defor-

mation mechanism, which mainly affects the deformation transverse to the ion flux

direction, causes deformation by the polymer carrying the gold along. Unlike the sec-

ond mechanism, the first mechanism has the ability to affect areas where ions have not

yet entered.
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An investigation into the average transverse stress development revealed interesting

results, such as a shift from a compressive to tensile stress state as the gold volume

fraction increased. This was attributed to the extent to which the gold was surrounded

and somewhat constrained by the polymer constituent. Additionally, it was suggested

that there may exist a unique ratio of gold to polymer such that the gold provides

sufficient reinforcement and the polymer induces enough force to displace and carry

the gold, thereby still allowing significant displacement to occur.

5.2 Conclusion

This work has studied the response of a gold/polymer nanocomposite under three

scenarios. Relationships between material properties and the response of this mate-

rial were suggested and, through the use of the finite element method in conjunction

with representative volume elements, the micromechanical response has been probed.

From this it is evident that a gold/polymer nanocomposite has unique and favourable

characteristics in compression, tension and actuation. Nevertheless, depending on the

application, trade-offs on its characteristics may have to be made. Factors such as

the constituents’ material properties, the volume fraction and network connectivity of

constituents as well as the orientation of the ligaments were observed to influence the

material’s properties.

In many cases the nanocomposite was shown to perform similarly if not better than

conventional composites. Advantages over and above these conventional composites

were also found; for example, the isotropic response of the nanocomposite compared

to the transversely isotropic nature of fibre-reinforced composites.

In addition to the investigation of the macroscopic response of the nanocomposite,

the use of computational ‘virtual’ testing allowed the probing of the microstructure

and the observation of micromechanical mechanisms that would be difficult to achieve

otherwise. Through this, insights have been added to the knowledge base which could

potentially then be used to tailor the microstructure of the nanocomposite with the

aim of enhancing the macroscopic response. Additionally, mechanisms identified in this

material could be induced in other materials to improve their response. For example,

mechanisms identified here that contributed to an improvement in ductility may pro-

vide a guide to the study of other brittle materials.
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A nanoporous metal impregnated with a polymer is a versatile and useful material.

Its hierarchical structure lead to unique deformation mechanisms that enhance its per-

formance over and above that of materials that are currently in use today. As more

knowledge is gained about how its micromechanical response links to its macroscopic

response it can be further enhanced and promoted for use in a variety of applications.

5.3 Recommendations

Nanoporous gold is a relatively new material and as such, there are still many avenues

of research that exist through which insights can be gained into its behaviour and

properties. The polymer impregnated nanoporous metal composite is an even more

recent creation and its superior properties are still being investigated. Future work

to be considered to aid in understanding the behaviour of these material include the

following:

� Including length scale effects in the constitutive models. This can be achieved

by implementing a gradient crystal plasticity model. Computational testing of

gold/polymer nanocomposites under a variety of situations with these features

included would allow for the high surface-to-volume ratio to be accounted for.

Through this the influence of the size of ligament diameters on the material

properties can be probed;

� The addition of an interface model between the constituents to explore the

effects of delamination under all three scenarios;

� A computational investigation into the plastic response of the nanocomposite

under a variety of loading conditions is an area of research that is not yet well

developed (using a gradient crystal plasticity model as well);

� Computational and micromechanical investigation of the material’s behaviour

under different testing methods such as shear and bending tests as well as its

response under fatigue and impact loading could also provide further insights

into the benefits of the hierarchical structure of this material.
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