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Abstract

In recent years, mechanical metamaterials have been explored for their
tunable nature with the continual development of Additive Manufacturing
(AM) technologies. As a result, the failure mechanisms of the metamateri-
als and their mechanical behaviours under different boundary and environ-
mental conditions have been investigated. Firstly, failure mechanisms of
AM originated imperfections in the metamaterials have been investigated.
In this, three types of imperfection have been considered in the numeri-
cal modelling of the metamaterials: distorted struts, missing struts, and
strut diameter variation. Then a novel numerical framework was devel-
oped to overcome computational difficulties within the existing numerical
approaches beyond the elastic region. Three modes of microscopic locali-
sation were observed in metamaterials before failure: crushing band, shear
band and void coalescence. The results showed that a clear separation
exists between the three modes of localisation depending upon the type
and level of defects and loading condition. Under compressive loading, all
metamaterials failed due to the crushing band; the distorted lattices are
prone to shear band localisation with increased distortion, whereas missing

lattices majorly fail due to void coalescence at high missing struts defect.

The study on imperfect metamaterials has suggested that it can exhibit

either ductile, damage-tolerant behaviours or sudden, catastrophic failure
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mode, depending on the distribution of the introduced disorderliness. Thus
a data-driven approach has been developed, combining deep-learning and
global optimisation algorithms, to tune the distribution of the disorderli-
ness/ imperfections to achieve damage-tolerant metamaterial designs. A
case study on the metamaterial created from a periodic Face Centred Cu-
bic (FCC) lattice has demonstrated that the optimised metamaterials can
generate high-quality designs with improved ductility, enabling them to
sustain larger deformations without failure at a lower cost to strength and
stiffness. This has been validated by an experimental study on an opti-
mised metamaterial design. The results showed that the optimized designs
can achieve up to 100% increase in ductility at the expense of less than 5%

stiffness and 8-15% tensile strength.

Finally, the creep behaviour of Inconel 718 metamaterial has been inves-
tigated at an elevated temperature to understand the effects of the mi-
crostructural defects. A Kachanov’s damage modelling has been used to
predict the creep performance of the metamaterials. The analysis and ex-
perimental results indicated that the creep resistance of the metamaterials
is dependent on the microstructure and loading conditions. The creep be-
haviour of the metamaterials is significantly different from that of the bulk

material due to their complex microstructure.

Overall, this study contributes to the development of mechanical metama-
terials with improved mechanical properties using AM technologies. The
neural network-based data-driven methodology offers a promising avenue
for designing high-quality metamaterials that are cost-effective and have
desirable mechanical properties. The results of this study have signifi-
cant implications for various applications, including structural engineering,
biomechanics, and aerospace engineering, including in understanding and

designing for the creep behavior of Inconel 718 metamaterials.
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Chapter 1

Introduction

1.1 Background and Motivation

Over the last decade, Additive Manufacturing (AM) has advanced rapidly
and begun to play an essential role in the production of metamaterials
with complex microstructures. The metamaterials have materials proper-
ties close to the theoretical limits or far beyond that of conventional bulk
materials. However, engineers face the difficult task of determining which
optimised structure can meet the actual requirements of advanced devices
and equipment in extreme service environments involving multi-physical
coupling despite complex multi-physics constraints, specific availability of

manufacturing processes, and material property limitations.

Recently, interest in manufacturing periodic or lattice structures has contin-
uously increased due to highly customised properties. A lattice structure,
also known as a cellular structure, is a three-dimensional arrangement of
struts or beams that form a repeating pattern. The struts or beams can

be made of a variety of materials, including metal, plastic, or even foam.



1.1. BACKGROUND AND MOTIVATION

Before the advancement of AM, other orthodox manufacturing technologies
like investment casting, deformation forming, brazing etc., are studied to
produce periodic lattice geometries. Limitations of such techniques include
the fitness of the structures and the actual cell geometry [19]. AM tech-
nologies have been developed over the years to produce three-dimensional
objects directly from a digital model by adding materials without spe-
cialised tooling. Direct Metal Laser Sintering (DMLS) or Selective Laser
Melting (SLM) can produce fine surface geometries like roughness value at
50 microns lattice structures using AM process for metal alloys. Because of
this unique quality allows for tailored mechanical, thermal and biological
properties in the diffusion of lattices, trusses, and periodic materials could
be found [20]. In conjunction with lightweight properties, lattice struc-
tures also provide impact resistance, non-conducting heat properties and

electromagnetic wave absorption [21-27].

The metamaterial design is an excellent choice for applications (see Fig-
ure 1.1) that require maximum stiffness while retaining lightweight, energy
absorption [28], and high specific strength [29]. It applies to structural,
functional, or ergonomic parts [30], as well as biomedical [31], thermal
[32], and material properties improvement [33]. Commercial applications
of metamaterials are also dependent on industrial preferences, such as a
simple topology fabricated with different technology can exhibit fluctu-
ated mechanical properties, and the same trend holds true for other lattice
structure permeates such as height, unit size, fabrication materials, and
post-processing. These structures have been boosted by commercial appli-
cations in a variety of fields, including for a patient-specific implant that
not only recovers its structure under applied load but also exhibits adequate
stiffness with surrounding tissues [34], as well as maintaining the stiffness

of metallic medical implants to the bone [35]. As a result, these structures
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were used to allow fluid in topology while avoiding stress shielding [36], as
well as to facilitate osseointegration (the direct structural and functional
connection between the living bone and surface of a load-bearing implant)

via a large surface area to volume ratio [37].

Low thermal cf' ‘

conductivity

Figure 1.1: General applications of mechanical metamaterials [1]

Over the past years, the failure mechanisms, damage, and creep behaviours
in metamaterials have been an extensively researched topic. The growth of
damage in a lattice structure under remote loading is known to affect the
mechanical performance of the material. Therefore, a better understand-
ing of the failure mechanisms and mechanical characteristics is crucial to
improve metamaterial designs. Furthermore, the mechanical behaviour of

metamaterials containing disorderliness/defects is particularly important.
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For example, metamaterials commonly fail due to geometrical /dimensional
defects, surface defects, microstructure defects and mechanical defects such
as holes, cracks and porosity. Therefore, it is essential to understand their

effects on the general mechanical characteristics of the metamaterials.

This research project endeavours to fill the existing knowledge gap by ex-
ploring the reasons for failure and examining the mechanical behaviour of
truss-lattice metamaterials subjected to various loading conditions. This
thesis aims to investigate the impact of multi-axial loadings on metama-
terials, notably after introducing disorders/defects into their structure. A
neural network model is then introduced to enhance the mechanical per-
formance of these metamaterials. Finally, the creep behaviour and failure
mechanism of the metamaterial have been explored due to microstructure

defects.

1.2 Objectives

This study aims to understand failure mechanisms and mechanical behav-
iors of the metamaterials. For our study, truss lattice metamaterials have
been taken for investigation. The study can be classified into below cate-

gories:

e To numerically investigate macroscopic elastic-plastic behaviour and
failure mechanisms of truss metamaterials with defects under multi-

axial loading.

e To develop a data-driven framework to optimise the distribution of
disorderliness to achieve damage tolerance metamaterial designs with

the increase in ductility at the minor expense of stiffness and tensile
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strength.

e To understand the creep behaviour and effects of microstructures of
the metamaterials manufactured by Three dimensional (3D) printing
technology. Inconel 718 has been investigated as parent material at

an elevated temperature.

1.3 Thesis overview

Chapter 2 - The literature review provides an overview of the mechan-
ical properties of metamaterials. Common metamaterials structures are
described, including auxetic, origami & kirigami, multistable, topological

and combinatorial metamaterials.

Chapter 3 - The methodology chapter provides an overview of the investi-
gation of the mechanical properties of mechanical metamaterials developed
using AM technologies. This chapter briefly describes the research design
and procedures used to answer the research questions or hypotheses, also

objectively discusses about limitations.

Chapter 4 - The localisation and coalescence chapter overviews failure
mechanisms of imperfect planar Face Centred Cubic (FCC) metamaterial
under multi-axial loading. Three types of imperfection are considered in
the numerical modelling: distorted struts, missing struts, and strut diam-
eter variation. The chapter highlights modes of microscopic localisation in
perfect and imperfect lattices before failure: crushing band, shear band and
void coalescence, and presents numerical evidence that a clear separation
exists between the three modes of localisation depending upon the type
and level of defects, as well as the stress triaxiality. This chapter serves as

the foundation to implement the disorderliness of lattice struts to enhance
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the mechanical properties of the metamaterials.

Chapter 5 — A neural network based methodology is developed. I have
created Quasi-disordered Truss metamaterial (QTM) by introducing spa-
tial coordinate perturbations or strut thickness variations to the perfect,
periodic truss lattices. This chapter explains that the QTMs can exhibit
either ductile, damage-tolerant behaviours or sudden, catastrophic failure
mode, depending on the distribution of the introduced disorderliness. Fur-
thermore, a data-driven approach has been developed, combining deep-
learning and global optimisation algorithms, to tune the distribution of the

disorderliness to achieve damage-tolerant QTM designs.

Chapter 6 - To understand the creep behavior of Laser powder bed fusion
(LPBF) Inconel 718, Body Centred Cubic (BCC) metamaterials were fab-
ricated for creep test at 650 °C, and a Kachanov’s damage model has been
developed to predict the creep performance of the metamaterials under
different loading conditions. Additionally, microstructural characterisation
has been performed with Scanning Electron Microscopy (SEM) to identify
critical microstructure defects affecting the failure mechanisms and creep

behaviors of the metamaterials.

Chapter 7 - A summary and discussion of the key findings from the thesis
and suggested future work to develop the field of mechanical metamaterials

further.



Chapter 2

Literature Review

2.1 Mechanical properties of metamaterials

Metamaterials are designed materials that are made of both natural and ar-
tificial components, hence providing unique combinations of physical char-
acteristics. These features can be found in nature since metamaterials
are constructed materials mostly inspired by nature. Because of their ex-
ceptional mix of features, metamaterials may be used in a wide range of
applications, including bio-medical industries, protective devices as energy
dissipator devices, and many more [38] (see Figure 1.1). The structure of
the material and the constituent/parent materials are the two primary com-
ponents that make up metamaterials. Depending on metamaterial designs,
the structure of the material may vary from simple lattices to intricate

networks of linked pieces [39].

The mechanical characteristics of a metamaterial are often what defines
it, and these qualities are influenced by the sort of component materials

employed, the structure of the material, and the production method. The
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Figure 2.1: Basic classification of mechanical metamaterials [2]

static properties and the dynamic properties of metamaterials are the two
primary categories that may be used to classify the mechanical charac-
teristics of metamaterials [40]. The behavior of a material in response to
external demands that are held constant is referred to as its static proper-
ties, while the behavior of a material in response to external stresses that
vary over time is referred to as its dynamic properties. In addition, the
mechanical characteristics of metamaterials can also be broken down into
three distinct classifications, namely, stiffness, toughness, and strength.
The capacity of a material to resist deformation is referred to as its stiff-
ness, its ability to absorb energy is referred to as its toughness, and the
ability of a material to resist fracture is referred to as its strength [41].

Some metamaterials are classified based on their bulk material properties,

11
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as illustrated in Figure 2.1 [2].

The mechanical characteristics of metamaterials have been the subject of
investigation in a number of research published in academic journals. For
instance, Yazdani Sarvestani et al., (2018) conducted research on a meta-
material that was made up of graphene and carbon nanotubes, and they
evaluated its mechanical characteristics [42]. According to the findings of
the research, the metamaterial demonstrated stiffness and toughness close
to theoretical limits in addition to a high strength-to-weight ratio. These
characteristics make the metamaterial appropriate for use in applications
involving bio-medical and protective armor designs. In addition, the influ-
ence of the material structure on the mechanical characteristics of meta-
materials was explored in a research that was carried out by Mohsenizadeh
et al., (2018) [43]. According to the findings of the research, the structure
of the material may be altered to change the mechanical characteristics of
metamaterials. This allows the mechanical properties of the material to be

tailored to particular applications in order to get the best possible results.

The range of values for the mechanical characteristics of natural materials
is rather particular and constrained. Poisson’s ratio is a good illustration
of this point. Poisson’s ratio is positive for the vast majority of the man-
made and natural materials that are known to exist, with a few significant
exceptions [44]. In addition, the physical and mechanical characteristics
of the vast majority of naturally occurring materials are intertwined with
one another. For instance, the elastic modulus or density of some classes
of materials, such as the majority of cellular materials, is connected to one
another via the use of a power law [45]. Porosity is the result of this re-
lationship. The design space and the practical uses of natural materials
are both restricted as a result of these limits. It is thus desirable to design

materials that might show a set of physical and mechanical characteris-

12
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tics selected for any application by the designer. The goal of mechanical

metamaterials is to do exactly this.

In many cases, metamaterials are constructed from micro-architectures that
have been thoughtfully planned out in order to provide a particular com-
bination of desirable mechanical characteristics. Because the mechanical
characteristics of metamaterials are reliant on their structure at the micro
and nanoscales, the development of metamaterials simplifies the rational
construction of the structure at the micro and nanoscales that is respon-
sible for giving birth to the required mechanical qualities. metamaterials
fall somewhere in the middle of the spectrum between pure natural mate-
rials, which have their own inherent mechanical properties, and large-scale
structures, which are characterised by extremely design-specific structural
features [46]. Pure natural materials have their own inherent mechani-
cal properties. When seen at the micro and nano scales, the behavior of
metamaterials is more like to that of structures. However, when taken as a
whole, the homogenised behavior of metamaterials is very similar to that of
materials. The homogenised macro-scale qualities are, of course, extremely
reliant on the micro/nano-scale structure. This structure might be built
in such a way that the resultant metamaterials display a unique, rare, or

previously unheard-of variety of mechanical and physical properties [47].

In the beginning, optics and electromagnetism were the primary fields of use
for metamaterials. Because of this, the word “meta-material” is frequently
thought to apply specifically to “optical and magnetic metamaterials.” In
recent years, a new idea known as “mechanical metamaterials” has sur-
faced, although researchers have just scratched the surface of its potential
applications [48]. Certain categories of mechanical metamaterials have been
extensively researched and characterised over many decades. For instance,

the notion of auxetic materials, which are materials that have a Poisson’s

13
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ratio that is negative, has been recognized to scientists for many decades,
and particular instances of such components have been seen, manufactured,
tested, and published (Figures 2.1 and 2.2). Recent research has led to the
discovery of numerous other classes of metamaterials, each of which pos-
sesses an unusual collection of mechanical properties [49]. This discovery
was made possible by a methodical investigation into the potential range of
mechanical characteristics that could be acquired through the geometrical

design of micro- and nano-architectures.

Extreme materials are described as materials that are exceedingly stiff in
some forms of deformation, while still being extremely flexible in other
modes. Milton and Cherkaev first presented the concept of extreme mate-
rials in 1995. The eigenvalues of elasticity tensor are either extremely big
(that is, they approach infinity) or very tiny [50]. These eigenvalues dictate
the behavior of extreme materials under any particular mode of stress and
may be either very large or very minuscule (i.e. approach zero). When
an eigenvalue is extremely tiny, it implies that the material is particularly
yielding (less stiff) when it is deformed in the direction (also known as the
eigenvector) that corresponds to that specific eigenvalue [51]. Therefore,
it is possible to classify extreme materials according to the number of ex-
tremely tiny eigenvalues that the elasticity tensor has assigned to each of
them. It is referred to as a unimode when an extreme meta-material only
has one eigenvalue that is very tiny. It is referred to as having bimode,
trimode, quadramode, and penta-mode, depending on the number of ex-
tremely tiny eigenvalues that it possesses: two, three, four, or five. The re-
searchers Milton and Cherkaev demonstrated that extreme materials could
be fabricated by using certain combinations of two phases, one of which was
extremely soft and the other of which was highly rigid [50]. The extreme

materials may then be coupled to produce materials with any specified
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elasticity tensor that meets the conventional thermodynamics admissibil-
ity conditions. This would be possible because of the extreme nature of the
materials. This is an important finding since in relation to composite ma-
terials, which could combine of two or more materials that results in better
properties, one might simply utilise 3D printing methods to produce any
material with positive definite viscoelastic tensors simply by incorporating
void space with such a stiff 3D-printed material. This would allow one
to create any material with cumulative distribution elasticity tensors [50].
Composite materials could also integrate very compliant as well as very stiff
materials. In the research that has been done on extreme materials, there
have been a special focus on two sub-types: penta-mode metamaterials
and dilational materials (3D isotropic auxetics with an ultimate Poisson’s
ratio of —1). Both of these sub-types fall within the category of extreme

materials [51].

Penta-mode metamaterials possess five extremely tiny eigenvalues, which
indicates that they are highly compliant in 5 out of 6 primary directions
(Figure 2.2). In other words, they are designed to have a finite bulk modu-
lus but relatively insignificant shear modulus. This results in a bulk mod-
ulus that is much higher than their shear modulus [52]. The capacity of
penta-mode metamaterials doesn’t really change as a consequence of stress,
which is equivalent to stating that Poisson number of metamaterials is 0.5.
This is because very high values of the bulk modulus indicate that the vol-
ume does not change [53]. Because of its behavior, which is analogous to
that of fluids, penta-mode metamaterials are often referred to as “meta-
fluids.” Very tiny quantities of the shear modulus indicate that perfect

penta-mode metamaterials would soon flow away [54].

In 1995, Milton and Cherkaev suggested a particular design of penta-mode

metamaterials. In this design, beams with a certain sort of variable cross-
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Figure 2.2: Overview on mechanical metamaterials. The five rows illustrate
(a) auxetic, (b) light-weight, (c) negative-parameter, (d) penta-mode, and
(e) Origami mechanical metamaterials [3].

section, namely two conical beams linked to one another at their bases,
were organised in a diamond-type crystalline lattice [44]. It was not until
2012 that Wegener and his colleagues employed 3D printing methods to
construct and test estimates of penta-mode metamaterials using polymers.
This was the first time that this particular form of penta-mode crystalline
lattice has been produced. Because the apex of the cone in actual reali-

sations of penta-mode metamaterials has a finite diameter, as opposed to
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having zero radii in the ideal penta-mode, the 3D printed metamaterials
first at micro- or macro-scale are also all estimations of the perfect penta-
mode metamaterials [55]. This is due to the fact that the ideal penta-mode
has a diameter of zero. It has also been claimed that generalisations of
penta-mode metamaterials may be applied to circumstances in which the

material is anisotropic and to Bravais microstructures other than diamond.

Any stress that is moving through the lattice structure must be transmit-
ted via the apexes of the cones in order for it to be considered properly
transferred. This is a special feature of lattice structures that are based
on penta-mode metamaterials. Therefore, expanding the size of the cone
has only a marginal impact in terms of improving the toughness of the
lattice structure [45, 56]. However, expanding the diameter of cone has
a considerable impact on the mass density of the crystalline lattice. It is
consequently possible to separate the mass concentration of penta-mode
metamaterials from their stiffness. This is in contrast to the vast majority
of porous materials or lattice structures, both of which exhibit a power law
connection between the mass and the young’s modulus of the framework.

This relationship is referred to as an Ashby plot [57].

Because of their unique set of features, penta-mode metamaterials are a
promising candidate for a variety of different uses. For instance, they might
be used for the purpose of guiding elastodynamic waves in certain directions
in order to accomplish the same results as optical cloaking but for acoustic
waves [58]. When designing porous systems biology scaffolds, where the
pore diameter as well as porosity have implications in terms of cell adhesion,
cell nutrition/oxygenation, as well as percentage of tissue regeneration, it
is useful to be able to change the elastic modulus as well as mass density
(or permeability) of penta-mode metamaterials independently from each

other [59]. This makes penta-mode metamaterials helpful for spreading the
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design space. Furthermore, it is possible to build lattice structures for any
positive definite stiffness tensor by mixing penta-mode metamaterials inside
the same lattice structure. This may be done by combining the structures.
As a result, penta-mode metamaterials may serve as a generic framework
for the design and AM of metamaterials. This is especially helpful when
it comes to developing materials that have a complicated distribution of
different mechanical characteristics [58]. The complicated dispersion of the
mechanical characteristics might have been caused by, for instance, the use

of topology optimisation methods.

It is essential to understand that the penta-mode meta-material with which
Milton and Cherkaev came up with their structure is not the only kind of
penta-mode meta-material. A gel is a totally distinct kind of penta-mode
material. Gels are characterised by their ability to be readily distorted in
any given direction, while at the same time showing a high resistance to
changes in volume when subjected to hydrostatic pressure [60]. Granular

materials are still another kind of illustration.

The scope of materials that may have a negative Poisson’s ratio extends be-
yond only dilational materials. In point of fact, the term “auxetic material”
refers to any material that has a negative Poisson ratio. The etymology of
the word “auxetic” may be traced back to the Greek word “auxeis”, which
meaning “to multiply and grow.” As per Weeger et al., (2019) [61], Evans
was the first person to use this word to characterise materials which expand
in a direction that is perpendicular to the direction in which they are being
loaded with tensile stress. Auxetic materials are among the metamaterials
that have received the greatest research attention. A recent publication
of an outstanding review study has been made available, and it addresses
the many features of auxetic materials and the qualities that they possess.

Because they are able to spread stress over a greater area of the material,
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auxetic materials, in general, and dilational materials, in particular, have
enhanced resistance against damage [61]. This is due to the fact that aux-
etic materials have the capacity to dilate. Montgomery et al., (2021) [60]
provided a summary of the beneficial properties of auxetic materials, like
enhanced indentation resistance and improved acoustic properties, and de-
bated the areas in which auxetic materials are applied, such as a “efficient
filter membrane with varying permeability, connectors, shape memory ma-
terials, and acoustic dampers”. Cabras and Brun also discussed the areas

in which auxetic materials are applied [62, 54].

Negative metamaterials include metamaterials that have negative moduli,
like the minus bulk modulus or the negative elastic modulus. Examples of
these include the minus bulk modulus and the negative elastic modulus.
When it comes to the mechanical behavior of metamaterials, displaying
negative moduli represents an entirely new level of oddity compared to
what has observed up to this point in the research. This is due to the fact
that up until this point, we have made the assumption that the flexibility
tensor ought to be positive definite [58]. This implies that the bulk mod-
ulus as well as the shear modulus ought to be positive. Since many years
ago, this requirement has been regarded as the appropriate specifications
for an elasticity matrix to be deemed thermodynamically acceptable by
the majority of researchers investigating continuum mechanics. The the-
ory of thermodynamics that underpins this condition asserts that materials
with negative deformation or negative stiffness are thermodynamically un-
stable [60]. However, in a wide range of experimental circumstances, the
existence of materials with negative deformation or negative rigidity was
demonstrated. If the stability of these materials can be assured, then a
wide variety of uses may be possible for them. According to Bertoldi et

al., (2017) [63] argument, even if a material with negative elastic modulus
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that is unconstrained would not be stable, a material that is confined and
has negative moduli might very well be stable. They contended that the
elasticity vector of constrained components is not required to be favourably
definite in order for it to be stable. This is because the prerequisites for the
stability and the solution’s uniqueness in the scenario of constrained com-
ponents are strong ellipticities. Compressibility may be broken down into
three categories: line, region, and volumetric compressibility. The most
comprehensive definition of compressibility takes into account all three
categories [64]. The line, area, & volume compressibilities of a material
are each characterized by the variation in the lengths, the area, as well as
the volume of the material when subjected to hydrostatic pressure in that
specific order. A material is said to have negative compressibility when,
in reaction to hydrostatic pressure, the material shows an expansion. It is
possible for the material to have a negative lengths, area, or volume com-
pressibility; this is something that is determined by the amount of dimen-
sions across which the expansion happens [65]. Compressibility in length
and area may be allowed even within the usual setting of thermodynamic
limitations, despite the fact that the thermodynamic arguments against

the negative compressibility primarily apply to the volume deformation.

The recent discovery of weak negative compressibility in methanol mono-
hydrate, a relatively simple molecular crystal that exhibits negative linear
elastic modulus along with negative as well as anisotropic thermal expan-
sion, is one example of the identification of crystallites with negative line

as well as area compressibility.

In addition to crystals, there are a few additional systems that display neg-
ative compressibility and may be broken down into four primary groups
according to this property. The first group of these materials has a neg-

ative compressibility because the architecture of the cellular structures
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gives them that characteristic. Lattice structures formed from an extended
hexagonal dodecahedron, for instance, are examples of three-dimensional
topologies that demonstrate negative Poisson’s ratio or negative deforma-
bility. Another example is hexagonal honeycombs, which display negative
linear deformability in two dimensions [66]. There is also a negative linear
compressibility seen in tetragonal beam configurations. The combination
of two different materials that each have their own unique set of mechanical
characteristics is what gives the second group of metamaterials with minus
deformation its unique quality. Chatterjee et al., (2021) [57] have provided
an illustration of one such engineered material in their presentation. The
same group of researchers came up with the idea for a truss-like struc-
ture that would be made of many different materials. The structure that
has been presented has a negative linear compressibility, and in certain in-
stances, it even demonstrates a negative area or volumetric compressibility.
Specific limitations are the root cause of the negative compressibility shown
by the third group of these types of materials. Most lately, researchers have
been paying more attention to bulk materials that have the potential to
show negative compressibility [42]. Certain kinds of (bi-stable) potentials
have the ability to bring about a negative compressibility in the materials
in question. In this last group of materials, the most essential thing to
keep in mind is that negative deformation is a feature of the base material
itself, and not a result of the particular manner in which the material’s
geometry is arranged [55]. The majority of the study done on this category
of material up to this point has been theoretical, subjected to periodicity

and neglecting the manufacturing defects.
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2.2 Damage tolerant design of metamateri-

als

When defining the mechanical characteristics of metamaterials, the dam-
age tolerance of the material is a significant element to consider. The
capacity of a material to be worked into a desired shape without fracturing
or breaking can be defined as damage tolerance. The metamaterials that
have a greater damage tolerance also have a higher ductility, strength and
stiffness, which makes them more suited for use in applications that need

ductility, strength and stiffness [67].

Over the course of the last several decades, a new and distinct category
of materials known as metamaterials has been produced. These materi-
als have been developed in a laboratory to display qualities that can also
be found in natural cellular materials. They provide a great degree of
versatility and may be adapted to meet the requirements of a variety of
applications [68]. Metamaterials may be made of metallic or non-metallic
components that are organised in a certain pattern in order to generate the

effect that is desired.

The domains of photonics, acoustics, and electronics are the ones that
make the greatest use of metamaterials in their research and development.
Traditional materials are limited in their capacity to control light, sound,
and electricity compared to the capabilities of metamaterials, which can
do so in a variety of novel ways. They are useful for the production of
optical lenses and antennas, as well as for the regulation of sound and
the construction of acoustic filters [69]. In addition, the aerospace and
automotive sectors make use of metamaterials in order to manufacture

lightweight components with high levels of performance.
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Both the damage tolerance and the mechanical characteristics of metama-
terials are dependent on the particular kind of material that is utilised as
well as the arrangement of that material. Metals, ceramics, polymers, and
composites are the most common types of components found in metamate-
rials. Materials that are not metallic, such as polymers, are often simpler
to manipulate than metals, and they may be moulded into a variety of in-
tricate designs. On the other side, working with metals is more challenging,
but the material’s strength and durability are superior. The orientation of
the components of a metamaterial is also a factor in its damage tolerance
[70]. This is because the orientation of the components may have an effect

on how the material reacts when it is stressed.

Since, metamaterials possess favourable mechanical characteristics, and re-
sistant to fatigue and corrosion. They are ideally suited for use in appli-
cations that demand long-term dependability. Because of these proper-
ties, they may be found in a wide variety of applications [71, 72]. As a
result of their ability to be fabricated into lightweight, high-performance
components that are also resistant to wear and tear, metamaterials find
widespread use in a variety of sectors, including the aerospace industry,

the automobile industry, and the medical industry.

Utilizing various manufacturing methods may also increase the applicabil-
ity of metamaterials. For instance, laser welding and laser engraving are
both methods that may be used to link components together, while vac-
uum forming is a technique that can be used to make intricate designs [73].
When it comes to the creation of components with exact dimensions and
forms, other techniques of fabrication such as chemical etching, electroplat-

ing, and injection moulding are also relevant options.

In summing up, metamaterials are a special kind of material that belong to
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their own class and have a broad variety of advantageous properties. They
have a great degree of adaptability, which enables them to be modified to
fulfil the requirements of a variety of applications. Because of their excel-
lent damage tolerance characteristics as well as their excellent mechanical
qualities, they are well suited for usage in a wide variety of industries. The
use of metamaterials in the production of components that have improved
performance and dependability is possible if the appropriate manufacturing

processes and additives are utilised.

2.3 Role of machine learning

In the body of research on metamaterials, there has also been exploration
into the application of machine learning to find optimal design and failure
processes in the materials, in addition to investigations into the mechanical
characteristics of metamaterials. In the field of artificial intelligence known
as machine learning, identifying patterns in data is accomplished via the
use of various algorithms [74]. This kind of study may be used in design
optimisation of metamaterials and can also be used to examine the impact

of various external stresses on the material such as failure process.

Researchers from the University of Amsterdam, AMOLF, and Utrecht Uni-
versity have proven the promise of a class of machine learning algorithms
known as Convolutional Neural Networks (CNN) for the construction of so-
phisticated mechanical metamaterials. Their study, presents two distinct
CNN-based approaches that are able to deduce and capture the delicate
combinatorial principles that drive the design of mechanical metamaterials

[54]. Both of these methods are described below.

Combinatorial design is a method to the creation of metamaterials that
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includes deforming and arranging “building blocks” in order to generate
metamaterials with the necessary functions. However, traditional physics
simulation techniques are not necessarily enough, or will require enormous
human power, time and computational processing power, when trying to
investigate ideas for bigger unit cells [75]. Therefore, the researchers set
out to find a machine learning technique that would make it possible for
them to investigate the design space in a much shorter amount of time (see

Figure 2.3 [4]).
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Figure 2.3: Schematic flowchart of optimisation process of unit cells using
machine learning [4].

In order for the researchers to effectively train CNNs to handle the cre-
ation of complicated metamaterials, they had to overcome a number of
obstacles along the way. They came up with a pixel representation that
visually conveys the orientation of each constituent building block and re-
fined it [76]. In addition to this, they developed two distinct CNN-based
methodologies in order to take into account the enormous metamaterials
class imbalance. The researchers want to shift their focus to inverse design

in order to discover the optimal design for a certain undertaking, even if
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the machine learning approach has not been provided with any samples to

study in advance [76].

In general, the findings of the research demonstrate the use of machine
learning for examining the design space available for metamaterials and
maybe other types of materials, objects, or chemical compounds [54]. In
addition to this, it demonstrates the ability of neural networks to effectively

solve difficult combinatorial issues.

The use of machine learning to determine failure causes in metamateri-
als has been the subject of several research that have been published in
academic journals. For instance, a metamaterial made out of carbon nan-
otubes was investigated by Bessa et al., (2019) [77], who utilised machine
learning to determine the failure mechanisms present in the material. Ac-
cording to the findings of the research, machine learning may be used to
detect the existence of faults in the material and to forecast the beginning
of the failure process. In addition, a research that was conducted by Chang
et al., (2022) [78] employed machine learning to investigate how the me-
chanical characteristics of a metamaterial were affected by the application
of a variety of external stresses. According to the findings of the research,
machine learning may be used to precisely anticipate the behavior of the
material under a variety of loading circumstances, which would enable for

the material’s performance to be maximised.

It should be mentioned that, as in available publications, the majority of
the stated recovery ultimate load are based on the findings of sample prepa-
ration like cube or cylinder, with just a few outliers that investigate lattice
structures. This is something that should be taken into consideration. It is
common knowledge that the particular load bearing capacity of a material

may be considerably increased if the material is produced into different

26



2.3. ROLE OF MACHINE LEARNING

structures rather than solid cuboid beams [79, 62]. Some examples of these
types of structures are I-beams, T-beams, box-beams, and sandwich beams.
Because of this, it is anticipated that the particular recovery stress will be
able to be increased when Shape Memory Polymer (SMP) are produced
into metamaterials as opposed to when they are in the form of solid SMP

structures.

Lightweight metamaterials relate to materials such as cellular structures,
thin-walled cell components, auxetic frameworks and composite plate-lattice
cells. Due of the multifunctional benefits that these structures provide in
mechanical, acoustic, and thermal applications, they have received a sig-
nificant amount of research. Many research have been done to provide
theoretical models in order to predict and study the structural behavior
of metamaterials, and these models have been the focus of a lot of those
investigations. In the past, mechanically adjustable metamaterials were
Three dimensional (3D) printed utilizing just a SMP [61]. These meta-
materials were made up of Octet or Kelvin honeycomb unit cells SMP.
SMPs that have the potential to be employed in medical devices were used
in the designing and printing of auxetic structures that have mechanical
characteristics that can be tuned. A metamaterial with a hierarchically
organised and strain-dependent solid—solid phase shift was devised with
the intention of having applicability in micro-actuators and vise grips, as
well as programmable devices. Assessing their mass, buckling load, free
vibration, Poisson’s ratio, or compression resistance with an abundance of
computational and experimental findings has led to the development of a
number of further two-dimensional & three-dimensional auxetic structures
[80]. The peculiar behavior of auxetic structures, which is caused by the
orientation of their structural components, has a number of potential uses

in the fields of medicine, athletics, and automotive technology. In order to
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improve these metamaterials and attain their optimum performance, the
majority of the time, topology optimisation approaches were applied [81].
One of the limitations of optimisation is that it is unable to optimise sys-
tems using a single parent design, but there is a large design area for the
global optimal solution. This is one of the reasons why topology optimisa-
tion is not as popular as it once was. In order to get around this restriction,
a number of data-driven structural optimisation and design strategies have
been suggested for the development of innovative metamaterials [61]. In-
verse design frameworks that make use of Generative Adversarial Networks
as well as machine learning multiple regressions have been suggested as a
means of exploring a broad range of design space in the direction of the

global optimal solution.

The goal of machine learning tools is to learn from a training sample in
order to find hidden patterns. These patterns may then be utilised for the
categorization or prediction of an untrained dataset with little intervention
from humans and processing capacity. The use of machine learning or data
analysis frameworks received a significant amount of attention during the
identification and optimisation of a variety of newly developed materials,
architectures, and technologies. In the process of finding novel porous
crystalline materials like zeolites as well as metal organic frameworks, it
was shown that machine learning methods are superior to the laborious
trial-and-error procedure that is used in experimental or computational
analyses [49]. In recent work, to improve wind turbines, a hybrid structural
optimisation and design model was created [82]. This model was shown to
have the same level of accuracy as more advanced Computational Fluid
Dynamics (CFD) models. In order to design multipurpose metamaterials
and expedite the design of complex devices for interaction, computing, as

well as optical device applications, which would otherwise be unattainable
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with traditional physics-based approaches, slope and no-gradient premised
automated learning optimal control loops were developed. These loops were
used to design multifunctional metamaterials. In the past, researchers have
published a few different innovative lightweight metamaterials that have
greater compression capacities, buckling loads, naturally higher frequency,
and improved impact energy absorptions [83]. Even while a few structures
have been anticipated to have excellent shape memory qualities, very few
strategies for the selection or optimisation of structures have been examined
up to this point. Due to the one-of-a-kind thermomechanical behaviors of
SMP metamaterials, the numerical evaluation of these components can be
overly complicated, and the experimental results of these materials are
time-consuming due to the numerous thermomechanical processes that are

required. This is especially true when agglomerates are implicated [53].

When designing a complex structure such as metamaterials, it is important
to strike a balance between flexibility and strength so that the structure
can accommodate bigger displacements. Within the realm of lightweight
structures, we began by contemplating stretch-dominated structures in an
effort to strike a compromise between these two competing objectives. FCC
structures with disorderliness were investigated for their increased ductil-
ity with low expense of strength and stiffness in the plane of the structure.
Now, it solves the second criteria by optimising stretch-dominated struc-
tures with greater strength or higher ductility. This may be done by using

a combination of both.

Even though various lattice components with better strength and stiffness
characteristics have previously been offered, there remains a research gap
in presenting approaches to investigate a broad range of design space be-
yond elastic limits. In the past, this research gap has been acknowledged.

Although some methods, such as topology optimisation, might result in op-
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timum structures, a data-driven method may get us far nearer to the global
optimal solution, and, a machine learning based technique can be easily ap-
plied to scout the wide range of unexplored design space by by-passing the

complex numerical analysis.

2.3.1 Global optimisation algorithms

Many problems in a variety of disciplines can be formulated as optimisa-
tion problems; and most of these can be solved by adopting one of two
“popular” approaches: divide-and-conquer or hill climbing techniques [84].
In the first approach, the solution is problem-dependent, and typically de-
tailed information about the problem is required in order to develop a
solution strategy. Also, not many problems can be subdivided into smaller
parts that can be solved separately and then recombined. In the second ap-
proach, most hill-climbing algorithms are based on gradient descent meth-
ods. These methods suffer from a major drawback of getting trapped in
a local minimum. That is, the algorithm may get “trapped” in a valley,
from which all paths lead to locally worse solutions, and will never get to
an optimal solution that lies outside the valley. The global optimisation al-
gorithms avoid local minima by introducing an element of randomness into
the search process. Figure 2.4 gives a summary for global optimisation

methods.

Stochastic optimisation algorithms have become very popular in the last
decade or two. Unlike the local techniques, where a single design point
is updated (typically using gradient information) from one iteration to
the next, these algorithms do not require any gradient information and
typically make use of a set of design points (generally referred to as a

population) to find the optimum design. These methods are typically in-
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Figure 2.4: A summary of the global optimisation methods

spired by some phenomena from nature and have the advantage of being
extremely robust, having an increased chance of finding a global or near
global optimum, being easy to implement and being well suited for discrete
optimisation problems. A few drawbacks associated with these algorithms
are high computational cost, poor constraint-handling abilities, problem-

specific parameter tuning and limited problem size.

Currently, two of the most popular stochastic algorithms are Random
Search Method [85-88], and Heuristic Strategies, which are motivated by
certain analogies with natural phenomena or basic sciences. Other algo-
rithms that fall into Heuristic Strategy category include evolutionary pro-
gramming [89], genetic programming [90], differential evolution [91], simu-
lated annealing [92], tabu search [93], ant colony optimisation [94], harmony

search [95], etc.

An important characteristic of the simulated annealing algorithm is that
it does not require specialist knowledge about how to solve a particular

problem. This makes the algorithm generic in the sense that it can be used
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in a variety of optimisation problems without the need to change the basic
structure of the computations. The simulated annealing algorithm (sequen-
tial or parallel) has been applied to a wide range of problems. However,
there is still great potential in using the simulated annealing algorithm to
solve more formidable problems that can be formulated as optimisation
problems. There is however, an even greater opportunity: using the simu-
lated annealing algorithm in combination with other stochastic techniques
such as neural networks and genetic algorithms to produce more powerful

problem solving tools.

2.4 Creep failures

2.4.1 Fundamentals of creep

The characterisation of mechanical properties is essential before AM com-
ponents can safely be used in beyond static applications. A review of the
mechanical properties of metal AM parts was given by Lewandowski et
al. [96]. Creep is a time-dependent continuous deformation which occurs
at high temperatures (above 0.3-0.4 of melting temperature) and stresses
97, 5]. Therefore, the creep strain (¢) depends on stress (o), time (¢) and
temperature (7'), resulting in the following relationship: € = f(o,t,T) [5].
A brief overview of the different creep mechanisms and micro-mechanisms

is discussed below.

There are two main creep mechanisms: diffusional creep and dislocation
creep. The creep rate of both mechanisms is limited by diffusion [97, 5].
These mechanisms occur at different temperature and stress ranges and in

the intermediate temperature regime, creep deformation can be a mix of the
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Figure 2.5: Creep deformation mechanisms at different stresses and tem-
peratures (7 is the equivalent shear stress and G is the shear modulus) [5].

both mechanisms [97]. The deformation mechanism diagram (Figure 2.5)
summarises the competition between the two mechanisms [5]. Regardless
of the mechanism, creep damage, which is material degradation that gives
rise to tertiary creep, occurs in specimens [98]. One of the most common
type of damage is by loss of internal section with cavitation perpendicular
to tensile stress or the growth of a dominant crack, which reduces the
section and accelerates the creep rate [98]. Figure 2.6 illustrates this type
of cavitation damage and how it corresponds to the creep curve, particularly

to the tertiary region.

There are various creep models available for creep. Commonly used mod-
els include the Norton Power Law, the damage models and microstructure
models. One of the simplest models is the Norton Power Law model which
can model the steady state creep rate of materials. This model is depen-
dent mainly on stress and shows close correlation between experiments in
prediction for secondary creep rates. However, this model greatly deviates
from experiment results for tertiary creep rates. So other models may be

better fit, as was the case for Hayhurst et al. [99] who found that a sinh
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Figure 2.6: Illustration of creep damage due to cavitation and the effects
on the creep curve, mainly in the tertiary region [5].

function of stress, rather than the power law was best to describe the strain

rate and rupture behaviour of an aluminium alloy.

Damage models take into account damage sustained by the material prior
and during creep. The Liu-Murakami model works on the assumption that
creep strain rate depends not only on the applied stress, but also takes into
account the amount of damage sustained. This model shows a very high
correlation in the primary and secondary creep between the experiments
and predictions, and a slight deviation is noticed when the material gets
into the tertiary creep stage. Therefore, the Liu-Murakami model can be

satisfactorily applied across the whole range of creep damage of materials.

Continuum damage models are used to describe damage in materials, such
as microvoids or microcracks initiation and propagation until failure. The
concept of continuum damage mechanics was firstly introduced by Kachanov
[100]. A method to consider the degradation of constitutive properties, in-
tegrated with a theory for life prediction is provided by the method of
continuum damage mechanics. The original ideas of Kachanov [100], is in-

spired by the observation that, at temperatures above about half of melting

34



2.4. CREEP FAILURES

temperature, grain boundary cavities form with time. The cavities nucle-
ate, grow and eventually coalesce to form a major crack which leads to final
creep rupture. This type of model can be very useful in modelling creep
where microvoid initiation and coalescence occurs. This can also be even
more applicable to LPBF materials which have higher porosities than their

conventionally manufactured equivalents.

2.4.2 Creep behavior of metamaterials

In recent years, the equivalent creep strength of cellular or metamaterials
has been extensively studied. Gibson and Ashby [101] derived an analytical
expression (GA model) to predict the creep rate of honeycombs basing
on the assumption that the bending of solid strut perpendicular to the
compressive load is the dominant deformation mechanism. The steady
creep rate and creep failure time for a closed-cell aluminum foam has been
investigated by Andrews et al. [102], and the results indicate that the creep
property of foam materials is impacted significantly by the strut dimension
and creep parameter. The creep strain rate is affected significantly by
the relative density, microstructural imperfection and the creep parameters
of solid cell struts [103]. Fan et al. [104] investigated the uniaxial and
multiaxial creep behavior of low density open-cell foams and proposed a
modified GA model by taking the mass at strut node into account. The

analytical model agrees well with the simulation results.

Boonyongmaneerat and Dunand [105] developed a set of theoretical expres-
sions to investigate the creep rate of the metallic foams. The results indicate
that the dominant creep deformation mechanisms of the strut transform
from bending to shearing, and then to compression as the relative den-

sity increases. Lin and Huang [106] investigated the compressive creep
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properties of the hexagonal honeycombs and derived a set of formulas to
predict the elastic buckling strength and the creep-buckling life. The re-
sults show that the solid distribution is dominant influencing factor for the
creep-buckling life, and the failure mechanism changes from creep-bending
to creep-buckling as the relative density increases. Andrews et al. [101] and
Andrews et al. [102] proposed a model to calculate the creep-rupture life of
the foams based on the Monkman—Grant relationship. The results indicate
that the creep-rupture life can be predicted accurately when the creep rate
and creep constants are determined. A creep-rupture model of open-cell
foams has been derived Chen and Huang [107]. The results indicate that

the creep-rupture time is sensitive to their cell structural imperfection.

Although the creep behavior of the cellular metamaterials has been studied
extensively in recent years, how to calculate the creep-rupture and effects
of microstructures in creep life due to manufacturing defects is still unclear
for the truss lattice structures. Therefore, in this work, I have investigated
the creep-rupture failure time of a BCC based truss lattice structure via
the Kachanov’s damage models. Moreover, how the microstructural defects

affect the creep life has been studied fully.

2.5 Research gap

The term “metamaterial” refers to a newly discovered category of man-
made materials called “engineered materials.” These materials are created
to have features that are superior to those found in natural materials. In
recent years, metamaterials have attracted a growing amount of interest
due to the fact that they are able to alter light, sound, and several other

types of energy in ways that were not before feasible. The creation of
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metamaterials, which are composed of carefully ordered components or
“units” that interact with one another to generate desired behaviors, makes
it feasible to do this manipulation [108]. Metamaterials are comprised of
“units” that interact with one another. Metamaterials may be engineered
to have a variety of features, such as a negative refractive index and the
ability to conceal acoustic energy, and they have the potential to be used

in a broad variety of contexts.

To develop and optimise metamaterials, however, one often needs an in-
depth knowledge of the failure processes and mechanical behaviors of the
materials one is working with. This is because of the complicated nature
of metamaterials. This work will offer an overview of the study of failure
causes and mechanical behaviors of metamaterial designs, with a specific
emphasis on two-dimensional metamaterials [109]. The study will also in-
clude a particular focus on how disorderliness may be used to create new

optimised truss lattice metamaterials.

It is common practice to organise the constituent parts of a metamaterial
in a periodic arrangement, which simply means in a pattern that repeats
itself. This periodic arrangement of the units enables the metamaterial to
exhibit characteristics that are desirable throughout a broad range of ap-
plications. Because the properties of the material can be tuned by altering
the arrangement of the units, the periodic arrangement also enables the
metamaterial to have a high degree of control over the properties that it
produces. This is made possible by the fact that the units are arranged in

a periodic pattern.

Failure mechanisms are the processes that a material goes through that
cause it to not function as it was designed to. The kind of metamaterial,

the configuration of the components, and the external stress conditions
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all have a role in determining the failure processes of metamaterials. It
is impossible to successfully develop and optimise metamaterials without

first having a comprehensive grasp of the failure processes involved.

Plastic deformation, mechanical fatigue, and electrical breakdown are the
three failure modes of metamaterials that occur the most often. Plastic
deformation takes place when a material is exposed to a force that is larger
than its yield strength. This causes the material to permanently distort
as a result of the stress. Cracks and other damage might appear in the
material as a consequence of cumulative strain if the material has been
exposed to cyclic loading, which is what causes mechanical fatigue. Elec-
trical breakdown happens when the material in question is exposed to a
strong electric field, which ultimately leads to the substance’s destruction
and failure [110]. Other types of failure processes, such as chemical cor-
rosion and heat failure, are also possibilities in some metamaterial design

implementations.

The types of metamaterials, the arrangements of the components, and the
circumstances of the external loading all play a role in determining the
mechanical behaviors of metamaterials. Both elastic and inelastic mechan-
ical behaviors may be exhibited by metamaterials. These behaviors can be
classified according to their respective terms. When a material is exposed
to a force and then returns to its original form once the force is withdrawn,
the material is said to be exhibiting elastic behavior [77]. When a material
is exposed to a force, and when the force is withdrawn, the material does
not return to its previous form, then the material is said to be exhibiting

inelastic behavior.

The mechanical behavior of metamaterials is often defined by the material’s

modulus, which is a measure of the material’s stiffness and may be thought
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of as a measure of the material’s resistance to deformation. The modulus of
a metamaterial is governed not only by the components that compose it and
the order of those elements, but also by the circumstances of the external
loading [62]. Metamaterials that have lower moduli have a tendency to be
more malleable, whereas those with higher moduli have a tendency to be

stiffer and less prone to deformation.

The ductility of a metamaterial is defined by the degree to which a material
can sustain plastic deformation under tensile stress before failure, and it
may also be used to define the mechanical behavior of a metamaterial. The
amount of ductility a metamaterial provides is dependent not only on the
kind of element that is used but also on the arrangement of the components

and the circumstances of the external loading [80].

According to the study that has been done [55, 111], there are a number of
research gaps that need to be filled in order to increase our knowledge of the
mechanical characteristics of metamaterials. To begin, there is a need for
more investigation into the ways in which the mechanical characteristics
of metamaterials are influenced by a variety of various kinds of external
loads. In addition, there is a need for more study to be conducted in
order to examine the impacts of manufacturing defects on the mechanical
characteristics of metamaterials. In conclusion, there is a need for more
investigation into failure mechanisms, the use of machine learning to the
task of identifying optimised designs and manufacturing defects affecting

mechanical characteristics such as creep.
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2.6 Summary

In a nutshell, metamaterials are artificial man made materials that are
inspired by natural materials. This results in the creation of novel com-
binations of physical characteristics that has a resemblance in the nature.
The mechanical characteristics of a metamaterial are often what defines
it, and these qualities are influenced by the sort of component materials
employed, the structure of the material, and the production method. In
addition, research published in academic journals has investigated the use
of machine learning with the goals of determining failure processes in meta-
materials and analysing the impacts of various types of external stresses on
the material. Finally, the ability to work in a wide range of applications of
the metamaterials is an important factor in determining their mechanical
properties such as ductility, strength and creep. A number of research gaps
have been identified in the existing body of literature, and these gaps need
to be addressed in order to improve our understanding of the mechanical

properties of metamaterials.
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Methodology

3.1 Introduction

The following section outlines the superficial methodology employed in this
study. The main objective of this study is to investigate the failure mecha-
nisms and mechanical behaviors of metamaterials manufactured using AM
techniques. The metamaterials under investigation contain various types
of defects, which I aimed to quantify and analyze. To achieve this, I used
MATLAB and ABAQUS software for metamaterial modeling and simula-
tions. The general outline of the work is shown in Figure 3.1, along with

the tools used in this study.

I began by studying the effects of geometrical and dimensional defects
on the mechanical behaviors and failure mechanisms of the metamateri-
als. Specifically, I examined the impact of distorted struts, missing struts,
and strut diameter variations on the overall mechanical properties of the
material. A novel numerical framework has been developed to overcome

computational difficulties such as strut buckling and excessive distortion
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Figure 3.1: Methodology flow chart, summarising the work flow of this
study

on lattice metamaterials, beyond the elastic region. The results of the
numerical simulations were used to analyse the failure mechanisms of the

metamaterials and their mechanical behaviours under multi-axial loading.

Next, I employed a machine learning or Artificial Neural Networks (ANN)
based data-driven methodology to optimise the design of the metamaterials
and make use of the geometrical inaccuracies to our advantage. By chang-
ing the failure mechanisms of the metamaterials, I aimed to increase its
ductility while minimizing the loss of stiffness and strength. Then, the ex-
perimental testing was conducted to validate the numerical models and to
study the mechanical properties of the fabricated metamaterials. The me-
chanical properties of the metamaterials, such as load-displacement curves

till failure, are measured using a universal testing machine.

Finally, I investigated the creep behavior of the metamaterials. I conducted
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the tensile test at elevated temperatures (650 °C) to understand the effects
of microstructures on creep resistance. I analyzed the creep behavior of the
metamaterials and compared the results under different loading conditions.
This study provides valuable insights into the complex micro-structures of

the metamaterials and how they affect their mechanical properties.

Overall, this study provides a comprehensive analysis of the failure mech-
anisms and mechanical behaviors of metamaterials. Our use of AM and
data-driven methodology provides new avenues for improving the design of

metamaterials and optimising their mechanical properties.

3.2 Limitations

While the methodology used in this study provided valuable insights into
the failure mechanisms, mechanical behaviors, and design optimisation of
mechanical metamaterials, it is important to acknowledge its limitations.
The following are some of the limitations that should be considered when

interpreting the results of this study:

e This study focuses mostly on a specific type of stretch dominated
deformation mechanism metamaterials Face Centred Cubic (FCC)
and Body Centred Cubic (BCC), and the conclusions may not be
applicable to other types of metamaterials or other manufacturing

techniques.

e The study focused on only three types of imperfections: distorted
struts, missing struts, and strut diameter variation. Other types of
defects such as surface quality, porosity, and surface cracks, may have

different effects on the mechanical behaviors of the metamaterials.
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e The data-driven approach I have used to design the metamaterials
is based on a limited amount of data, and the performance of the
resulting designs may be sensitive to changes in the data set or the
training process. Furthermore, the approach assumes that the geo-
metrical defects in the metamaterials can be accurately characterized

and controlled, which may not be feasible in practice.

e The study of creep behaviour of metamaterials was conducted at a
specific temperature, and the results may not be applicable to other
temperature. Further investigations are needed to fully understand
the effects of microstructure on the creep behaviour of metamaterials
under different environmental conditions. Additionally, the experi-
mental validation of our methodology was limited in scope, and more
extensive testing is needed to fully assess the effectiveness and relia-

bility of the approach.

e One limitation of using 2D lattices instead of 3D lattices is the po-
tential loss of accuracy or realism in representing complex spatial
relationships. While 2D lattices can be useful for modelling certain
mechanical behaviours, they may not fully capture the intricate in-

teractions and dynamics that occur in 3D space.

3.3 Summary

Overall, this methodology provides a comprehensive approach to investi-
gate the failure mechanisms and mechanical behaviors of metamaterials
under different conditions and develop improved designs with desirable
properties. The methodology employed in this study combines numerical

modelling and experimental testing to investigate the mechanical proper-
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ties of mechanical metamaterials. The numerical simulations provide a
detailed understanding of the mechanical behaviour of the metamaterials
under various loading conditions and the effects of defects on their me-
chanical properties. The experimental testing validates the accuracy of
the numerical models and provides insight into the mechanical properties
of the fabricated metamaterials. The results of this study contribute to
the development of mechanical metamaterials with improved mechanical

properties using AM technologies.
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Chapter 4

Localisation and coalescence of
imperfect planar FCC truss
lattice metamaterials under

multiaxial loadings

4.1 Introduction

AM technologies have numerous advantages over most traditional manufac-
turing methods, the most distinct of which is its flexibility to manufacture
complex geometries with little or no cost or time penalty [20, 112]. An-
other advantage is in low volume manufacture, where the lack of moulds
or tooling can make AM cost effective, this is especially advantageous for
tailored products. AM has spurred recent interest in cellular lattice struc-
tures as the technology enables a range of cell types, functional grading
and conformity to complex external geometry not achievable with any other

manufacturing method [113, 114]. Many researchers are involved in design-
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ing complex structures via the use of lattices with different unit cells and
relative densities [115]. Kohnen et al. [116] studied plastic deformation
behaviour of FCC and hollow spherical lattice structures under tensile,
compressive and cyclic loadings. In this study FCC lattices revealed a
stretch dominated deformation behaviour, while hollowed spherical lattices
revealed bending dominated deformation behaviour. Vigliotti et al. [117]
established a nonlinear constitutive model for truss lattice materials. In
this study, the influence of Representative Volume Element (RVE) is dis-
cussed. The hexagonal and the triangulated lattices were selected as case
studies and discrete models compared to the prediction of the continuous
model. The results found a good qualitative and quantitative agreement
among models. Geng et al. [118] showed differences in the fracture modes
of three lattice structures and the evolution processes of damage variables
using ductile and shear damage models. Alsalla et al. [119] presented a
method for estimating the local failure mechanism of 316 L stainless steel
lattice material under uniaxial tensile and three-point bending loads. The
results show that the tensile strength and fracture toughness of the lattice

structure in different directions are different.

The above research demonstrates research in the design of lattices for AM
and both experimental and computational analysis of their mechanical
properties and failure modes, however, another important aspect that is
less studied is the effect of defects on lattice performance. It is inevitable
that additively manufactured lattice structures will contain defects not in-
cluded in the designed (perfect) geometries [120, 121]. Real truss lattices
typically contain material and geometric imperfections that may strongly
influence their elastic and plastic responses and failure mechanisms. While
predictive models of perfect lattices have been used to evaluate both lin-

ear and non-linear responses under applied stress [122, 123], they generally
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fall short in capturing the experimentally observed response of imperfect
lattices. Liu et al. [124] investigated the effect of geometric defects on the
elastic response, damage initiation and evolution of three-dimensional octet
and rhombicuboctahedron periodic structures manufactured by Laser pow-
der bed fusion (LPBF) process. Wehmeyer et al. [125] presented analytical
and reduced-order numerical solutions to predict post buckling behaviour
in cellular structures including the role of geometric imperfections. They
provided regime maps that shows lattice strut configurations that lead to
permanent deformation after unloading, strut failure and enhanced hys-
teresis during cyclic loading. Other studies on imperfect lattice structures

include [126, 127].

In metallic solids, ductile behaviour, and failure mechanisms such as lo-
calisation and void coalescence are the main failure mechanisms impacting
structural integrity. The field of ductile fracture has been extensively re-
searched for solid isotropic materials, resulting in more reliable damage
models and localisation criteria. An example is the recent work related
to stress triaxiality dependency [128-130]. The micro-mechanisms govern-
ing ductile shear failure was investigated by Tvergaard et al. [131] using
a 2D plane strain numerical cell-model of a single row of equal sized cir-
cular cylindrical voids under shearing. As a first, Tvergaard et al. [132]
demonstrated that a maximum load bearing capacity for a ductile material
was attained in a shear field due to micro-void interaction. Anderson et al.
[133] showed that, during shearing, the voids flattened to form micro-cracks,
which rotate and elongate until interaction with neighbouring micro-cracks
results in coalescence. Failure mechanisms are thereby seen to change with

different conditions of stress triaxiality.

The five generic scenarios of localisation and void coalescence failure mech-

anisms in solids are illustrated in Figure 4.1. Mechanism 1 is localised

48



4.1. INTRODUCTION

‘ Mechanism 2 ‘ | Mechanism 3 | ‘ Mechanism 4 ‘ ‘ Mechanism 5 ‘

o 0 x ¢

N \ o O o
NN RN AN @ O
~
~- O (¢
N Q)

Q o 0 Q o 0

Macroscopic plastic localized dominated failure mechanisms Void coalescence dominated failure

mechanisms

Figure 4.1: Five generic scenarios of ductile fracture in isotropic solid ma-
terials [6]

plastic flow failure in pure metals only, Mechanism 2 is void nucleation
after macroscopic localisation into shear band, Mechanism 3 is shear band
localisation owing to porosity present in the metals, Mechanism 4 is failure
by void coalescence or occurrence of localisation and void coalescence simul-
taneously, and Mechanism 5 is the subset of Mechanism 4, distinguished
as cluster localisation of few voids instead of macroscopic localisation ex-
tending over many voids. The ductile failure of solids is often related to
progressive nucleation, growth, and coalescence of micro-voids and micro-

scopic localisation.

It is proposed that lattice structures may exhibit comparable mechanisms
of micro-localisation before final failure depending upon the type of defects
and state of stress. It is further proposed that imperfections present in lat-
tices will lead to the onset of microscopic localisation or void coalescence,
which may serve as an effective indicator of a material’s ductility. This is
the precursor to failure and marks the limit that a uniform strain can be
imposed on the material. Pursuant of this hypothesis, the effects of triaxi-
ality on imperfect lattices and their failure behaviour are comprehensively

studied in this chapter.
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(a) (b) (c)

h

X2

R

Figure 4.2: Representation of FCC truss lattice metamaterials with and
without manufacturing defects (a) perfect lattice, (b) distorted lattice, and
(c) missing struts lattice

The chapter is organized as follow. A classification and modelling of lattice
defects are presented in Section 4.2 along with possible failure mechanism
identified in this chapter. The development of the model, along with numer-
ical implementation is described in Section 4.3. The results of the numerical
simulations are presented and discussed in detail in Section 4.4. Section

4.5 contains concluding remarks and suggestions for further research.

4.2 Imperfect lattice structures and failure

mechanisms

4.2.1 Classification and modelling of imperfect lat-

tices

Common geometric defects in the manufacture of FCC truss lattice meta-
materials through powder bed fusion can be classified into the following

categories [134, 135], as shown in Figures 4.2 (a) to (c).

1. Distorted struts can be characterized by node deviation from the

collinear axis of the as-designed struts [136]. Additionally, some of the
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distorted strut cellular geometries are inspired by the natural cellular
materials with desired or extreme mechanical properties, this has
been discussed later in this work with details. As shown in Figure 4.2
(b), nodal distortion of FCC truss lattices causes misalignment in the
attached struts. Modelling of distorted struts was achieved through
introducing geometrical perturbation to the nodes of a perfect FCC
truss lattice. Let (2%, %) represent the spatial coordinates of the i'"
node within a perfect FCC truss lattice. The new position of the

node (f"l,fg) after perturbation can be written as:

' ' 12 1+ K2
f;:x1+6(a Z ) (4.1)

, , 2+ h?
Ty =ay+ (a 1 > (4.2)

where 5 (=1 < f < +41) denotes a random variable following a
uniform probability distribution, a the degree of irregularity , and
[ and h are the lengths of the unit cell in the x; and x5 directions,
respectively (see Figures 4.2 (a) and (b)). Romijn and Fleck [137]
studied five lattice types, namely Square, Diamond, Hexagonal, Tri-
angular and Kagome, with randomly perturbed nodes in the range
of irregularity 0% (perfect lattice) to 50% (extremely imperfect lat-
tice). They showed that the relative density remains the same with
perturbed nodes, however, the elastic modulus and fracture tough-
ness are highly sensitive to strut distortion, this also being dependent
on the lattice type. In the current chapter, degrees of irregularity of
a = 15% and 30% were chosen, in order to prevent impingement of
adjacent nodes of FCC truss lattice and to demonstrate strain local-

isation and the effects of a stress state beyond the elastic limit.
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2. Missing struts are modelled to study the effects of absent struts
caused by incomplete fusion in the material. It is generally accepted
that randomly missed struts widely exist in lattice structures. The
missing struts were modelled in this work through randomly removing
struts from a perfect lattice, as illustrated in Figure 4.2 (c). Let k
denote the number of struts that were removed from a lattice of n
struts. The level of the manufacturing defect with missing struts can
be quantified through n = k/n. Su et al. [138] and Chen et al. [139]
studied missing strut effects ranging from 1 = 0% to 10% and showed
that the mechanical properties of lattice structures are very sensitive
to the quantity of missing struts. In the current chapter, n = 5% and

10% were selected for the numerical study.

3. Dimensional inaccuracy can be caused by over-melting or over
heating during LPBF, which results into deviations from circular
cross-sections to ellipsoidal [140]. Arabnejad et al. [141] studied such
variations in strut diameter and noted a variation from 45% reduc-
tion to 100% increase in strut diameter. In this chapter, the effect of
dimensional inaccuracy on the failure modes of lattices is investigated
by the use of three different diameters; 0.5d, 1.0d and 1.5d where d

is the initial diameter of the struts.

4.2.2 Failure mechanisms

In this chapter, I have discovered five failure mechanisms of FCC truss
lattice metamaterials with and without defects as shown in Figure 4.3, that
are analogous to well-known failure mechanisms seen in isotropic solids.

These are discussed below:
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1. Mechanism 1 occurs for lattices buckling predominantly under com-

pressive loading.

2. Mechanism 2 is analogous to non-porous solid failure due to plastic
localisation in shear band by various possible mechanisms such as
dislocation slipping. Following the formation of the plastic localisa-
tion inside of band, voids coalesce, leading to final separation. This
mechanism occurs due to high stress concentration near a crack tip
in solid structures. In lattice structures, lattices with distorted nodes
may fail in an analogous fashion due to the abrupt change in load

path that this causes.

3. Mechanism 3 corresponds to the occurrence of localisation prior to
void nucleation induced by accumulated porosity. Lattices with lo-
calised insufficient powder melting and fusion can may have ineffec-
tive joining between some struts, which can be considered as having
the same effect on mechanical response as a missing strut. The miss-
ing struts act as voids in lattice structures and failure occurs owing

to shear band formation or strain localisation.

4. Mechanism 4 involves nucleation and localisation occurring simul-
taneously without prior localisation owing to the growth mechanism.
In this case, the onset of coalescence dictates the onset of macroscopic
localisation and is caused by missing struts. One of the primary ob-
jectives of the present chapter is to demonstrate, the different degrees

of a particular defect may lead to different failure mechanisms.

5. Mechanism 5 could be considered as a subcategory of Mechanism 4,
i.e. lattices with missing strut defects may have clustering of missing
struts which propagates through repeated coalescence. Cluster coa-

lescence will often take place in a region involving a few more closely
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Figure 4.3: Three failure modes subdivided into five generic scenarios of
localisation and void coalescence mechanisms observed in lattice structures
with and without defects. In Mechanism 1, a perfect lattice is subjected to
compressive loading in z-direction; In Mechanism 2, an imperfect lattice
with 15% distortion is under tension in z,-direction; In Mechanism 3, a
lattice with 5% missing strut is under compression-tension loading with
same magnitude in x; and x5 directions, respectively; and In Mechanisms 4
and 5, lattices with 5% missing strut defect are subjected to biaxial tension
with different magnitude. The objective of this chapter is to distinguish
between failure mechanisms associated to different types of defects in FCC
truss lattice metamaterials under multiaxial loadings (default ABAQUS
color theme has been used to demonstrate logarithmic strain in struts)

spaced missing struts and/or experiencing large plastic strain.

4.3 Numerical framework

Existing numerical studies [130, 142] on the effects of triaxiality for two di-
mensional or three dimensional solids have been conducted using an implicit
Finite Element (FE) solver such as ABAQUS Standard (Dassault Systemes
[143]). The constant triaxiality 7" was imposed by utilizing a multi-point
constraint with the help of user defined subroutines (MPC subroutine in

ABAQUS Standard). In the MPC subroutine, user defines constraints to
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be imposed between different degrees of freedom of ever-changing boundary
conditions, by calculating displacements, iteratively. However, in simula-
tions of complex lattice structures and their post buckling behaviour, the
ABAQUS Standard solver may present a convergence issue. To overcome
such numerical difficulties, the ABAQUS Explicit solver was employed in
the current study. Since the MPC subroutine can not be employed in con-
junction ABAQUS Explicit, the following methodology based on constant

triaxiality was developed to simulate lattice structures.

A2
] )
k, RVE
. R
Mé/w\ivl 1
) . 7
Ve S
- 5 A ma,
5 iz >
":E RIS ma, R]Rer
¥ RS
Bottom Couplingequations 2
(b) (c)

Figure 4.4: (a) 2-dimensional structure with predefined band subjected to
multi-directional stretch, (b) the top, bottom, left and right surfaces of
RVE subjected to constraints imposed by a dummy node M, so that the
concentrated forces applied to node M by the springs are fully transmitted
to the RVE, and (c) the free body diagram of the dummy node M, showing
the forces acting on node from RVE (RFVF j = 1,2), spring (R7) and
dynamic inertia (ma;)

Numerical simulations were conducted to investigate FCC truss lattice
metamaterials under plane stress as the out-of-plane thickness of a truss
lattice is much smaller than the in-plane dimensions and the loads are ap-
plied in-plane. Consider the RVE of a FCC truss lattice under the global
coordinate system x; — xo — x3 subjected to in-plane principle stretches
A1 and Ao, as shown in Figure 4.4 (a), as well as principle out-of-plane
stretch A3. The RVE consists of k; unit cells and has a bulk volume of

Q (2 =W, x Wy xd) at the deformed configuration. A shear band lo-
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calisation containing failed struts may form within the lattice under the
stretches. Let & (i = 1, 2, 3) denote the local coordinate systems that are
attached to the band with & perpendicular to the shear band, & aligned
with the longitudinal direction, and &3 aligned with z3. I introduce vec-
tors &; aligned with global coordinates z;; i and t aligned with band local
coordinates &; and &, respectively. The applied strain components in the
remote area parallel to principal axes lead to stress state with principal

stress components (X7, Xa), i.€.

EO - leél ® él + Eggéz ® é2 (43)

The stress triaxiality 7" and effective stress X, s, describing the stress state,

can be defined as

S+ 3
7 Zut e (4.4)
3Vesy
or
ign (Xg2) (1
T — Slgn( 22)( +p) (45)

3V(PP+1-p)

where Zeff = \/% [(211 — 222)2 + (211)2 + (222)2} and P = 211/222.

The numerical simulations were performed under constant 7" or constant p
using the method described below. A dummy node, M, which is not part
of the structure, was created to impose boundary conditions, see Figure
4.4 (b). Let uj’ and uy" denote the displacements of M; (s 1, Uy ),
(Uright 15 Uright2)s (Yop1s Uiopa)s AN (Upoptom 15 Upoptom 2) the displacement
nodes on the left, right, top and bottom edges of the RVE, respectively. The
displacements of the nodes on the top, bottom, left, and right edges were

coupled to the corresponding displacements of node M by means of periodic
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boundary conditions (PBCs) [144] defined by the following equations

M M
Uright 1 — Uleft .1 = Uy and Utop_2 — Ubottom 2 = Uy (46)

In this way, the point force applied to node M is fully transmitted to the
lattice structure. The macroscopic stresses acting on the lattice structure

can be expressed as:

RRVE - REVE _
211 = T, Al = (Wg + Uéw) d and 222 = 1242 ,AQ == (W1 + u{”) d

(4.7)

where RIV" (j = 1,2) denotes the concentrated force corresponding to the
x; direction of node M; A; and A, are the areas of the left/right and
top/bottom edges of the RVE, respectively; d the strut diameter; W, and
Wy widths of the RVE in the initial configuration in z; direction. Two
additional dummy nodes N; are created and connected to dummy node M
using a spring element of spring stiffness coefficient Ej (SpringA element
of the ABAQUS element library [143]) as shown in Figure 4.4 (b). Hence,

the force RJS transmitted from nodes N; to node M can be calculated as:

Rf =k; <u§w — U 7) (4.8)
where u;-vj is the displacement of node NNV;. Hence, the point forces acting

on the RVE, RIV", can be calculated by applying force equilibrium (Figure

4.4 (c)).
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RVE _ 7. N M
R7E =k (uj’ — U ) — ma; (4.9)
where m and a; are the mass and acceleration in x; direction at node M,
respectively. Hence, to keep the stress triaxiality constant, the following

parameters need to be satisfied at each incremental strain,

_Zn
Z322

N» MY T M
1(}\[ ul) mal}(Wl—i-ul)d:p (4.10)

[T (u
= t — a—
O T (" — ) — may} (W + udl) d

If the mass m and accelerations a; at node M are nullified by using very

small mass (1078), Equation (4.10) becomes

Py =
p:i: const = p=Fku
)
with (4.11)

(ujlvl —u{w) (?1 —I—u{‘/f)}
(ué\f2 —ud!) (Wy + ud?)

?:{@}, H:{
ko
Ny

In the above equation, the displacement components u; év 2

and uy? are pre-
scribed values for node NN;. The displacement components of node M at
each increment can be calculated through Equation (4.6). Note that, in
Equation (4.11), I can tune the values of % and @ to maintain p constant

using the method described below.

Numerical calculations suggested u}? and u}! were very small quantities,
ie. uj‘/[ < Wj. Hence, I controlled w ~ —1 or 1 (depending upon the state
of stresses) via prescribing very large values to u)' and u)? (u)'=ud?).

Therefore, a constant triaxiality could be maintained by maintaining a

constant k. In the numerical simulations, the kinetic energy of the system
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was maintained at less than 5% of its internal energy to ensure that the
process was quasi-static. The ABAQUS Standard solver is not subject
to convergence issue for all cases. Hence, the current methodology using
ABAQUS Explicit solver was compared with ABAQUS Standard solver
results for possible cases without any convergence issues. The results are
presented in APPENDIX A.1, which shows that the two methodologies are

comparable.

Under the principle stretches, the macroscopic logarithmic strain tensor E°

and rate of deformation E° read

EO - Enél ® él + E22é2 ® ég + E33é3 ® é3 (412)

EO == Ellél ® él —+ Eggég ® é2 —+ Eggég ® ég (413)

where the components of the two tensors can be calculated as:

By = %/an-d@ =In\, E;= %/Qén-dfl = )\i)\ (4.14)
where €; (i = 1,2,3) denotes the microscopic logarithmic strain within
the RVE. Next, I consider strain inside the shear band. At the current
configuration, the averaged logarithmic strain inside the band of thickness
H at an angle 6 | with respect to coordinate z; (Figure 4.4 (a)), is equal
to the sum of uniform strain in remote area plus the additional strain
associated with additional band displacements A; and A, under the local
coordinates ¢&; (A = At + Ayn). The averaged logarithmic strain rate

tensor within the band E? can be written as:
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: : O A, A o
E'— E° + (1 _ —”> (—1t+ §n> Qh=f (Al,AQ,Al,A2,9> (4.15)

The following method was employed to calculate E’ in the simulations. Let
Q2 denote the volume of a shear band at the deformed configuration, see
Figure 4.4 (a). The averaged logarithmic strain rate tensor in the band can

be described as:

E’ = Flé ® ¢ (4.16)

with the components of the tensor calculated as:

EY = % g eh.dQ (4.17)
where éfj denotes the microscopic logarithmic strain rate within the band.
The formation of localisation in lattice structures is difficult to visualize
due to the presence of randomly distributed defects in a large domain. To
calculate efj and visualize band strain, the nodal displacements at joints of
FCC truss lattices were extracted from the detailed FE solutions and used
as the input to create a continuum plot of the displacement field using 2D
triangular solid elements. The microscopic strain tensor inside the band can
be calculated using the finite element formulation described in APPENDIX
A2.

The ratio between the equivalent strain within the band qu and macro-
scopic equivalent strain F, plays an important role in the identification of

failure mechanisms, i.e.
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qu/Eeq = (b <}\17 }\27 AI; AZ; 6) (418)

The additional band displacements A;, Ay and shear band angle 6 would
vanish if no localisation takes place in lattice structure. The accumulated
equivalent logarithmic strain within the band and far field can be defined

by Hill’s equivalent strain [145], derived below.

4.3.1 Plastic collapse surface and effective stress-strain

The theoretical framework to construct continuum constitutive model for
octet-truss lattice materials were provided by [146]. The same methodol-
ogy is being used to obtain elastic properties of FCC truss lattice. The
FCC unit cell along with its unit vectors is sketched in Figure 4.5. Let N
define the linear transformation that relates macroscopic strains to micro-
scopic strains under small strain deformation. The components of N can

be determined by the components of tensor for the strut member, i.e.

(7
Ng

ngﬁ} n{ﬂs}

Figure 4.5: FCC unit cell and its unit vectors

61



4.3. NUMERICAL FRAMEWORK

{nd'@n} . forj=1,2
ji (4.19)

{N}i; = S
{nél) ® n(()z)}w : for j =3

where unit vector n(()i) is aligned with the initial direction of the longitudinal

axis of the strut. The macroscopic strain vector, E = [Ejy, Fag, 2E15], and
microscopic strain vector, ¢ = [¢M,e®) B @) £6) 26) (M) ()] can be

summarized as:

e =NE (4.20)

The macroscopic stress vector, ¥ = [¥11, Yag, X12], can be written using

transpose of localised strain matrix in the form of microscopic stress vector,

o= [o1),6® 6@ oW 5O 50 o0 ;O]

Y =coNo (4.21)

At macroscale, the elastic stress-strain relationship can be given as:

Y=KE, or E=K'Y% (4.22)

where K is the symmetric macroscopic stiffness tensor of the lattice mate-

rial and is given as:

K = EcyN'N (4.23)

where cq is the diagonal matrix consisting volume fractions of each struts
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and F is elastic modulus of the parent material.

Table 4.1: Components n() and nD2 of i unit vectors n¥ of individual
beam members within unit cell

nél) TL(()2) n((]?)) TL(()4) ng5) né6) n(()?) TL(()S)

n) 12 1V2 V2 12 1 0 1 0
nd 1V2 0 1/V2 0 —1/V2 =120 1 0 1

Components of unit vector of unit cell are given in Table 4.1 and from this

stiffness tensor of FCC truss lattice can be given as

K Ky K 0.0354 0.0146 0
K= | Ky Ky Ky |=FE]| 00146 00354 0 (4.24)
K31 Ksp Kss 0 0 0.0146

From Equations (4.20) to (4.23) at microscale under elastic limit stress

tensor can be rewritten as:

c=NK'% (4.25)

This microscopic stress equation has been used to establish plastic yielding
of struts. I calculated plastic collapse surface of the FCC truss lattice
under combination of multiaxial loadings and proceed to establish a Hill’s

model-based calculation of the equivalent plastic strain as given below.

4.3.2 Plastic collapse surface

In the analytical solution I have assumed that the struts are pin-jointed
and made from rigid, ideally plastic material. The accuracy of analytical
solution has been validated using FE calculations. In the FE analysis each
uniform cylindrical strut has been modelled by 50 Timoshenko beam ele-
ments (B21 element in ABAQUS) and has equal length in horizontal and

vertical direction. The strength of stretch dominated lattice structure with
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10% relative density shows three times stronger than the foam compared to
bending dominated foams [147, 148]. Hence the value of relative density has
been taken as 0.10 for our investigation [149]. The material was assumed
to be elastic-plastic following Ramberg-Osgood Equation with hardening
exponent n = 100 during FE calculations. The FE simulations has been
terminated when local strut stress reaches yield stress o, = 168MPa of par-
ent material. The macroscopic collapse stress is calculated from Equation
(4.25) equating microscopic stress to yield stress.

To calculate the yield surface under the combination of »;; and ¥5,, Equa-

tion (4.25) was employed with ¥ = 0, i.e.

o) = 6@ = ) = 51 = 105, + 105y, = |0, |
0'(5) = 0'(7) = 34211 — 14222 = |O'y‘ (426)

0® = o) = —14%; 4 3459, = |0,

Similarly, to  calculate  yield surface under  pure  shear

(X11 = X2 = 0,312 #0), i.e.

o) =g =343y = |o,|
o® =W = _345, = |o,| (4.27)

o) — 56 — 50 — 58 —

where () is local axial stress of i strut shown in Figure 4.5. The macro-
scopic yield stresses were calculated for a variety of proportional stress
paths and plotted in the relevant stress space to give the plastic collapse
surface. The plastic collapse surface under combinations of applied stress
(311, X92) obtained from Equations (4.26) and (4.27) has been plotted in
Figure 4.6.

The FE calculations has been included in Figure 4.6 shows good agreement
with analytical solution. Note that plastic collapse of FCC truss lattices is

driven by horizontal and vertical struts in this space, which has also been
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Analytical solution
—FE calculation
——— Hill's yield surface

Figure 4.6: Comparison between the analytical, FE and Hill’s yield crite-
rion predictions of plastic collapse surface

observed in FE calculations.

4.3.3 Anisotropic plastic strain

In this section I will use Hill’s generalisation of von Mises yield criterion
for materials with anisotropic property. With respect to the principal axes

of anisotropy, Hill’s yield criteria have the form:
2 _
P=%,-1=0 (4.28)

where the applied macroscopic stress is characterized by the equivalent

stress measure given by for 2-dimensional space [150]:

Sea =\ (G + H)S3 + (F + H)S3, — 2HS) So + 2155, (4.29)
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In above equation F, G, H, and I are material constants which characterize

the degree of anisotropy and can be expressed as [145]:

o 2
F= % ay T @y~ @y
o 2
G — ( g) (Z§3>2 + (E;)Q - <2§2)2 (430)
2
=% Gy Y ey~ @y
2
- 2?2(;;2))2

From Equations (4.26) and (4.27) one can calculate uniaxial and shear yield
strengths (3¢, X4,, ¥2Y,) with respect to material principal axes. The out
of plane yield strength has been taken as ¥%; = 0.10, (0.1 is the relative
density of FCC truss lattice) to calculate material constants. Equation
(4.29) has been plotted in Figure 4.6 and shows a reasonably good agree-
ment with analytical and FE solutions under combination of tension and
compression. However, it dramatically overestimates the yield surface un-
der biaxial tension and compression. The Hill’s criterion has been explored
to show FCC truss lattice anisotropic behaviour and to establish equivalent
plastic strain equation for anisotropic material. From these parameters the
equivalent plastic strain of an anisotropic material can be calculated, using

work conjugation given as [145]:

1 2
E., = {FH+FG+GH[(F+H> (En1)” +2H (B Ea) +

(4.31)

5 Y 1/2
m+Hw@ﬁ+2@m]}

The above equation has been extensively used to quantify localisation and

coalescence.
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Figure 4.7: Schematic diagram of evolution of normalised equivalent band
strain against equivalent remote strain

4.3.4 Failure mechanisms criterion

Macroscopic localisation occurs when parts of a lattice in a band plasti-
cally deform while remote regions remain elastic. This criterion is used to
identify localisation of the structure, i.e. (1) when E, /E., increases ex-
ponentially, the onset of localisation occurs; and (2) when Eé’q / Ee, exceeds
the threshold value of 10 the onset of coalescence occurs [128]. Figure 4.7
is a schematic plot of the evolution of strain inside a localisation band with
respect to the remote strain. Mechanisms 1, 2, and 3 are crushing/shear
band formation and failure is by crushing/shear band formation, where
Eé’q /Ee, increases exponentially. In case of failure dictated by onset of co-
alescence the value of qu /Eeq starts at a higher than the threshold value
and failure occurs owing to Mechanism 4. In Mechanism 5 the value of

qu / E., increase monotonically above the threshold as E,, increases.
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4.3.5 Finite element model

The struts of the FCC truss lattice metamaterials (Figure 4.2) have been
modelled as 2 -node Timoshenko-beam element (B21 in ABAQUS notation)
with rigid connections between struts. In the numerical simulations, each
strut is modelled as a uniform circular cross sectioned solid bar of diameter
d, with equal length and height (I = h) for perfect lattice. The relative
density p of the FCC unit cell truss lattice material (ratio of the density
of the lattice material to the density of the solid material from which it is

made) is given by

5=(1+2) (g) (%l) (4.32)

The strength of a stretch dominated lattice structure with 10% relative
density is three times stronger than to an equivalent bending dominated
foams [147, 148]. Thus, the value of the relative density was taken as 0.10
(d = 0.528 mm, | = 20 mm) for our investigation, taking manufactura-
bility of the minimum strut diameter into consideration [149]. Numerical
tests have suggested that with each strut meshed with 5 beam elements
of equal length, the deviation in the macroscopic stiffness was within 3%
compared to 10 beam elements. Failure events, such as first localisation
and void coalescence, have been observed to occur at small strains (< 0.01),
and the struts have not been found to be in contact during deformation.
Hence, contact among struts owing to large deformation has not been mod-
elled. Further numerical studies have suggested that distorted struts have
negligible effect on the relative density and for lattices with missing struts,
a constant relative density has been achieved by a slight increase in the

diameter of the struts.
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4.3.6 Material model

The Ramberg-Osgood model, Equation (4.33), was used to represent the
true stress-strain relationship of the material in the numerical study, as

illustrated in Figure 4.8 [151].

o9 H(i)n (4.33)

Oy

&

where £ = 71300MPa MPa and 0y, = 168 MPa are parent material’s
Young’s modulus and yield stress, respectively; x = 0.002 is the yield offset
and n = 9.9 is the hardening exponent. This material model is suitable to
capture the mechanical behaviour of aerospace-grade lightweight aluminum

alloys such as AlISil0Mg alloy.
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Figure 4.8: Stress strain curve of the parent material with failure strain
(7 = 0.08) used for the FE analysis

To study failure mechanisms, the local tensile strain (LTS) criterion was

employed in the numerical study. Materials such as high strength aluminum

69



4.3. NUMERICAL FRAMEWORK

alloys fail due to shear localisation when the maximum tensile strain is
reached, hence the LTS criterion is appropriate for this study. Rosenthal
et al. [151] showed elongation at failure varied between 8-9% for AlSi10Mg
specimens manufactured using LPBF. Hence, it is assumed that when the
maximum tensile strain in a lattice reaches a failure strain of e, = 0.08,
failure occurs, and the simulation is terminated. It is noted that mate-
rial damage has not been considered in the above-mentioned constitutive

model.

4.3.7 Representative volume element (RVE)
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Figure 4.9: (a) Strain energy density convergence plot verses number of unit
cells in RVE with 30% distorted and 10% missing lattices at E., = 0.01
and simulation time verses unit cells under uniaxial tension, and (b) strain
energy density as a function of equivalent strain for RVE containing 60 x 60
unit cells, with 30% distorted struts and 10% missing struts, under uniaxial
tension and pure shear.

An RVE should contain sufficient unit cells to be representative of the bulk
mechanical behaviour and lattice failure mechanisms but be minimized to
prevent excessive computational cost. Cohen et al. [152] stated that equi-
librium solutions in the non-linear regime are not unique, and therefore the
response of a truss lattice can depend significantly on the RVE size. To
predict the non-linear behaviour of a truss lattice structure, several RVEs

comprising increasing number of unit cells must be numerically tested until
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convergence is obtained. Therefore, numerical simulations were conducted
to evaluate the effect of the size of RVE. The increase in computational
time with respect to increase in number of unit cells is shown in 4.9 (a).
The strain energy densities under uniaxial tension with equivalent strain
E., = 0.01 were calculated for the RVEs containing 15 x 15, 30 x 30 and
60 x 60 unit cells with two types of defect; 30% distorted and 10% missing
struts, as shown in Figure 4.9 (a). During the simulations, all the lattices
and their respective imperfections were generated using the algorithm de-
scribed in Section 4.2 with 20 repetitions. The results suggest that (i) the
strain energy density for the RVE containing 60 x 60 unit cells can con-
verge to within 5% deviation; (i7) the variation of strain energy density for
distorted imperfection is much less than that of missing struts imperfection
for RVEs containing 15 x 15 and 30 x 30 unit cells. Figure 4.9 (b) shows
the strain energy density as a function of equivalent strain for the RVE
containing 60 x 60 unit cells with 30% distorted struts and 10% missing
struts, under uniaxial tension and pure shear. Again, the results confirm
the convergence of strain energy density for the RVE containing 60 x 60
unit cells. Henceforth, all the numerical simulations have been carried out

using the RVE containing 60 x 60 unit cells.

4.4 Results and discussion

4.4.1 Effect of imperfections on elastic and shear

modulus

Figure 4.10 shows the effects of imperfection on macroscopic stiffness for 20
different RVE resolutions using the method described in Section 4.2. Kj;
and K; denote the components of the microscopic stiffness tensor defined

in Equation (4.25), for the perfect and imperfect lattices, respectively. The
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Figure 4.10: Macroscopic elastic and shear modulus variation due to de-
fects in FCC truss lattices (a) for distorted struts, (b) for missing struts,
and orthotropic material properties variation due to defects in FCC truss
lattices, (c) for distorted struts, and (d) for missing struts with respect to
perfect lattice.

percentage differences have been calculated against the perfect lattice. As
the irregularity increases in lattice structures, there are up to 7% decrease
in elastic modulus, and up to 14% increase in shear modulus for distorted
defects, whereas no significant changes have been observed in elastic mod-
ulus for missing strut defects. A perfect FCC truss lattice exhibits in-plane
orthotropic material behaviour, i.e. K3 = K33 = 0, Ko3 = K33 = 0. Fig-
ures 4.10 (c¢) and (d) show the variations of K7; and Kj; normalised by
K1, which suggests that defects can only incur small variations of Kj; and

5. As K{y = K3, and Kj; = KJ,, the results confirm that the material

remains in-plane orthotropic after incorporating the defects.
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4.4.2 Effect of imperfections on failure locus

Figure 4.11 (a) shows the failure loci of FCC truss lattice metamaterials
under multiaxial loadings obtained by FE simulations. Four quadrants of
the failure loci have been plotted for the perfect, 15% distorted and 5%
missing struts lattices, respectively. The lattices were subjected to (1) bi-
axial tension in the first quadrant, (2) biaxial compression in the third
quadrant and (3) combination of tension and compression loadings in the
second and fourth quadrants. The failure loci are approximately symmet-
rical about the line where triaxiality 7' = —0.67 and 7" = 0.67. It is evident
that lattice imperfection significantly reduces the failure stress within the
first quadrant; whereas the effect of imperfection is less pronounced in the
other quadrants. In the first quadrant ;1 > 0, 299 > 0, the failure stress of
the perfect lattice is significantly higher than the imperfect lattices as there
is not any arbitrary change in load path and, hence, no localisation occurs.
In the second quadrant, >q; < 0,5, > 0, the failure mechanisms of crush-
ing band and shear band (Mechanisms 1, 2, 3, and 4) dictate failure for all
types of lattices, resulting in an insignificant impact on the failure strength
between the different lattices. In the third quadrant, 3;; <0, Y < 0 and
triaxiality 7" < —0.2, the perfect and imperfect lattices all fail owing to the
formation of a crushing band (Mechanism 1) under compression; this shows
that, both the stress triaxiality and initial imperfections have significant
effects on the failure mechanisms in other quadrants. Figure 4.11 (b) shows
two distinct functional relations between triaxiality 7" and stress ratio p,
i.e., Y9 > 0 and Y9y < 0. In the following sections, our discussion will
focus on the failure mechanisms in the first and second quadrants owing to
the symmetric nature of the failure loci: this corresponds to the scenarios

with T" € [-0.2,0.67] and Xgs > 0.
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Figure 4.11: (a) Failure locus of perfect and imperfect lattice structures and
(b) stress triaxiality verses stress ratio taken for numerical simulations.

4.4.3 An illustrative example - pure shear loading

In this section the mechanical response and failure mechanisms are dis-
cussed for various different lattice cases; a perfect lattice and imperfect
lattices with distorted strut defects (15% and 30%) and missing struts (5%
and 10%), subjected to a constant triaxiality (X7 = —a9, 7 =0, pure
shear loading). Results will be presented for the effect of stress triaxiality
in later sections.

Figure 4.12 (a) shows the normalised effective stress as a function of re-
mote equivalent strain, E.,, for perfect and imperfect lattices. The perfect
lattice has the highest load carrying capacity and ductility. The missing
strut defects cause the lattice to fail at much lower effective strains and
lower stresses than the corresponding lattices with distorted strut defects.
Figure 4.12 (b) shows the normalised equivalent band strain, E? /E.,, as
a function of the remote equivalent strain, E.,, for the perfect lattice and
imperfect lattices with selected imperfections. The failure points of the
lattices are marked as ‘filled circle’ on the curves. The failure mechanisms
of the perfect lattice, imperfect lattices with the 30% distorted strut de-

fects and the 10% missing strut defects are shown in Figures 4.12 (c) to

74



4.4. RESULTS AND DISCUSSION

1 T T T T T T T T 45 T T T T T T
N perfect
ooy “or — mechanism4 |__15% distorted | {
08 ° .l 3?% c!istf;rted
mechanism 3 5% missing
0.7} ——10% missing
30 1
0.6 [ =
> F 4
o oy 25 .
Tz 05 ~
os &7 ’
15 \mechanism 2
03 rfect
pertect mechanism 1
0.2+ ——15% distorted 10 [ 4
30% distorted j
0.1 H ——— 5% missing 5
——10% missing
0 t . 0
0 0.0001 0.0002 0.0003 0.0004 0 0.0001 0.0002 0.0003 0.0004
Eeq Ee‘l
(a) (b)
E,

30% distorted struts

Logarithmic axial
Strain (&)

AN\
MIXIXIX] B
KK« » KD
XXX

XXX

(c) (d) ()

Figure 4.12: Failure mechanisms comparison of lattices under pure shear
(a) variation of normalised macroscopic stress against equivalent remote
strain of perfect and imperfect lattices; (b) evolution of normalised equiv-
alent band strain against equivalent remote strain of perfect and imperfect
lattices; (c), (d) and (e) equivalent strain continuum plots of RVE, when
the maximum strain reached (e; = 0.08) for prefect, 30% distorted and
10% missing strut lattices, respectively.
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(e), respectively. Equivalent strain continuum plots are shown, as well as
detailed views of the failed areas. To calculate equivalent strain, the nodal
displacements at the joints of the FCC truss lattices were extracted from
the FE solutions and used as inputs to calculate strain at each integration
point, using 2D triangular solid elements (APPENDIX A.2). There is no
shear localisation in the perfect lattice and failure occurs due to crush-
ing band formation (Mechanism 1) under compressive stress (317 = —Yo9)
with the maximum normalised equivalent band strain less than 5. Strain
localisation occurred in the lattices with the 15% and 30% distorted strut
and missing strut imperfections, respectively. For the 10% missing struts
lattices, the normalised equivalent band strain is around 10 at the onset of
shear band formation (Figure 4.12 (b)), which suggests that void coales-
cence dictates the start of macroscopic localisation (Mechanism 4). For the
imperfect lattices with 15%, 30% distorted struts and 5% missing struts,
the normalised equivalent band strains are less than 5 before the onset
of shear band formation (Figure 4.12 (b)), which suggests that the strain

localisation is not dictated by the onset of coalescence.

4.4.4 The effect of stress triaxiality on failure locali-

sation

The effect of triaxiality on failure mechanisms is investigated in this section
through comparison of the behaviour of (1) a perfect lattice and imperfect
lattices with 15% distortion (Figure 4.13 (a)) and 5% missing struts (Figure
4.13 (b)); (2) imperfect lattices with 15% and 30% distortion (Figure 4.13
(c)); and (3) imperfect lattices with 5% and 10% missing struts (Figure
4.13 (d)). In these figures, the normalised equivalent band strain, E?, /Ee,,
is plotted as a function of the remote effective strain, E.,. To facilitate in-

terpretation of the results, Figures 4.14 and 4.15 show the continuum plots
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and details of the failed areas for the imperfect lattices with 15% distortion
and 5% missing strut imperfections, respectively, at selected triaxialities.
Perfect lattice - For triaxialities T' < 0, the perfect lattice has a high
normalised equivalent band strain which shows failure due to crushing band
formation under compression. For triaxialities 1" > 0, the perfect lattice
tends to fail at very high macroscopic strain and does not show any strain
localisation dominated failures.

15% distorted lattice - For the 15% distorted strut lattice, the maximum
normalised equivalent band strain is higher or close to 10 at triaxialities
T < 0, which signifies the occurrence of strain localisation. As shown in
Figure 4.14 (a) at triaxiality 7' = —0.2, the lattice fails owing to crushing
band formation (Mechanism 1). A band of localised high strain can be seen
in both the continuum plot and detailed beam element figure. It can also
be observed that from Figures 4.14 (b) and (c) (triaxialities 7" = —0.1 and
0), the structure fails due to shear band localisation (Mechanism 2). From
triaxialities 7" > 0, strain localisation does not occur, and multiple high
equivalent strain areas can be observed (Figures 4.14 (d), (e) and (f)).

5% missing struts - For all triaxialities, the 5% missing strut lattices (Fig-
ure 4.13 (b)) show failure occur due to strain localisation. The normalised
equivalent band strain is less than 5 before onset of the shear band for-
mation, which suggests that the strain localisation is not dictated by the
onset of coalescence (i.e. Mechanism 3). At triaxiality T = —0.2 (Figure
4.15 (a)), compressive loading pre-dominates, and lattice struts fail owing
to crushing band formation (Mechanism 1). At triaxialities 7' = —0.1, 0
and 0.1 (Figures 4.15 (b) to (d)), shear strain localisation (Mechanism 3)
becomes noticeable. At triaxiality 7' = 0.4, the normalised equivalent band
strain does not increase exponentially and strain localisation is dictated by
the cluster localisation (Figure 4.15 (e), Mechanism 5) and at triaxiality

T = 0.67, the normalised equivalent band strain is below the threshold

77



4.4. RESULTS AND DISCUSSION

value hence no localisation occurs (Figure 4.15 (f)).
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Figure 4.13: Evolution of equivalent band strain with varying triaxiality
from —0.2 to 0.67. Comparison for (a) perfect vs 15% distorted struts,
(b) perfect vs 5% missing struts, (c) distorted struts 15% vs 30% and (d)
missing struts 5% vs 10%

30% distorted lattice - For triaxiality T' < 0, the failure mechanisms for
the 30% distorted lattice are similar to those of the 15% distorted lattices
(Figure 4.13 (c)) i.e. Mechanisms 1 and 2. For triaxiality 0 <7 < 0.4, the
maximum normalised equivalent band strain for the 30% distorted lattice is
much higher than that for the 15% distorted lattice, which indicates strain
localisation dominated failure. At triaxiality 7' = 0.67, strain localisation
does not occur, and multiple high equivalent strain areas form, as with the
15% distorted lattice.

10% missing struts - The 10% missing struts lattice fails on the formation
of a crushing band at triaxiality 7' = —0.2. For triaxialities T'= —0.1, 0

and 0.2, the normalised equivalent band strains are higher than 10 before
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onset of the strain localisation (Figure 4.13 (d)), which suggest that void
coalescence dictates the onset of strain localisation (Mechanism 4). For
triaxialities T" = 0.4 and 0.67, the normalised equivalent band strains do
not increase exponentially, and the maximum normalised equivalent band
strains are more than 10, which suggests that the strain localisation is

dictated by the cluster localisation (Mechanism 5).
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Figure 4.14: 15% distorted lattices at the point of failure illustrating failure
mechanisms on continuum and lattice level at triaxiality (a) 7' = —0.2, (b)
T=-01,(c) T=00, (d) T =02 (¢) T =04 and (f) T = 0.67

It can be seen from the above that lattice imperfections affect the onset of
localisation effects, leading to lattice failure. Failure, therefore, involves a

number with transition points between mechanisms.

4.4.5 Effect of imperfection on onset of localisation

and lattice failure

Figures 4.16 (a) and (b) show the normalised equivalent band strain
E?,/Eeq as a function of triaxiality T, at the instants of onset of localisa-

tion and final failure, respectively, under the triaxiality range —0.2 < T <
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0.67 (X9 > 0), for perfect and imperfect lattices. There are three zones
that can distinguish the failure mechanisms: Zone I (7" < —0.2) repre-
sents compressive loading dominated behaviour, Zone II (—=0.2 < T < 0.2)
the shear loading dominated behaviour, and Zone III the tensile loading
dominated behaviour.

In Zone I (T' < —0.2), crushing band dominated failure mode occurs for all
lattices. The normalised equivalent band strains are lowest compared to
other failure mechanisms at onset of localisation (Figure 4.16 (a)); however,
all types of lattice structures fail at much higher normalised equivalent
band strain because of crushing band compared to other types of failure
mechanisms (Figure 4.16 (b)).

The perfect lattice — The normalised equivalent band strain for perfect
lattices is around ~ 1 at onset of localisation (Figure 4.16 (a)); and at all
triaxialities, the perfect lattice shows independency for onset of localisation.

In Figure 4.16 (b), the perfect lattice shows continuous decrease in band
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strain. The crushing band formulation shows higher band strain at time of
failure and after triaxiality 7" > 0, localisation does not occur resulting in

a flattened curve.
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Figure 4.16: Value of normalised equivalent band strain at onset of locali-
sation and (b) at the point of failure as a function of triaxiality

Distorted lattices— For the 15% distorted lattice, the normalised equivalent
band strains are not changing substantially through all triaxialities (Figure
4.16 (a)). This indicates that the onset of localisation is nearly independent
of triaxiality for the 15% distorted lattices. The 30% distorted lattice
shows Mechanism 2 dominated failure for triaxiality 0 < 7" < 0.4, and they
are more inclined to shear band formulation compared to 15% distorted
lattices. At triaxiality 7' = 0.67, multiple high equivalent strain areas
form, as the same as the 15% distorted lattice but at a higher equivalent
band strain due to higher degree of irregularity. Hence, from Zone II to
Zone 11T the normalised band strain is increasing continuously (Figure 4.16
(a)). Figure 4.16 (b) shows the decreasing trend in normalised equivalent
band strain at the time of failure, which indicates that crushing band shows
maximum band strain followed by shear band localisation at the time of
failure. Like perfect lattices, for triaxiality 7" > 0, localisation does not
occur, resulting in a flattened curve for the 15% distorted lattice. The
trend of 30% distorted lattice is the same as the 15% distorted lattice

albeit at higher maximum normalised equivalent band strain, which implies
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dependency of degree of irregularity on the final failure.

Missing lattices — From Figure 4.16 (a), the 5% missing lattice shows that,
in Zone I and Zone II, the normalised equivalent band strains are not
changing substantially at onset of localisation, indicating that the onset
of localisation is independent of triaxiality. In Zone III the normalised
equivalent band strain increases due to void coalescence dominated failure
(Mechanisms 5). For the 10% missing lattice, from Zone I to Zone II, the
band strains at onset of localisation increase owing to the change from
failure Mechanism 1 to Mechanism 4. The slight decrease in normalised
equivalent band strain at triaxiality 77 = 0.67 (biaxial tension) represent
the absence of shear band and failure dictated by cluster coalescence only
(Mechanism 5). For all triaxialities, for the 10% missing lattices, the strain
localisation occurs at higher normalised equivalent band strain compared to
the 5% missing lattices. Thus, the number of missing struts is crucial for the
strain localisation. In Figure 4.16 (b), the 10% missing lattice shows that
the maximum normalised equivalent band strain is higher than 5% missing
lattice at the time of final failure. It shows that the 10% missing lattices are
more prone to crushing band (Mechanism 1) and shear band (Mechanism
4) formulation compared to 5% missing lattices before final failure occurs.
In Zone III, the changes in number of missing struts show no significant
difference, which signifies that failure Mechanism 4 and Mechanism 5 are

nearly independent of number of missing struts in this range.

4.4.6 Effects of size parameter on mechanical re-

sponse and onset of localisation

To explore the significance of dimensional inaccuracy of FCC truss imper-
fect lattices on mechanical response and localisation, I have studied two

variants of diameter of struts 0.5d and 1.5d. For brevity, the responses of
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the imperfect lattices with the 15% distorted struts and 5% missing struts
subjected to different triaxiality at constant relative density are shown in
Figure 4.17. In Figures 4.17 (a) and (c), the normalised effective stress
response, X.,/0y, is plotted against effective remote strain, E.,, for the
15% distorted and 5% missing lattices, respectively. The response graph
shows that, irrespective of the size of struts, the maximum load bearing
capacity of the imperfect lattices does not show significant difference at
equal relative densities. Figure 4.17 (b) shows the strain localisation with
varying triaxiality for the 15% distorted lattice. The normalised equivalent
band strain curves for both strut diameters follow the same path and fail
at nearly the same points. At triaxiality 7' = —0.2, 0.5d lattice fails ow-
ing to Mechanism 1 and 1.5d fails owing to Mechanism 2. For rest of the
triaxialities (7' > —0.2), the failure mechanisms are again not sensitive to
the size of the struts. Again, the failure mechanisms of 5% missing lattice

are not much affected by the strut diameter (Figure 4.17 (d)).

4.4.7 Effect of triaxiality on band orientation

Figure 4.18 shows the variations of band orientation with triaxiality for the
imperfect lattices. Figure 4.18 (a) is a typical example for the 5% missing
struts lattice, showing band orientation under pure shear loading (7" = 0),
and Figure 4.18 (b) is a band orientation verses triaxiality plot for all types
of defect. Band orientation can be divided into three subgroups where the
imperfect lattices show a correlation between band orientation and a par-
ticular failure mechanism. The band orientation angles are greater than
60° for failure associated with crushing band or void coalescence induced
failure. An orientation range 30° to 60° is associated with failure Mecha-
nisms 2, 3 and 4. A band orientation of 0° is associated with those cases

where there is no localised shear banding or cluster coalescence. The lat-
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Figure 4.17: Macroscopic mechanical responses of the lattice with 15%
distortion (a) and the lattice with 5% missing struts (c); and evolution
of equivalent band strain for the lattice with 15% distortion (b) and the
lattice with 5% missing struts (d) at 0.5d and 1.5d.

tices with 15% distorted struts showed high variability and dependency on
triaxiality of band orientation. The band orientation trend for the 30%
distorted lattice is close to that of the 5% missing struts lattice and shows

a linearly decreasing trend.

4.5 Summary

A novel numerical framework has been developed to investigate the various
different failure mechanisms seen in perfect and imperfect planar FCC truss
lattice metamaterials under different conditions of stress triaxiality, for the
first time. It is seen that the mechanical response and mechanisms leading

to failure are highly dependent on the state of stress triaxiality, the type
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Figure 4.18: (a) Shear band orientation of 5% missing struts defects at T=0
and (b) triaxiality affecting shear band orientation as per type of defects.

*pue

and quantity of defects. In order to help understand these dependencies a
classification of failure mechanisms were introduced, as shown in Figure 4.3.
The relationships between defect type, triaxiality and failure mechanisms

are summarized below.

e For triaxiality 7' < —0.2, crushing band dominated failure (Mecha-
nism 1) occurs for all lattices, while for triaxiality —0.2 < T < 0,
only the perfect lattice fails due to Mechanism 1. At triaxiality
—0.2 < T <0, the 15% distorted lattices show shear band localisation
(Mechanism 2), while at triaxiality 7' > 0 they do not show any local-
isation. However, the 30% distorted lattice is more inclined towards

shear band localisation dominated failure mechanisms (Mechanism

2).

e The 5% and 10% missing strut lattices exhibit a variety of different
failure mechanisms dependent on loading scenario. The 10% missing
struts lattice tends to fail early owing to void coalescence (Mecha-~
nism 4) and the 5% missing struts lattice fails owing to shear band
localisation (Mechanism 3). For triaxiality 7" > 0.2, Mechanism 5
and/or no localisation are observed, independent of the number of

missing struts in this range.
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e The severity of onset of localisation and coalescence shows depen-
dence on lattice defect type: missing type defects are more prone to
localisation compared to distorted defects. It is shown that a higher
percentage distribution of irregularity gives higher normalised band

strain.

e The response of the lattices is not sensitive to strut diameter varia-

tions within the range of the strut diameters.

e Failure associated with void coalescence has a wider range of band
orientation than seen with the other failure mechanisms, with a band

orientation in the range of 30° to 60°.

4.6 Conclusion

This chapter investigates the effect of stress triaxiality on the failure mech-
anisms of an-isotropic perfect and imperfect planar FCC truss lattice meta-
materials. The study considers three types of imperfection in the numeri-
cal modelling, namely, distorted struts, missing struts, and strut diameter
variation. This chapter proposes a novel numerical framework to overcome
computational difficulties within the existing numerical approaches beyond
the elastic region. The study observes three modes of microscopic localisa-
tion in perfect and imperfect lattices before failure: crushing band, shear
band, and void coalescence. This concludes that the distorted lattices are
prone to shear band localisation with an increase in distortion, whereas
missing lattices majorly fail due to void coalescence at high missing struts
defect. The strut diameter variation, within selected range shows no sig-
nificant influence on the macroscopic mechanical response and strain local-
isation. This work may open the door for predicting failure mechanisms of

imperfect lattices under a variety of loading conditions.
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4.6. CONCLUSION

Note that in this study I have assumed that the failure of RVE occurs
when the maximum failure strain is reached for any strut within the RVE.
Further research is needed to consider the effect of the parent material
damage and any defect interaction effects when multiple types and sizes of

effect are present.
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Chapter 5

Data-driven discovery of
quasi-disordered mechanical
metamaterials failed

progressively

5.1 Introduction

Natural cellular materials, such as marine mussels, honeycombs, woods,
trabecular bones, plant parenchyma, sponges and protoreaster nodosus,
have inspired the development of mechanical metamaterials with desired
or extreme mechanical properties (Figures 5.1a-d) [8, 9, 11, 153-157]. These
include various truss-like micro-lattices, i.e., truss mechanical metamateri-
als, at a scale ranging from nanometres to millimetres, manufactured using
various additive manufacturing techniques [158-160]. Truss metamaterials
have provided unique opportunities to create lightweight structural compo-
nents of high performance, such as lightweight sandwich structures [97, 25].
In addition, truss metamaterials are highly tailorable and can be designed

to meet various multifunctional requirements, such as simultaneous load
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bearing, active cooling, and noise reduction [161, 162].

Up till now, the majority of the relevant research has focused on the truss
mechanical metamaterials of highly ordered structures, i.e., the bulk meta-
material is formed by repeating a RVE in the 2D or the 3D space [163, 164].
However, while nature-provided cellular materials resemble truss lattice
structures of ordered, periodic arrangement, they are not perfectly peri-
odic. Spatial disorderliness has been observed in a wide range of natural
cellular materials. Egmond, et al. [12] have recently measured the dis-
orderliness of the biological materials from trabecular bone to plant stems
and fungi, using a disorder parameter g with g = 1 representing the ordered
system and g = 0.1 the highly disordered system. They have identified the
ranges of disorderliness within different types of biological materials, e.g.
woods and fungi from g = 0.6 to 0.8; trabecular bone and dentin from g
= 0.55 to 0.65; and corals and bee honeycomb from g = 0.9 to 0.97 (see
Figure 5.1 (e)).

The role of disorderliness in mechanical performance for natural cellular
materials has not been fully understood yet. Existing research has sug-
gested that introducing disorderliness to periodic cellular materials can
cause a reduction in stiffness, strength, ductility, and fracture toughness
[137, 165, 149]. However, Egmond, et al. [12] have recently found that the
disorderliness at the range of g = 0.6 to 0.8 within 2D Voronoi tessellation
can cause an increase in toughness, through crack deflection, without loss
of tensile strength in comparison with 2D regular hexagonal honeycombs.
Based on this, they have hypothesized that structural disorder in natural
cellular materials is a toughening mechanism and there may be a certain
optimal degree of disorderliness in biogenic cellular materials in order to
achieve damage tolerant behaviors. I performed 500 FE analyses on a 2D
distorted lattices to observe the effects of the disordeliness on normalised

strength and ductility, as shown in Figures 5.2 (a) and (b). This indi-
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Figure 5.1: Natural cellular disordered metamaterials: (a) marine mussels
on three different micro scales showing disorderliness of the struts [7], (b)
deep-sea sponge, Euplectella aspergillum [8], consisting of square-grid-like
architecture overlaid with a double set of diagonal bracing, (c¢) cortical and
cancellous bone with trabeculae bone microstructure with porosity of 75%
to 95% with naturally formed disorderliness [9, 10], (d) skeleton of protore-
aster nodosus with its superficial soft tissue removed and SEM image of
an ossicle’s fracture surface affected by dislocation [11]; (e) disorderliness
levels measured for all surveyed natural cellular materials (adapted from

[12]).

cates that, the truss metamaterials with identical disorderliness can fail
with either sudden, catastrophic brittle mode or progressive ductile mode
during uniaxial tension tests, owing to the different distribution of disor-

derliness. Based on these preliminary analyses, [ hypothesize that not only
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the level of disorderliness but also the distribution of disorderliness within

natural cellular materials may play an important role in achieving damage

tolerance.
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Figure 5.2: The effects of disorderliness on normalised strength and duc-
tility: (a & b) showing a high range of ductility for spatial coordinate
perturbation and strut thickness variation, respectively.

Structural materials of high performance are expected to have suitable
ductility to (i) fail in a progressive manner that can give prior warning to
failure events and (ii) have good load bearing capacity with the presence of
flaws. It has been reported that highly ordered, periodic truss metamateri-
als often exhibit a sudden, catastrophic failure mode - when loaded beyond
the yield point, localised bands of high strain emerge, causing catastrophic
collapse [118, 13, 14]. To date, there are very limited studies on the design
methodology to achieve damage tolerance for mechanical metamaterials.
Owing to the highly nonlinear nature of the problems, the conventional
FE based design optimisation methods are not efficient or even impractical
for this purpose. Hence, mechanism-based design approaches have been
attempted. Pham et al. [166, 167] have used the hardening mechanisms
found in crystalline materials to develop damage-tolerant designs, primar-
ily under compression. They have found that the disorderliness introduced

to periodic truss metamaterials, by mimicking the microscale structure of

91



5.1. INTRODUCTION

crystalline materials such as grain boundaries, precipitates, and phases, can
lead to the designs of progressive failure mode.

Motivated by the hypotheses on the role of disorderliness in natural cellular
materials, I here present a discovery framework for damage tolerant lattices
via tuning the distribution of disorderliness to achieve damage tolerance.
Our approach has focused on QTMs, which were formed by introducing
small disorderliness to (parent) periodic truss metamaterials. As reported
by Wang and Sigmund [39], QTMs can be tailored to achieve the extreme
maximum isotropic elastic property.

Our approach to seek the optimal QTMs follows 3-steps in the data-driven
framework: 1) FE simulations to create a database of structural responses
(outputs) corresponding to the database of geometric inputs; 2) The deep-
learning ANN approach to establish the functional relationship that links
inputs to outputs, and 3) non-gradient optimisation to determine the opti-
mal QTMs. Built upon the physical model and a custom-built loss function,
numerical studies have suggested that our data-driven approach may only
require relatively small datasets.

The chapter is organized as follow. The methodology of the data-driven
framework the optimal QTMs are presented in Section 5.2. The results
of the QTMs created from a periodic FCC lattice have demonstrated and
discussed in detail in Section 5.3, along with the failure mechanisms of
the brittle and optimal QTM designs. The experimentation validation of
the optimal QTMs are presented in the Section 5.4. Section 5.5 contains

concluding remarks and suggestions for further research.
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Figure 5.3: Overview of the methodology showing steps involved in de-
signing QTMs, starting from step 1) data generation of spatial coordinate
perturbation and strut thickness variation, step 2) ANN training with cus-
tomised loss function to accurately map complex input and output variable,
and step 3) optimisation and validation of the designs.

5.2 Methodology

5.2.1 Creating the design space for quasi-disordered

lattices

Our approach to create QTMs of desired progressive failure modes was to
introduce controlled (optimised) disorderliness to perfect periodic lattices
of high performance. The periodic lattices with mechanical behaviour close
to the H-S theoretical limit [163, 168, 169], such as FCC, triangular, and
Kagome lattices [149], were chosen to act as the parent periodic lattices.
Built upon data-driven approaches, the distribution and level of the dis-
orderliness were tuned through optimisation procedures to ensure that the
desired progressive failure modes could be achieved with maintaining or

without much loss of the good mechanical properties inherited from the
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parent periodic lattices. The geometries of the QTMs in the design space
were numerically created through two distinct approaches, i.e., (1) random
perturbation of the spatial coordinates of the nodes of a parent periodic
lattice; and (2) random strut thickness variation of a parent periodic struc-
ture. Consider a two- dimensional (2D) parent periodic lattice with (z?, y)
representing the spatial coordinates of the ith node and ¢/ the thickness of
jth strut. To create a QTM through random perturbation of the spatial
coordinates of the nodes, the perturbation (Az?, Ay’) was defined as:
Az’ =7 — 2" = Bar
' ‘ . (5.1)
Ay' =7 -y = far
Alternatively, to create a QTM through random strut thickness variation,

the thickness of jth strut was defined as:

t = (1+~8)t (5.2)

In Egs. 5.1 and 5.2, f (=1 < 8 < +1) denotes a random variable fol-
lowing a uniform distribution probability distribution; r is the minimum
distance between two nodes within the parent periodic lattice; o and v are
the degrees of irregularity for the spatial perturbation and strut thickness
variation, respectively. In this chapter, small values are chosen for o = 0.2
and v = 0.1, which leads to QTMs. The method introduced in the chap-
ter can be extended to triangular/kagome parent geometries, as shown in

Figure 5.4).

5.2.2 Finite element modelling and damage model

Here, I present the details for FE modelling on the FCC lattices made
of aluminium alloy Al-1050A. The lattice struts were represented as a 2-

node Timoshenko-beam element (B21 in ABAQUS notation) with rigid
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Figure 5.4: The QTM design space for two-dimensional topologies

connections. Each strut was modelled numerically as a uniform rectangu-
lar cross-sectioned solid bar of in-plane thickness, ¢, and unit out-of-plane
width. For the parent periodic FCC lattice with identical lengths of the
unit cell in the z and y directions, i.e., u = v, the relative density p of the

perfect FCC lattice can be calculated as:

p=2 (1 n \/5) (%) (5.3)

The relative density value was kept at p = 0.2 for all QTM topologies in our
investigation. Simulation results suggested that converged results could be
achieved with each strut meshed with ten beam elements of equal length.

To simulate the uniaxial tensile experiment, the specimen was subject to a
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constant vertical displacement boundary condition on the top and a fixed
boundary condition on the bottom, see Figure 5.5. The macroscopic stress

3], and macroscopic tensile strain E were calculated as:

v Reaction Force
— T ,

Y (5.4)
L

where W and L are the width and height of the QTMs, respectively; AL
is the elongation in the y-direction.
The Ramberg-Osgood model was used to represent the true stress-strain

relationship of the parent material, i.e., Aluminium alloy Al-1050A, given

by:

where E = 70GPa and 7, = 134MPa are Young’s modulus and yield stress
of the Aluminium alloy, respectively; x is the yield offset and n is the

hardening exponent [13].
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Figure 5.6: (a) Engineering stress-strain curve of the aluminum alloy
(AI1050A [13]) used for FE simulations (b) Numerical validation against the
experimental data based on a 2D triangular lattice reported by Huaiyuan
et al. [13]

Failure initiation starts when the maximum axial strain reaches 0.03 in the
element based on the tensile test result shown in Figure 5.6 [13]. The strut
necking behaviour is replicated by the reduction of the yield stress after

failure initiates, which is characterised by the damage variable D:

cg= (1 -D)g, (5.6)

where D varies from 0 to 1, and is a function of the plastic strain, fitted to
match the data of Figure 5.6 (a). The corresponding element is deleted from
the mesh, when all the material points within the element failed (D = 1).
Numerical validation was conducted against the experimental data based
on a 2D triangular lattice reported by Huaiyuan et al. Figure 5.6 (b) [13],

which suggested that FE simulation could achieve high fidelity.

5.2.3 A deep learning framework to map design space

to output space

The input and output databases were generated to feed into deep learning
neural network for training purposes. The input database included the

geometric information of the QTM samples. Let h denote the number

97



5.2. METHODOLOGY

of QTM samples included in the input database, and each QTM has p
nodes and ¢ struts. As shown in Figure 5.3, for the mth QTM sample,
m =1,2,...,h, the geometric information included in the input database
consisted of (1) the perturbation of the spatial coordinates of the nodes,

(Az™, Ay™), or (2) strut thickness variation, t™, with

T T

Ax™ = [Axl, ...,Axp}m , Ay™ = [Ayl, ...,Ay”}m (5.7)

and

T

=t 1" (5.8)

The output database includes the information on the structural responses
of the QTM samples obtained by FE simulations. As the current research
focuses on the structural response under uniaxial tension, the normalised
macroscopic stress data o™ = [o!,0%,...,0"]" T collected at a sequence
of n predefined, equally spaced normalised macroscopic uniaxial strains,
em = [ghe?, ..., e T were stored in the output database for the mth
QTM sample. Here, the macroscopic stresses are defined as the stresses
averaged over the entire model, and the macroscopic tensile strain is defined
as the elongation over the original length of the model.

A feed-forward deep-learning ANN was trained, using the input and output
databases, to map the functional relationship between the input and output

databases, as shown in Figure 5.3, i.e.,

o= [01,02,...,0”}T = fi(Az,Ay), or
(5.9)

o= [01,02, ...,a”}T = fo(t)
Neural network architecture refers to assembling neurons into layers: Each
neuron uses a mathematical transformation of weights and biases to gener-
ate an output layer. For example, the mathematical form of a feed-forward

propagation neural network of [ layers can be written as:
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=g (0" + b))

az =g (9[2}04 + b2)
ai; =g (OW]au‘q + bn‘) (5.10)

a1 =g (0" a;_, +b)
g = Bmal_l + bl

where 01 is a weight matrix in the 4ith layer, ii = 1,2, ..., [; bji;) the bias
vector in the dith layer; ap; the output vector in the uith layer; g the

activation function; v is the input vector of the ANN; i.e.,

'l/) YA )
(5.11)
” )

The learning (training) procedure tunes the ANN components to min-
imise the cost function J(8" b;), which is related to the loss function
Lo 4 0m..), by the following Equation [170]:

pred> O true

h
1
J( “] b“ = EZ pred’a-true) (512)

where the loss function measures the accuracy of the trained ANN

by evaluating the difference between the predicted stresses, o ., =

m T

1 2 n]m T
pre

o', 0%, ...,0"] ., and the real stresses, o}, = [0', 07, ...,0"],...-

To improve the learning efficiency of the ANN model, the normalised
macroscopic stress data 6™ = [0}, 0 ,...,Un]mT for a QTM sample can
be divided into three groups, which correspond to the three zones in the

stress-strain relation for the QTM sample under uniaxial tension, respec-

tively, as shown in Figure 5.3. It is noted that the structure experiences (1)
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elastic deformation in Zone I, (2) plastic deformation caused by the failure
of a limited number of struts in Zone II, and (3) final catastrophic failure
in Zone III. Numerical experiments on quasi-disordered FCC lattices have
suggested that the stress data in the three groups (Zones) have significantly
different variances across the QTM samples (see APPENDIX B.1.2 Figure
B.2). Based on this finding, a novel quantile regression loss function has

been employed in this work, which is given as:

n

1 3
Ecustam<0§red7 a-t'rue = 3_ Z Z (/\ - 1) ( pred O-frue)2+

n
=1

0. k
true pred
= 2
Z )\Z (O-;fred - O-icrue)
k=1
Ufruezo-];red
(5.13)
where \;, i = 1,...,3, are the chosen quantiles for the three groups of the
stress data and have values between 0 and 1. The quantile loss function
is an extension of the Mean Square Error (MSE) that has the quantile
A; = 0.5. The larger the value \;, the more under-predictions are penalized
than over-predictions. Our numerical experiments have suggested that it
can help to improve deep-learning efficiency (see APPENDIX B.1.5) and

reduce the amount of data required for the deep-learning process by using

distinct \; values at different Zones.

5.2.4 Non-gradient-based design optimisation

Design optimisation procedures can be employed to tune the distribution
of disorderliness within the parent periodic lattices to achieve desired pro-
gressive failure modes. The mathematical model for design optimisation

can be described as follows:
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Objective function (maximize):

T(Az, Ay) Or T() (5.14)

Constraints:
Axmin S Axl S Axmax;

Aymin S Ayl S Aymaxy [ € [1,]9]
or

tmin < < tmax, 7€ [1,q] (5.15)

<Out> Z Omin

<E0> Z EO min

where (o,;) and (Ey) denote the maximum normalised macroscopic tensile
stress and the macroscopic Young’s modulus of the lattice obtained by the
uniaxial tensile tests, respectively; A%min, AYmin, tmin, Omin and Fopi, are
the lower bounds of design variables; and Ax ., AYmax and t,., the upper
bounds. In Eq. 5.14, the objective function 7' is a measurement related to
the deformation capacity of the QTMs, such as ductility and strain energy
density obtained under uniaxial tensile load. Here and throughout the rest
of the chapter, the ductility is defined as the macroscopic tensile strain at
failure, which corresponds to the post-peak macroscopic stress equivalent
to 25% of the peak macroscopic tensile stress; and the strain energy density

was calculated as the area under the macroscopic stress-strain curve.

5.3 Results and Discussions

I demonstrate the success of the proposed method through the discovery

of the high-performance 2D QTMs of the progressive failure modes. The
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Figure 5.7: The dimensions and boundary conditions of the FE model

QTMs were created based on a parent periodic FCC lattice (see Section
5.2.1). It was assumed that the lattice was made of the aluminium alloy
Al-1050A, and with relative density, p = 0.2. This relative density value
was chosen for our investigation while taking the manufacturability of the
minimum strut thickness into consideration [13]. The parent periodic FCC
lattice consisted of 12- and 16-unit cells periodically arranged along the x
and y directions, respectively, with dimensions of 120 mm in x direction
and 160 mm in y directions, see Figure 5.7. This geometry was chosen
to ensure that the mechanical properties, i.e., macroscopic stiffness and
peak strength were not sensitive to the size of the test samples. The size
effects were evaluated by increasing the number of unit cells from 2 to 18
in z direction. I have conducted FE simulations for 100 QTMs at relative
densities of p = 0.2 with nodal perturbation irregularity a = 0.2 for each
sample size. Fig. 5.8 (a) shows the size effect via the functional relationship

of the structural macroscopic stiffness against the number of unit cells in x
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direction. The macroscopic stiffness is not sensitive to the number of unit
cells when number of cells were more than 12. As shown in Fig. 5.8 (b),
the peak strength converged at the lattice size of 12 unit cells in x-direction
(i.e., 16 unit cells in y direction). Thus, I opted for the QTMs of 12 x 16

unit cells for this methodology development.
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Figure 5.8: The size effects on (a) the structural macroscopic stiffness and
(b) the structural peak strength of the FCC QTMs generated via spatial
coordinate perturbations.

The FE simulations have suggested that the parent lattice exhibits a sud-
den, catastrophic structural failure mode under uniaxial tension along the
direction, as shown in Figure 5.9 for the corresponding normalised macro-
scopic stress-strain relation. As shown in the insert of Figure 5.9 for the
distribution of the displacement at failure, the failure event was mainly
caused by the formulation of a single shear band across the sample. For
the macroscopic stress-strain relation shown in Figure 5.9 and the rest of
the chapter, the stress values have been normalised by the peak stress, and

the strain values by the maximum strain of the parent FCC periodic lattice.

5.3.1 The ANN models

The first ANN model was created based on the scenario in which dis-
orderliness was introduced into the FCC periodic lattice via the pertur-

bation of the spatial coordinates of the nodes. The geometries of 5000
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Figure 5.9: The normalised macroscopic stress-strain relation of a parent
periodic FCC lattice.

QTM samples were generated with irregularity, a = 0.2, at constant rel-
ative density, p = 0.2. The input database containing perturbation of
the spatial coordinates of the nodes, ¥ = [(Az', Ay'), ..., (A:U”,Ayp)]T,
and the output database containing the normalised macroscopic stress
data, o = [0}, 0% ...,0"] ", were created to train the ANN model. The
ANN model consisted of 7 hidden layers with 4096, 2048, 1024, 1024,
1024, 512, and 512 neurons, respectively, in sequence from input to out-
put layers. The numerical experiments have suggested that the structure
of the ANN has achieved optimal size in deep learning, and no further
improvement was observed by increasing the number of hidden layers.
The tuning of ANN model hyperparameters was obtained by perform-
ing Bayesian optimisation (APPENDIX B.1.4), based on the loss func-
tion with (A; = 0.5, A2 = 0.45 and A3 = 0.1), respectively. The second
ANN model was created based on the scenario in which the disorderliness
was introduced into the parent FCC periodic lattice via strut thickness
variation. The ANN model was trained based on the input database con-
taining struct thicknesses, ¥ = t = [t,...,1%], and the output database

resulted from the FE simulations for 5000 QTM samples, with irregularity
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v = 0.1 and at constant relative density, p = 0.2. The ANN parame-
ters are the same as in the previous case, except that the chosen quantiles
were \; = 0.5, Ay = 0.5 and A3 = 0.3, respectively. I trained the two
ANN models for 1000 iterations with an early stopping function when no
improvements were made for ten iterations consecutively.

The evaluations on the full dataset are presented in Figures 5.10 and 5.11.
Figure 5.10 compares the FEA with the ANN predictions of the stress-strain
curves of the FCC QTMs generated via nodal perturbations (o = 0.2).
In the Figure 5.10, the first, second, and third row plots compare train-
ing, validation, and test datasets, respectively. The stress-strain curves
are randomly selected from the respective datasets. Similarly, Figure 5.11
compares the FEA with the ANN predictions for FCC QTMs generated
via strut thickness variations (v = 0.1). In both cases good agreement has

been achieved.
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Figure 5.10: The comparison of the FEA results with the ANN predictions
for FCC QTMs generated via spatial coordinate perturbations.
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Figure 5.11: The comparison of the FEA results with the ANN predictions
for FCC QTMs generated via strut thickness variations.

5.3.2 The design optimisation

The optimisation problem described in Eqs. 5.14 and 5.15 can be solved us-
ing non-gradient based optimisation algorithms, such as the Genetic Algo-
rithms [171, 172], the Particle Swarm optimisation [173], and the Simulated
Annealing (SA) optimisation [92], with the structural responses calculated
by FE simulations.

The objective functions were optimised with the constraints of allowable
nodal perturbation, o = 0.2, allowable struct thickness variation v = 0.1,
minimum normalised strength, o, = 0.9, and minimum normalised stiff-
ness, Ey = 0.95, using the SA optimisation algorithm (MATLAB [174]).
However, owing to the highly nonlinear nature of the problem, I found that
it was impractical to use the FE based optimisation procedures to solve the

optimisation problem. A numerical experiment suggested that it took up
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to 7 minutes to calculate the structural response of a single sample under
a uniaxial tensile test. In this work, I used the SA optimisation algorithm
to achieve the optimised designs with the upper limit of 10000 iterations.
Figure 5.12 shows a typical behavior of the SA optimiser obtained by the
strain energy density optimisation function. It can be seen that the op-
timal value has been converged at 600 iterations. As shown in Table 5.1,
under the environment of the PC with Intel(R) Core(TM) i5-5200U CPU
@ 2.20GHz, 4 core processors with 16GB RAM, it took approximately
0.015 minutes to complete a single calculation by a trained ANN model,
compared to 7 minutes by a single FE calculation (up to 48 days for the
optimisation process). Hence, ANN based optimisation process is far more

efficient than the conventional FE based optimisation process.

Table 5.1: Quantitative comparison of the FEA versus the ANN based
optimisation method time

FEA based optimisation | ANN based optimisation
number of samples . .
(min) (min)
1 7 0.015
10000 (iterations) 70000 (~48 days) 150

The strength constraint can ensure that the resulted QTMs preserve more

Best Function Value: 19.9793

30

25%

Function value

20

15 - - ' -
0 2000 4000 6000 8000 10000
lteration

Figure 5.12: The convergence behavior of the SA optimiser
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than 90% of the strength and 95% of the stiffness from the parent periodical
FCC lattice. The relative density of optimised QTMs have been found to
be maintained at a constant value p = 0.2. The optimisation results are
presented below for the QTMs having improved ductility owing to the

progressive failure process.

5.3.3 The optimised results

Based on the first ANN model, I optimised the distribution of the pertur-
bation of the spatial coordinates of the nodes for the maximized ductility
design and the maximized strain energy density design, respectively, as
shown in Figures 5.13 and 5.14 for the optimised designs. The optimised
distributions of the nodal perturbation were used to create the correspond-
ing FE models for validation and interpretation purposes. Compared to the
periodic FCC lattice (Figure 5.9), which failed in a sudden, catastrophic
manner, the optimised designs exhibited progressive failure modes. The
optimised design based on the maximized ductility design model exhibits a
73% increase in ductility (Figure 5.13 (a)); and the optimised design based
on the maximized strain energy density model exhibits a 56% increase in
strain energy density (Figure 5.14 (a)), both with less than 5% reduction
in stiffness and up to 15% reduction in strength. The ANN predictions
have good agreement with the FE simulation results. FE simulations sug-
gested that the progressive failure modes in the optimised designs were
mainly achieved by shear band branching that causes load-path shift to
undamaged struts, as shown in Figure 5.13 (d) (QTM-N1) and Figure 5.14
(d) (QTM-N4) for ductility and strain energy density objective functions,
respectively. However, it has been found that the optimised designs were
not unique: the solution is sensitive to the initial distribution of the per-

turbation. This indicates that the method can generate different designs
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Figure 5.13: (a, b and ¢) the normalised stress-strain curves of three op-
timised QTMs (-N1, -N2 and -N3, using ductility objective function) ob-
tained by the FE simulations and ANN predictions; (d) the detailed dis-
tributions of displacements in the lattices along with the continuum plots
of microscopic strain [14] at selected macroscopic strains of a QTM (-N1),
showing shear band branching.

with similar local optima. To illustrate this, based on three different initial

distributions that were randomly picked from the input dataset, I obtained
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timised QTMs (-N4, -N5 and -N6, using strain energy density objective
function) obtained by the FE simulations and ANN predictions; (d) the
detailed distributions of displacements in the lattices along with the con-
tinuum plots of microscopic strain [14] at selected macroscopic strains of a
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QTM (-N4), showing shear band branching.

the optimised distributions of the perturbation for the maximized ductility

designs (Figures 5.13 (a), (b) and (c) for QTMs-N1, -N2 and -N3) and the
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maximized strain energy density designs (Figures 5.14 (a), (b) and (c) for
QTMs-N4, -N5 and -N6), respectively. Albeit slight differences in mechan-
ical behaviors, these optimised designs all show progressive failure modes
with a significant increase in ductility or strain energy density compared
to the periodic FCC lattice. The inserted distribution of the displacement
at failure, as shown in Figures 5.13 (b), (c), (d) and Figures 5.14 (b), (c),
(d), have suggested that the progressive failure modes were mainly caused
by shear band branching in different patterns.

In this section, I optimised the variation of strut thickness within the par-
ent periodic FCC lattices using the ductility objective function, as shown
in Figure 5.15 for the three optimised designs. As in the previous case,
I obtained the optimum designs that exhibited progressive failure modes
compared to the periodic FCC lattice (Figure 5.7). The optimised designs
exhibit more than 80% increase in ductility with the expense of less than
5% stiffness and less than 11% strength (Figures 5.15 (a), (b) and (c)); and
again the progressive failure modes in the optimised designs were mainly
achieved by the shear band branching with different patterns, as shown in
Figure 5.15 (b), (c) and (d) of QTMs -S1, -S2 and -S3. Similarly, I have
obtained three optimised QTM designs using the strain energy density ob-
jective function, as shown in Figure 5.16. The optimised designs exhibit
more than 60% increase in strain energy density with the expense of less
than 5% stiffness and less than 9% strength (Figures 5.16 (a), (b) and (c)).
Our results show that the QTMs resulting from the strut thickness varia-
tion are more prone to brittle failure compared to those resulting from the

spatial nodal perturbation.
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Figure 5.15: Designs of metamaterials based on strut thickness variation
using ductility objective function, (a, b and c) the normalised stress-strain
curves of three optimised QTMs (-S1, -S2 and -S3) obtained by the FE sim-
ulations and ANN predictions; (d) the distribution of microscopic strain at
selected macroscopic strains of a QTM (-S1), showing that shear band
branching causes progressive failure mode. The inserts of show the distri-
bution of the displacement at failure, which is caused by the formulation
of the shear band branching with different patterns.

5.3.4 Failure mechanism

To understand how initial disorderliness can affect shear band branching
that leads to enhancement of ductility, I have studied the failure mecha-
nisms of two QTM designs: i) an optimised QTM with improved ductility
(Figure 5.17 (a)), and ii) a QTM with low ductility brittle failure mode
(Figure 5.17 (b)). The failure paths have been traced for both designs,

which were caused by the breaking of struts owing to damage, as shown
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Figure 5.16: Designs of metamaterials based on strut thickness variation
using strain energy density objective function, (a, b and c¢) the normalised
stress-strain curves of three optimised QTMs (-S4, -S5 and -S6) obtained
by the FE simulations and ANN predictions; (d) the distribution of mi-
croscopic strain at selected macroscopic strains of a QTM (-S4), showing
that shear band branching causes progressive failure mode. The inserts
show the distribution of the displacement at failure, which is caused by the
formulation of the shear band branching with different patterns.

in the detailed geometries of the QTMs with contour showing the magni-
tude of the damage variable D. Here, the damage variable D varies from
0 to 1, with D = 1 representing complete failure at the integration point

of the element. The resultant initial spatial coordinate perturbation, i.e.,

v/ (Az)? + (Ay')?, is employed to quantify the overall disorderliness at
1th node. The continuum plots of the resultant coordinate perturbations
suggest that the optimised QTM (Figure 5.17 (a)) has a higher level distri-

bution of disorderliness than the brittle QTM (Figure 5.17 (b)). For both
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Figure 5.17: Failure mechanisms of two QTM designs: (a) an optimised
QTM-N3 (b) a randomly selected low ductile QTM with brittle fracture

QTMs, the failure paths were initiated at the locations with a low level
of disorderliness. For the optimised QTM (Figure 5.17 (a)), the breaking
of struts was initiated at Point A and followed the path with minimum
disorderliness, i.e., Points B and C for the formulation of a shear band;
near Point C when the shear band encountered highly distorted area, shear
band branching occurred and multiple shear bands started to formulate. In
contrast, for the brittle QTM (Figure 5.17 (b)), the shear band branching
did not occur owing to the absence of a highly distorted area on the failure

path.
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Figure 5.18: (a) engineering stress-strain curves of the polymer1 and poly-
mer2; (b) miniature specimen dimensions.

5.4 Experimental study

To validate the methodology described above, test specimens were manu-
factured, using the polyjet manufacturing technique, for the uniaxial ten-
sion test based on three selected FCC lattice designs, i.e., the parent pe-
riodic FCC lattice, the QTM with progressive failure mode (QTM-1), and
the QTM with sudden failure mode (QTM-2). The optimised design shown
in Figure 5.14 (d) was used as the geometry of the QTM-1; and the ge-
ometry of the QTM-2 was selected from the data used for deep learning,
which exhibited sudden catastrophic failure mode according to the FE sim-
ulations. As discussed for the failure mechanism, the shear band branching
was mainly caused by the distribution of initial disorderliness. To question
if the failure modes of the lattices depend on the parent material, I chose
polymers as the parent material instead of Aluminum alloy (Al1050A),
which was used in the design optimisation as described previously. Two
types of polymers (i.e., polymerl and polymer2) were used as the parent
materials, which were created by combining commercialized acrylic (Ob-
jet Vero-Clear FullCure810) and rubber-like material (Objet Tango-Gray

FullCure950). Polymerl! has a mixture of 75% acrylic and 25% rubber-like
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material, and polymer2 has a mixture of 50% acrylic and 50% rubber-like
material. Both polymers show elastic-plastic stress-strain response, with
polymer?2 being much more ductile than polymer!. Figure 5.18 (a) shows
the engineering stress-strain curves of polymer! and polymer2. A minia-
ture specimen tensile tests were performed to get engineering stress-strain
curves. The geometrical dimensions of the miniature sample are shown in

Figure 5.18 (b).

Load cell

Metamaterial

Fixture

Figure 5.19: A typical 3D printed QTM-1 using polymerl sample and
experimental setup

The tensile tests were conducted at room temperature using a 0.1% strain
rate using an INSTRON testing system, as shown in Figure 5.19, for a
photograph of the experimental setup. Each specimen contained 12 x 16
cells, and the geometry of the specimen had size 120 x 160 mm (with
a height of 25 mm clamping at both top and bottom sides) with 1 mm
out-of-plane thickness, and each strut had 0.4 mm thickness. The detailed
geometry used for tensile tests of the three selected FCC lattice designs, i.e.,
the parent periodic FCC lattice, the QTM with progressive failure mode
(QTM-1), and the QTM with sudden failure mode (QTM-2) are given in
Figures 5.20 (a), (b) and (c), respectively. Digital image correlation (DIC)

was employed to capture the full-field strain evolution of the samples during
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the full fracture process. A CCD camera (Thorlabs DCC1545M) with an
imaging lens (100 mm focal length) was configured at a spatial resolution
of 5 pixels/mm and a frame rate of 20 fps. In the DIC algorism, the subset
image was 128 x 128 pixels, and the step size was 64 pixels to maintain a

high level of speckle correlation [175, 176].
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Figure 5.20: Geometry details of (a) the parent periodic FCC lattice (b)
the QTM with progressive failure mode (QTM-1) and (b) the QTM with
sudden failure mode (QTM-2) used for uniaxial tensile test (all dimensions
are in mm)

The normalised macroscopic stress-strain curves for the specimens made
of polymer! and polymer2 are shown in Figures 5.21 (a) and 5.22 (a), re-
spectively. For both parent materials, the periodic FCC lattice failed in
a sudden, catastrophic manner. Compared to the periodic FCC lattice,
the QTM-1 achieved a 60% increase in ductility for polymer! and a 33%
increase for polymer2, respectively, without significantly decreasing the me-
chanical stiffness (< 3%) and the strength (< 13%). On the other hand,
for both parent materials, the QTM-2 exhibited sudden, catastrophic fail-
ure mode with ductility either slightly higher (polymer1) or much lower
(polymer?2) than that of the periodic FCC lattice.

To further examine the failure mechanisms, a series of video snapshots at

four selected tensile strains, numbered as “17, “27, “3” and “4” shown
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Figure 5.21: Tensile tests of the parent periodic FCC lattice, the QTM with
progressive failure mode (QTM-1), and the QTM with sudden failure mode
(QTM-2). (a) the normalised stress-strain curves of QTM-1 showing 60%
increase in ductility using polymerl, (b), (c¢) and (d) snapshots of polymeri
samples at different global strains during the test of parent periodic FCC,
QTM-2, and QTM-1, respectively. The DIC images show the progression
of microscopic strain €,, and shear band branching. (the fourth snapshots
of parent periodic FCC lattice, QTM-1 and QTM-2 were taken after the
final fracture occurred)

in Figures 5.21 (a) and 5.22 (a), were presented in Figure 5.21 (b)-(d)
(polymer1) and Figures 5.22 (b)-(d) (polymer2), respectively. For both

parent polymers, both the periodic FCC structure and QTM-2 fail instan-
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Figure 5.22: Tensile tests of the parent periodic FCC lattice, the QTM with
progressive failure mode (QTM-1), and the QTM with sudden failure mode
(QTM-2). (a) the normalised stress-strain curves of QTM-1 showing 33%
increase in ductility using polymer2, (b), (c¢) and (d) snapshots of polymer2
samples at different global strains during the test of parent periodic FCC,
QTM-2, and QTM-1, respectively. The DIC images show the progression
of microscopic strain €,, and shear band branching. (the fourth snapshots
of parent periodic FCC lattice, QTM-1 and QTM-2 were taken after the
final fracture occurred)
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taneously owing to a single shear band formation across the sample at
the tensile strain “3”. Interestingly, the shear band deflection in Figure
5.21 (b) did not lead to progressive failure mode owing to the brittle par-
ent material (polymerl). On the other hand, the QTM-1 design develops
damage-tolerant behaviors via progressive failure modes owing to shear
band branching (Figure 5.21 (d), polymerl) or excessive tortuosity in the

development of the shear band (Figure 5.22 (d), polymer2).

5.5 Conclusion

The structures of the natural cellular materials exhibit a certain level of
disorderliness. Prior to this work, it was well established that the disorder-
liness within cellular materials can cause a reduction in stiffness, strength,
ductility, and fracture toughness. This has been demonstrated by a range
of theoretical and experimental studies by Romijn et al. [137], Chen et
al. [165], Tankasala et al. [149], and Xu et al. [177]. However, in this
chapter, I have shown that the level and the distribution of disorderliness
can either increase or decrease ductility of the truss lattice metamaterials
by a great margin (see Figures 5.2 (a) and (b)), affecting both stiffness
and strength. With this continuation, I have developed a physical-based
data-driven framework, which tunes the disorderliness to achieve the QTMs
with improved ductility. The higher ductility was achieved through chang-
ing the failure mechanisms from single shear band formulation to shear
band branching or excessive shear tortuosity, which led to desired pro-
gressive failure modes. We have shown that, the solutions from the op-
timization calculation are not unique, which suggests that there is more
than one optimum distribution of the disorderliness, however, they have all
utilized progressive failure modes by arranging the nodes to improve the

ductility. With this data-driven methodology, I can achieve the designs
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with ductility increased up to 100% without losing much of their stiffness
(< 5%) and strength (8 ~ 15%). Our numerical study has benefited from
well-designed ANN deep-learning models, built upon a custom-built loss
function (APPENDIX B.1.5, Figure B.3), which can be trained with a rel-
atively small dataset. Additionally, the experiment study shows that the
damage-tolerant designs obtained using this methodology are independent
of parent material properties.

The design of damage-tolerant mechanical metamaterials [166] has signif-
icant importance in engineering applications. However, no deterministic
approaches were developed prior to this work due to the indefinite solu-
tions available. We believe this is just a beginning of an exciting field
in the novel topological designs of mechanical metamaterials with tailored
properties. Although the examples shown in the result section is based
on FCC lattices, it is essential to note that the mechanical behaviours of
other types of truss lattice such as Kagame, Diamond and Triangular, may
differ from the FCC based lattices. It is likely that the difference in de-
formation mechanisms, i.e., bending dominated or stretching dominated,
and redundancies of lattice structures [178] may lead to different damage
tolerant behaviours with the presence of disorderliness. Future work will
be conducted to reveal the underlying mechanisms via comparing different
type of lattice structures. This study opens a new research area in seeking
damage tolerance metamaterials, and the proposed method is general and
applicable to other truss lattice topologies at any scale. The approach pro-
posed in this paper can undoubtedly serve as a unique tool for designing

novel mechanical metamaterials well beyond elastic limits.
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Chapter 6

Creep characterisation of
Inconel 718 lattice
metamaterials manufactured

by laser powder bed fusion

6.1 Introduction

In recent years, interest in manufacturing periodic or lattice metamateri-
als has continuously increased due to highly customized properties. Before
advancing AM, other orthodox manufacturing technologies like investment
casting, deformation forming, brazing etc., are studied to produce periodic
lattice geometries. Limitations of such techniques include the fitness of
the structures and the actual cell geometry [19]. Over the years, AM tech-
nologies have been developed to produce three-dimensional objects directly
from a digital model by adding materials without specialized tooling. For
example, LPBF or SLM can produce fine surface geometries like rough-
ness value at 50 microns lattice structures using AM process for metal

alloys. LPBF creates components layer by layer by melting specific parts
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of a powder bed based on a 3D CAD model with a laser beam [148]. Sing
et al. [179] used LPBF to manufacture complex cellular lattice structures
and determined the factors most affecting their dimensional and mechan-
ical properties. They found that the horizontal dimensions are primarily
impacted by layer thickness, and vertical and diagonal dimensions are in-
fluenced mainly by laser power. The process offers benefits for producing
complex components, especially in aerospace using superalloys, as it does
not require tooling and directly uses CAD data [180]. However, there is
limited research on how the high-temperature performance of LPBF com-
ponents, such as their microstructures and mechanical properties, compares
to those made through traditional methods [181]. For example, Inconel
718 is widely used in modern aircraft engines due to its high strength and
elevated temperature resistance [182]. The material properties, such as
precipitation and solid solution hardening, allow it to maintain strength
and fatigue resistance at high temperatures up to 650 °C[183]. However, its
desired mechanical properties make it difficult to machine, requiring special
tools and specific machining parameters [184].

In contrast, the LPBF process eliminates the issue of machinability, result-
ing in microstructures typically composed of columnar dendrites growing
along the building direction [185]. Amato et al. [186] investigated the
LPBF of Inconel 718 and examined the microstructure of the material and
basic mechanical properties, such as hardness and tensile strength. Further-
more, because of the unique quality of the LPBF manufacturing process
that allows for tailored mechanical, thermal and biological properties in
the diffusion of lattices, trusses, and periodic materials could be found [20].
In conjunction with lightweight properties, lattice structures provide im-
pact resistance, non-conducting heat properties and electromagnetic wave
absorption [21-27, 187]. The study of lattice structure studies has con-

tinuously increased over the past decades. As a result, many researchers
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are designing complex structures using lattices with different unit cells and
relative densities. For example, Tancogne-Dejean & Mohr [164] studied a
specific design which was an isotropic elastic structure with the combination
of Simple Cubic (SC), BCC and FCC lattices. Through periodic homog-
enization, it was observed that isotropic truss lattices demonstrate lower
initial yield anisotropy than the octet truss lattices. They developed a few
cubic trusses lattice structures similar to the grid type, which were elasti-
cally isotropic. The study illustrated that the mechanical characteristics of
grid-type of truss lattice structures change as per the direction of loading.
Bonatti & Mohr [188] Performed finite element analysis and compression
tests on stainless steel material specimens manufactured by AM and also
examined statically-determinate solid octet truss lattice under large strain
compression of different metamaterial architectures. It observed that hol-
low rhombic dodecahedral mesostructures provide nearly twice the strength
and energy absorption of the octet truss. The smooth changes were due to
structures becoming bending-dominated to stretching-dominant.

The high-temperature creep performance of LPBF-made Inconel 718 meta-
materials has yet to be explored thoroughly. Creep is the primary failure
mode at elevated temperatures, and a comprehensive creep design method
is highly desirable to develop [189]. Andrews et al. [102] established expres-
sions for the creep-bending of cell walls allowing the creep rate of honey-
combs and foams to be predicted from the cell-wall properties and relative
density. Fan et al. [104] investigated the uniaxial and multi-axial creep
behavior of low-density open-cell foams and proposed a modified analyti-
cal expression by considering the mass at the strut node. Su, et al. [13§]
established an analytical model to predict the creep strain rate of imper-
fect honeycombs. It was observed in the study that the creep strain rate
depends on the defects density as well as the type of missing struts of

imperfect honeycombs. Monkman & Grant [190] Proposed an empirical
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relationship between the minimum creep rate and rupture life at elevated
temperatures by analyzing the steady-state creep rate. However, the creep
performance of the metamaterials due to microstructure defects owing to
the LPBF manufacturing process is still an issue.

As part of a more in-depth study, this chapter aims to investigate the creep
characteristics of LPBF-manufactured Inconel 718 metamaterials. Instead,
the creep behavior and effects of LPBF-made Inconel 718 metamaterials
microstructural defects have been assessed. In this work, I have accurately
captured the microstructure defects using Kachanov’s creep damage model.
In addition, the paper examines the leading causes of specimen failure and

the effects of loading and relative density on creep life.

6.2 Material and experimental testing

6.2.1 Material and manufacturing

The chemical composition of the Inconel 718, to manufacture metamaterial
produced by LBPF investigated in this study given in Table 6.1. The
powder particles constituted a spherical shape and an average size of 30
pm between 15 pm and 45 pm. The metamaterial specimen consisted of
BCC as basic unit cells, consisting of four equilateral triangles with 12
rectangular struts. The size of this unit cell is 4 mm, and the nominal
thickness is 0.5 mm in both directions. The overall size of the structures is
32 x 32 x 80 mm (composed of 8 x 8 x 20 cells). Figures 6.1 (a) and (b)
show the schematic metamaterial design with unit cell dimensions. Using
the heat-treatment strategy, I heat-treated the specimens to improve the
material properties (see Table 6.2 [16]). Figure 6.1 (c¢) shows the three
as-built samples of metamaterials with a building plate. The build plate

was removed via wire cutting, maintaining the strut thickness of 0.5 mm.
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The relative density p of the BCC unit cell truss lattice material (ratio of
the density of the lattice material to the density of the solid material from

which it is made) is given by:

p= (1 + \/§) (%)2 (6.1)

The strength of a stretch dominated lattice structure with 10% relative
density is three times stronger than an equivalent bending dominated foam
[147, 148]. Thus, the relative density value was taken as 0.13 for our inves-
tigation, considering the manufacturability of the minimum strut diameter
[149].

Table 6.1: Chemical composition of the main elements in Inconel 718 pow-
der ( wt %)

Elements in weight percent (wt%)

Ni Cr Fe Nb Mo Ti

50—-55 17-21 remainder 4.8 —15.5 2.8 —-3.3 0.7—1.2

Al Co Mg Si

02-08 <10 <0.35 <0.35

Table 6.2: Heat treatment procedures for cast Inconel 718 components

Homogenization Heat to 1093 °C+14, hold for 1-2 h, air cool or faster
Solution Heat to 954-982 °C, hold for > 1 h, air cool or faster
Ageing Heat to 718 °C48, hold for 8 h,
furnace cool to 620 °C+8 in 1 h, hold for 10 h, air cool or faster

6.2.2 Microstructure characterisation

The microstructure of the Inconel 718 under creep tests was characterised
by SEM equipped with an X-ray analysis system and 80 mm? silicon drift
detector (SDD). Fractographic inspections were implemented on the frac-
ture surface of the lattice specimens. Ruptured surfaces were sectioned

from these specimens using electrical discharge machining (EDM), cleaned
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Figure 6.1: (a) CAD geometry of a BCC metamaterial with dimensions, (b)
unit cell dimension of a BCC cell, (¢) specimen clamp geometry dimensions,
and (d) as-built specimens showing built direction with building plate

in an ultrasonic bath, and mounted on SEM stubs for imaging. A JEOL
7000F field-emission SEM was employed to characterise fracture surfaces
at a working distance of 15 mm and an accelerating voltage of 15 kV.
Energy-dispersive X-ray spectroscopy (EDS) analysis was conducted using
the Oxford Aztec software to confirm the nature of fractures. The working
distance for EDS analysis was 11.5 mm, and the accelerating voltage was

20 kV.

6.2.3 Experimental setups
Tensile test at elevated temperature

It is essential to identify the yield strength of the metamaterials since any
stress applied higher than the yield stress can lead to plastic deformation,
leading to failure before the creep fracture has fully developed. Hence, the
yield strength, tensile strength and elongation of the bulk and lattice struc-

ture specimens during tension were evaluated by uniaxial tensile testing at
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650 °C temperature and a constant strain rate of 0.02 mm/sec on the Mayes
ESM250 testing rig. The rig was fitted with a Mayes 250 kN load cell on the
crosshead (a horizontal bar across the top part of the rig), which was used
to measure the force during the test. The load cell also had the capability
of measuring displacement in the region of the crosshead. A Mayes 240V
split section resistance furnace was used to maintain the required tempera-
ture. The furnace body is split into two halves and hinged to accommodate
easy sample insertion. The temperature in the furnace, along the gauge
length of the specimen, was measured using three K-type thermocouples
spaced out along the specimen’s gauge length surface. Two thermocouples
were placed at the top and bottom edges of the gauge length, and a third
one was in the middle. The furnace had three independent heating ele-
ments, and each of them was connected to a thermocouple. The data from
the thermocouples were used to adjust the temperature within the furnace,
and the samples were equilibrated at the test temperature for 30 min before
testing. The testing equipment was located in a room with a controlled air
temperature of around 20°C. The ends of the sample under testing were
positioned in the designated holders with threads. The displacement was
measured close to the boundaries of the gauge length. The displacement
along the gauge length of the sample was measured using a pair of LVDT-
0582 high-temperature side-contact linear voltage differential transformer
(LVDT) extensometers. The several key components of the Mayes ESM250

testing rig are shown in Figure 6.2.

creep rupture tests

Creep tests were also carried out on the Mayes ESM250 testing rig. As
mentioned in the above section, to reduce the influence of non-creep induced
plastic deformation, uniaxial tension creep experiments were performed

at the initially applied load levels of 35% and 70% of yield strength of
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Figure 6.2: Testing rig based on the Mayes ESM250 electromechanical
testing machine, used to conduct experimental tensile tests, consisting of;
“A” crosshead with a load cell, “B” metamaterial specimen, “C” a pair of
linear voltage differential transformer extensometers.

metamaterials obtained via a tensile test in the air at 650 °C. The sample
temperature was controlled by employing three thermocouples at the top,
centre, and bottom of the specimen gauge length to £0.5°C of the set point.
Creep strain measurements were obtained using an LVDT extensometer

attached to the end sections of the specimen gauge length.

6.2.4 Numerical modelling
Numerical and material modelling for tensile test

To identify the yield strength of the metamaterial, a tensile test at elevated
temperature has been performed, and a numerical model has been deployed
for numerical validation. The numerical model was established using finite
element software ABAQUS/EXPLICIT . Timoshenko beam elements with
linear interpolation functions (element type B31 in ABAQUS [143]) were
adopted to improve computational efficiency and ensure the accuracy of the
simulations [191]. Numerical tests have suggested that converged results
can be achieved with each strut meshed with 5 beam elements of equal

length. All nodes on the bottom side of the lattice structure were con-
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Figure 6.3: (a) Finite elements models of the lattice structure (b) Engi-
neering stress-strain curves of LBPF manufactured as-built uniaxial tensile
specimen (Inconel 718) under tensile test at 650 °C

strained in translation and rotation degrees of freedom. All translational
and rotation degrees of freedom were restricted for the upper surfaces of
the structures except for the loading direction, as shown in Figure 6.3 (a).
Displacement control and smooth analysis were imposed to ensure the sim-
ulation was a quasi-static process. The quasi-static process was verified by
maintaining the kinetic energy of the system at less than 5% of its internal
energy.

The Ramberg-Osgood model was used to represent the true stress-strain
relationship of the parent material, i.e., additively manufactured Inconel

718, as illustrated in Figure 6.3 (b) [192]:
o a\"
F= — — 6.2
£=% + K <0y> (6.2)
where £ = 202 GPa and & = 755 MPa are Young’s modulus and yield
stress of the Inconel 718, respedtively; k is the yield offset, and n is the
hardening exponent. Thus, this material model is suitable for capturing

the mechanical behavior of LBPF manufactured as-built uniaxial tensile

specimen (Inconel 718) under a tensile test at 650 °C.

130



6.2. MATERIAL AND EXPERIMENTAL TESTING

Failure initiation starts when the maximum axial strain reaches 0.3 in the
element based on the tensile test result shown in Figure 6.3 (b). The strut
necking behaviour was replicated by the reduction of the yield stress after

failure initiates, which is characterised by the damage variable D:

g=(1-D)g, (6.3)

where D varies from 0 to 1, and is a function of the plastic strain, fitted to
match the data of Figure 6.3 (b). The corresponding element was deleted

from the mesh when all the material points within the element failed (D =

1).

Kachanov’s creep damage equations

In order to understand the creep damage evolution in the material, in-
cluding the tertiary stage of creep deformation, the creep damage model,
originally proposed by Kachanov [100] and Rabotnov [193], has been shown
to be reasonably accurate in predicting the tertiary creep behaviour of the
materials. Incorporating the damage state parameter w, the creep stain

rate is defined as follows :

de® o\
=A " 4
dt (1 + w) (6.4)

where €° 0 and t are the creep strain, the uniaxial stress and the time,
respectively. The material constants A and n are the Norton law constants,
which control secondary creep behaviour, and can be determined from a
log-log plot of the creep strain rate versus the applied stress [194], while
the material constant m controls the primary creep strain. The damage
parameter w ranges from 0 to 1 corresponding to no damage state and fully
failure of materials, respectively. The creep damage rate as a function of

stress and current damage is described as:
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AT 650 °C
dw o (0T>X m
dat T (1+¢)(1 _w)¢t (65)

where, M, ¢ and y are continuum damage material constants. w is the
damage parameter having a value in-between 0 (no damage) and 1 (100%
damage/failure). The rupture stress o, is a dependent variable whose values
change as per maximum principal stress o; and equivalent stress o, as

defined by below equation:

o, =001+ (1 =)oy, (6.6)

The above equation is suitable for mixed stress criteria of the material,
where ¢ is a material constant related to the tri-axial stress state of the
material range from 0 to 1 . The value of § determines the maximum
principal stress dominant at 1 and equivalent stress dominant at 0 , which
is important for the multiaxial damage model. Although, the notched
specimen uniaxial test needs to be performed to determine the value of §
[195]. In our case, the value of 0 is zero since I have used the Timoshenko

beam elements with linear interpolation functions (element type B31 in

ABAQUS [143)).

6.3 Determination of high-temperature

properties at 650 °C

6.3.1 Tensile Properties

Figure 6.4 (a) compares the macroscopic stress-strain responses of the meta-
materials subjected to uniaxial tension at 650 °C obtained via experiment
and numerical calculation. The z-axis represents the applied macroscopic

strain on the material, and the y-axis represents the corresponding macro-
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Figure 6.4: (a) A comparison between stress-strain curves obtained via
experiment and FEA of a lattice specimen at 650 °C. (b and c¢) the strut
damage parameter of numerical calculations and experimental result after
final fracture, respectively.

scopic stress. The dashed curve represents the experimental results, and
the continuous curve represents the results from the numerical simulation.
It can be observed that both curves show very similar behaviors, which
suggests that our numerical simulation could achieve high fidelity. The
macroscopic stress-strain response has been used to identify two loading
conditions for the creep test, i.e. 35% and 70% of yield strength (10 kN
and 20 kN), as shown in Figure 6.4 (a). In Figure 6.4 (b) and (c), I have
shown the strut damage parameter of numerical calculations and experi-

mental results at fracture, respectively.

6.3.2 Creep properties and damage parameters esti-

mation

In this section, I have used Kachanov’s creep damage equation to calculate
damage parameters. For relatively simple one state variable, Kachanox
equations, Egs. (3) and (4), the material constants A, n, m, M, ¢ and
x can be determined directly by fitting the uniaxial strain-time equation
to a few uniaxial strain-time curves, obtained from creep tests at a given

temperature.
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Figure 6.5: (a) Fitted and tested uniaxial creep strain curves of the parent
material ((1)-[15], (2)-[16]) (b) dimensions of the Two bar specimens (TBS)
(17, 18]

Figure 6.5 (a) shows the correlation between experimental and analytical
data estimated through curve fitting at 650 MPa and 747 MPa stresses. The
experimental creep curves have been reported by Xu et al. [16] subjected
to 650 MPa and Xu et al. [15] subjected to 747 MPa stress conditions for
Inconel 718 at an elevated temperature of 650 °C. The estimated damage
parameters obtained from the literature after curve fitting are given in
Table 6.3. The damage parameters given in Table 6.3 are based on the
Two bar specimens (TBS) [15-18], dimensions shown in Figure 6.5 (b). In
their work, the TBS specimen surfaces were ground and polished before
testing to remove the milling-affected zone containing machining defects.
However, due to the complexity of the metamaterial used in this work, the
lattice strut surfaces have experimented on as-built conditions. In addition,
owing to manufacturing defects consisting of microstructure defects, the
damage parameters were corrected for the creep material modelling. The
inverse method mentioned by Wen et al. [196] was used for correction of the
damage parameters. The updated damage parameters after the correction
have also been provided in Table 6.3. The microstructures at the fracture
surfaces of the metamaterial specimens have been discussed in the results

section of this paper.
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Table 6.3: Creep damage material constants (stress in MPa and time in
hours) from literature and after correction

Material Property from literature after correction

A 3.54 x 1073° 4.54 x 10735
n 11.167 11.9

m 0 0

M 5.13 x 1073° 4.44 x 10730
) 15.25 12.0

X 11.662 5.416

o 0 0

6.4 Results and discussion

6.4.1 Creep behaviour

Figures 6.6 (a) and (b) show the correlation between experimental and FEA
results under 20 kN and 10 kN loads, respectively. For 10 kN loading con-
dition, the numerical result has accurately captured the creep behaviour,
whereas for 20 kN the numerical result is reasonably close to experimen-
tal result of metamaterials at 650 °C. Furthermore, at the 20 kN load, the
metamaterial fails very early owing to brittle fracture compared to the 10
kN loading. The differences in the creep life of metamaterials show that the
failure mechanisms have been significantly affected by loading conditions.
Figures 6.7 (a) and 6.8 (a) show the progression of the displacement, and
Figures 6.7 (b) and 6.8 (b) show the creep damage evolution at the struts of
the metamaterials at three different snaps at different loading conditions.
It shows that the creep damage at the 20 kN load increases continuously,
and the onset of crack at the edge of the specimen occurs. However, at the

10 kN load, the creep damages are broadly distributed, leading to higher
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Figure 6.6: Creep life versus displacement curves showing the correlation
between experimental versus FEA results of metamaterials samples under

(a) 20 kN and (b) 10 kN loads at 650 °C

creep life.

6.4.2 Microstructures and fracture characteristics

Figure 6.9 (a) shows the overview of the fracture surface for metamaterial
samples under a 10 kN load. The onset of crack was observed at the edge
of the specimens, which propagated transversely. To investigate the nature
of failure, the fracture surface where the crack initials were examined using
SEM. The fracture surface of metamaterials samples under 10 kN load
exhibit a co-existence of brittle and ductile features, as shown in Figures
6.9 (c) and (f). Figure 6.9 (c) shows the region of transgranular cleavage
with typical feather markings and river patterns, which indicates a feature
of brittle fracture in this area. A microcrack of approximately 400 pm
(Figures 6.9 (b) and (e)) was observed, which might be the main reason for
structural failure. In addition, a region of the quasi-cleavage surface was
found in the vicinity of the microcrack. The appearances of quasi-cleavage
were similar to those reported by Martin et al. [197] and Lynch [198], which
may attribute to the coalescence or growth of micro-voids that initiate
within intense slip band intersections or form due to insufficient melting

of the additive manufacturing. Figure 6.9 (f) shows typical deep dimples
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Figure 6.7: Creep behaviour of the metamaterials showing the progression
of (a) displacement and (b) creep damage at different times at 20 kN load
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Figure 6.8: Creep behaviour of the metamaterials showing the progression
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Figure 6.9: (a) An overview of the fracture surface for the specimen failure
under 10 kN load. (b) The fracture surface of the crack initiates. (c)
Fracture features at the region of transgranular cleavage. (d) Fracture
features at quasi-cleavage surface. (e) Co-existence of brittle and ductile
features in the vicinity of the microcrack. (f) Deep dimples with inclusions
near the microcrack.

with a certain amount of inclusions near the microcrack, which suggests a
ductile failure in this region. The presence of inclusions, microcracks and
deep dimples may cause local softening under the tensile load and further
result in the combination of brittle and ductile fracture under 10 kN, as
shown in Figures 6.6 (a) and (b).

Figure 6.10 (a) shows the overview of the fracture surface for the metama-
terial sample under a 20 kN load. The SEM images of the fracture surface
where the crack initiates exhibit a typical brittle failure, as shown in Fig-
ures 6.10 (b) and (c). Unlike the sample that failed under a 10 kN load,
a clear transgranular cleavage without any inclusions was observed across
the whole fracture surface. A region with dull spots shows an alternating
light, and a dark feature was found at the edge of the cross-section of the
lattice truss, as shown in Figure 6.10 (c¢). EDS analysis was implemented

to further confirm the composition of the element at dull spots. The x-ray
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Figure 6.10: (a) An overview of the fracture surface for specimen failure
under 20 kN load. (b) The fracture surface of the crack initiates. (c) EDS
mapping area of the dull spots region. (d) and (e) X-ray emission spectrum
and EDS elemental mapping at the dull spots region, respectively.

emission spectrum (Figure 6.10 (d)) and EDS elemental mapping (Figure
6.10 (e)) indicate that the alloying elements were a mixture of oxygen,
chromium, carbon, nickel, iron, and calcium. Although there is a limited
basis in literature to claim that carbides may directly lead to an earlier
failure, the presence of carbides cannot be considered as benign in additive
manufacturing as it can increase the local hardness and behave as a source

of crack nucleation that reduces the local strength and toughness.

6.4.3 Creep performance of metamaterials

Here, I have shown the creep performance of the metamaterials at different
loadings and relative densities obtained via numerical calculations. Figures
6.11 (a) and (b) show the impact of loading conditions and relative density
on the creep life of metamaterials, respectively. Figure 6.11 (a) shows
that the experimental data and FE results correlate reasonably. The X-

axis shows the loading conditions and relative densities in Figures 6.11 (a)
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Figure 6.11: (a) The impact of loading conditions on the creep life of
metamaterials comparison between test data and FE data; (b) The increase
in creep life with respect to relative density obtained via FE calculations.

and (b), respectively, and the creep life has been plotted on the Y-axis
on a logarithmic scale. It can be observed that the creep life decreases
significantly with the loading, and the creep life has been plotted on the
y-axis on a logarithmic scale. The relative density of the metamaterial
designs was obtained by adjusting the strut thickness, ¢ and maintaining
other parameters constant in the numerical model. It can be observed
that the creep life decreases significantly with the loading, and the creep
life increases with the relative density. Additionally, the impact of relative
density of the metamaterials are significant on creep failure life, subjected

to different loading conditions.

6.5 Conclusion

This study investigated the creep behaviour of lattice metamaterials man-
ufactured by LPBF using Inconel 718 at an elevated temperature of 650 °C.
The microstructural defects, such as suboptimal grain size and morphology,
and macroscale anomalies, such as lack of fusion, present in LPBF materials
led to performance degradation for creep mechanical properties. Through

the use of microstructural characterisation and Kachanov’s damage mod-
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elling, it has been found that the creep performance of the metamaterials
was affected by the microstructure defects. I have shown that, due to the
LPBF, which can result in the presence of inclusions, microcracks, and deep
dimples, local softening may occur under tensile load leading to an earlier
failure compared to conventional manufacturing processes. Furthermore,
the numerical calculations and experiment results showed a logarithmic de-
cay in creep life with increased applied load. This is caused by high stress
induced on the struts of the metamaterials, which leads to early failure
owing to plastic deformation. Note that Kachanov’s model does not con-
sider plasticity damage, and viscoplastic model is recommended for higher
loading.

These findings provide a deeper understanding of the creep behaviour of
LPBF metamaterials and can inform the optimisation of LPBF manufac-
turing processes to improve the mechanical properties of metamaterials.
The microstructure study shows that the improvements in the LPBF man-
ufacturing parameters can influence the creep life of metamaterials signifi-
cantly. However, the paper does not address important topics, such as the
impact of strut size effects, LPBF building direction and residual stress on
creep testing. Therefore, it is recommended for future study that to rep-
resent the size effect; ideally, miniaturised tensile and creep tests (approx.
0.5 mm specimen, i.e., size of the strut) at 650 °C, should be carried out to
derive the material properties, for lattice modelling. Additionally, future
work needs to be conducted by undertaking more creep testing and mod-
elling with different parameters such as loads, temperatures, and lattice
types to allow a better understanding of the creep behaviour of metamate-

rials.
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Chapter 7

Conclusion and Future Work

This thesis aims to investigate the the field of mechanical metamaterials by
exploring their failure mechanisms, mechanical characteristics, and creep
behaviour. The objective include: (1) to numerically investigate macro-
scopic elastic-plastic behaviour and failure mechanisms of truss metamate-
rials with defects under multi-axial loading; (2) to develop a data-driven
framework to optimise the distribution of disorderliness to achieve damage
tolerance metamaterial designs with the increase in ductility at the minor
expense of stiffness and tensile strength; (3) to understand the creep be-
haviour and effects of microstructures of the metamaterials manufactured
by 3D printing technology. To achieve these objectives, the related work
has been presented from Chapter 4 to Chapter 6, and the conclusions have
been provided below. Afterwords, the future works have been discussed

based on the conclusions of the current study.
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7.1 Conclusion

7.1.1 Localisation and coalescence of imperfect pla-

nar FCC truss lattice metamaterials

In summary, this chapter has undertaken an exploration of the influence of
stress triaxiality on the failure mechanisms intrinsic to anisotropic perfect
and imperfect planar FCC truss lattice metamaterials. Within the scope
of this study, various forms of imperfections, including distorted struts,
missing struts, and strut diameter variations, have been meticulously in-
corporated into the numerical modelling. A novel numerical framework
has been introduced, aimed at surmounting computational challenges that
extend beyond the elastic regime.

Throughout the course of this investigation, three distinct modes of mi-
croscopic localisation within both perfect and imperfect lattices have been
identified prior to eventual failure: the formation of crushing bands, shear
bands, and void coalescence. The findings affirm that distorted lattices
exhibit a propensity for shear band localisation, particularly as distortion
levels increase. Conversely, missing lattices predominantly experience fail-
ure through void coalescence, especially in instances of high missing strut
defects. Notably, the variation in strut diameter, within the selected range,
does not exert a significant influence on the macroscopic mechanical re-
sponse and strain localisation.

This work endeavours to pave the way for the predictive understanding of
failure mechanisms in imperfect lattices under diverse loading conditions.
However, it is imperative to acknowledge that the present study assumes
failure of the RVE when the maximum failure strain is reached for any
strut contained within the RVE. Future investigations should expand their

scope to consider the effects of parent material damage and the potential
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interplay of defects when multiple types and sizes of defects coexist.

In conclusion, this chapter contributes valuable insights into the intricate
behaviour of lattice metamaterials, shedding light on the nuanced relation-
ship between stress triaxiality and failure mechanisms while also offering a

promising foundation for future research endeavours in this field.

7.1.2 Data-driven discovery of quasi-disordered me-

chanical metamaterials failed progressively

In this work, I have demonstrated that the degree and distribution of dis-
order in truss lattice metamaterials can significantly impact their ductility,
leading to either an increase or decrease in ductility, affecting both stiffness
and strength. To take advantage of the geometrical disorderliness, I have
created a framework based on physical principles and data-driven methods
that allows us to adjust the degree of disorder in order to produce truss
lattice metamaterials with higher ductility and better mechanical proper-
ties. I have demonstrated that the results obtained from the optimization
process are not necessarily unique, implying that there are multiple optimal
distributions of disorderliness. Nonetheless, all of these distributions have
utilized progressive failure modes to enhance the ductility. The obtained
designs showed that, it is possible to achieve designs that exhibit up to a
100% increase in ductility while only losing (< 5%) of their stiffness and (8
~ 15%) of their strength. Additionally, The method has been validated by
using two different types of polymers as the parent material in the exper-
imental study, which also have demonstrated that the enhanced damage
tolerant behaviors of the optimized metamaterials are material indepen-

dent.
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7.1.3 Creep characterisation of Inconel 718 lattice

metamaterials

In this chapter, through the use of microstructural characterisation and
Kachanov’s damage modelling, I have investigated the creep behavior of
Inconel 718 metamaterial, and the results indicate that the creep resis-
tance depends on the microstructure and loading conditions. The creep
behaviour of metamaterials is significantly different from that of bulk ma-
terials due to their complex structures. Furthermore, LPBF materials ex-
hibit performance degradation in creep mechanical properties due to the
presence of microstructural defects such as suboptimal grain size and mor-
phology, as well as macroscale anomalies like lack of fusion. The results of
this study, provide insights into the creep behavior of LPBF metamaterials
and could aid in optimising LPBF manufacturing processes to enhance the

mechanical properties of these materials.

7.2 Future work

The scope of the research question was to investigate mechanical metama-
terials by exploring their failure mechanisms, mechanical characteristics,
and creep behaviour. can be programmed and tuned to respond to me-
chanical actuation. This has been shown from Chapter 4 to Chapter 6.
However, the research has highlighted several avenues of future work re-
quired to reaffirm arguments made within the study, to better understand
the failure mechanisms, the requirement to further develop the data-driven
process for future applications and to further study creep behavior of the
metamaterials.

In Chapter 4, an numerical framework was developed to describe the failure

mechanisms of the FCC metamaterials by introducing different manufac-
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turing defects. Although the examples shown in the result section is based
on FCC lattices, it is essential to note that the mechanical behaviors of
other types of truss lattice such as Kagame, Diamond and Triangular, may
differ from the FCC based lattices. It is likely that the difference in de-
formation mechanisms, i.e., bending dominated or stretching dominated,
and redundancies of lattice structures [178] may lead to different behav-
iors with the presence of manufacturing defects. Additionally, it should
be noted that the present study assumes that failure of the RVE occurs
when the maximum failure strain is reached in any strut within the RVE.
However, future research should investigate the potential impact of parent
material damage and the effects of interactions between multiple types and
sizes of defects. Another area for future work is investigating the dynamic
response of the metamaterials under different loading conditions, including
impact and vibration. Understanding the dynamic behaviour of the meta-
materials will be critical in their application to various engineering fields,
including aerospace and defence.

In Chapter 5, a data-driven methodology was developed to use manufac-
turing defects (studied in Chapter 4) to our advantage by tuning the dis-
orderliness in the metamaterials. This methodology changes the failure
mechanisms from single shear band to shear band branching of the struc-
ture and enhances the ductility. However, one area for further exploration
is optimising the mechanical properties of the metamaterials using different
types of imperfections and loading conditions. In addition, the data-driven
methodology developed in this study can be further refined and extended to
design new metamaterials such as Kagame, Diamond and Triangular with
enhanced properties. Future work needs to be conducted to reveal the un-
derlying mechanisms via comparing different type of lattice structures. In
machine learning, one also had to explore the different loss functions used

in this work to evaluate the test data sets. The idea behind evaluating the
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test data set under different assumptions is still blurred and needs further
exploration.

In Chapter 6, a damage model was implemented for investigation of the
creep behavior of the Inconel 718 metamaterial at elevated temperatures.
The investigation of creep behavior at even higher temperatures is also a
promising area for future work. This would provide further insight into the
effects of microstructure on the creep resistance of the metamaterial and
help to optimise their performance in high-temperature applications. Ad-
ditionally, the work does not address important topics, such as the impact
of LPBF building direction and residual stress on creep testing. Future
work needs to be conducted by undertaking more creep testing and mod-
elling with different parameters (load, temperature, lattice type) to allow a
better understanding of the creep behaviour of metamaterials. The study
of the metamaterials behavior under different environmental conditions,
such as exposure to corrosive or extreme temperatures, could also be ex-
plored. This could provide insight into the durability and longevity of the
metamaterials in real-world applications.

Overall, the development of mechanical metamaterials using AM technolo-
gies has shown great promise in advancing materials engineering. However,
there are still many avenues for future research and development in this
area, and the results of this study provide a solid foundation for further

exploration and innovation in the field.
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Appendix A

A.1 Results comparison - ABAQUS Stan-
dard vs. Explicit solver

For constant triaxiality, stress ratio equation for ABAQUS Standard solver

can be written from Equation (4.11) as:

N (' = ult) (s + ) d
= — = t =
ST W Y (Wt by d
OR (A1)
Wo 4+ ud!
= )

Note that above equation is independent of spring constants and ué\& is a
prescribed value. For the simulation, I have taken spring constant k; equals
to 1077 x E x W, (E is parent material’s Young’s modulus). ABAQUS
Standard calculates three unknows quantities v}, u’ and v}’ using MPC
(multi-point constraints) user sub-routine, iteratively. Figure A.1 shows
that results obtained through explicit solver are comparable with standard

solver for triaxiality 7" = 0.4 and 0.66.
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Figure A.1: Stress ratio comparison obtained via ABAQUS Standard and
Explicit solvers

A.2 Continuum level FEA modelling of
beam elements

The nodal displacement vectors were extracted from ABAQUS and these
displacement vectors have been used as input for 2D triangular solid el-
ements. Then strains have been mapped using the second order Gauss-

Quadrature method which can be expressed as:

E° = B'a‘ (A.2)

where a® is nodal vector of the element subjected to displacement compo-

nents u; and ug, and B€ is derivatives of shape function given by:
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where n.,, is the number of nodes of one element and N¢ is the elemental
shape function of the respective nodes. The strain components at Gauss
points inside the band is used to calculate the average equivalent strain
using Equation (4.31). To evaluate out of plane strain field, I have used
standard mechanics approach within RVE. The relationship between the
average strain of a triangular element and beam elements connected to the

vertices of the triangular element can be expressed as:

3
ES, = Z Ci€53 (A.4)
i=1
Similarly, for RVE the out of plane strain can be written as:

N

EfYP = " c;E5 (A.5)

j=1

where ¢; and ¢; are volume fractions of the i beam element and the ;%
triangular element respectively; N the total number of the triangular ele-
ments and 45 the out of plane strain for the i beam element which can

be calculated using volume conservation.
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Appendix B

B.1 Artificial neural network

In recent studies, various ANN models are now being used. Among the sug-
gested ANN types are multilayer perceptron feed-forward neural networks
(FFNN), Convolutional Neural Networks (CNN), and recurrent neural net-
works (RNN). Each ANN model generally relates to a specific type of issue.
FFNN, for example, is widely utilized in many fields and is well-known as
“universal approximators” [199-201]. Compared to CNN and RNN, FFNN
has a simpler architecture (only layers and neurons in hidden layers are vul-
nerable to modification) and is thus easier to evaluate in its diversity. The
current study has employed tabular data to relate the input dataset (spa-
tial coordinate perturbations and strut thickness variations) to the relevant
output dataset (normalised macroscopic stress-strain response). As a re-
sult, an FFNN with a backpropagation algorithm was adopted in this work,
as shown in Fig. B.1A and B.

B.1.1 Activation function and scaling

The rectified linear activation function (ReLU) was used in this study.
ReLU has been widely used in feed-forward neural networks as an activation
function [202]. In this work, the input was scaled between [-1, 1] for the

spatial coordinate perturbation dataset and [0, 1] for the strut thickness
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Figure B.1: An illustration of feed-forward neural network with backprop-
agation used in this work (A) spatial coordinate perturbation (B) strut
thickness variation.

variation dataset. The ReLU activation function was found to perform
better with this scaling technique. To scale the ith input data, the following

mathematical transformation was applied to it:

\I/(i) ) \I’(i) — min \I’(i) 1 (4) . \I/(i) — min \I/(i)
norm.[-1 1] 7 T o () — min W@ norm. [01] 7 4 (i) — min W6’
(B.1)

where min¥® is the minimum and maz¥® is the maximum value of the

1th component of the input vector ¥ in the dataset.

B.1.2 Evaluation of ANN

The cost function, J(8", b;), and loss function, L(O))as Tirue)s are used to

assess the “goodness” of the trained network. The loss function evaluates

T

the model performance based on the real stresses, oy = [0F,0%,...,0"],. .,
. T . .

and the predicted stresses, oprea = 01,07, ...,0"] ., During training, an

optimisation algorithm minimises the value of the loss function by updat-
ing the weights and biases values in the “right” direction [203]. The cost

function is dependent on the loss function in the following way:

SRS

h
Z E(ag;’edﬂ o-trgue) (Bz)
m=1
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where h is the number of samples in an evaluated dataset. The most
commonly used loss function is the Mean Square Error (MSE) for regression

analysis problems [204]. The equation is expressed as:

n

1 i k22
EMSE(‘T;?“ed? U?:ue) = E Z (Upred - Utrue) (B3)
k=1
The “logcosh” loss function for neural networks was developed to combine
the advantage of the absolute error loss function of not overweighting out-
liers with the advantage of the mean square error of continuous derivative

near the mean, which makes the last phase of learning easier, which can be

expressed as:

m m 1 -
Elog cosh(o-pred7 o-true) = ; Z log(COSh(U];red - Ufrue)) (B4)
k=1

As shown in Fig. B.2, numerical experiments on quasi-disordered FCC
lattices have suggested that the stress data in the three groups (Zones) have
significantly different variances across the QTM samples. Hence, I have
proposed a custom-built loss function based on the “quantile regression loss
function” to accurately predict stress-strain responses. The loss function

used is given as:

1 2
ECUStOm(‘T;ﬂed’ Ufrue) = 3_n Z (AZ - 1) (O-;ffred - O-frue) +
i=1 k=1

k k
Ttrue <Upred

n
k Eo\2
Z )‘Z (Jpred - Utrue)
k=1
U?’ruezalgred
(B.5)
where \;, i = 1,...,3, are the chosen quantiles for the three groups of the

stress data and have values between 0 and 1. The quantile loss function is
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an extension of the MSE that has the quantile A; = 0.5.
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Figure B.2: Three zones in the stress-strain relation for the QTM samples
under uniaxial tension.

B.1.3 ANN Optimisation algorithm

Adaptive Moment Estimation (Adam) [205] is a widely used gradient
descent-based backpropagation optimisation algorithm. In our study, this
algorithm was used to train ANN models. For each parameter, the algo-
rithm computes adaptive learning rates. It keeps an exponentially decaying
average of previously squared gradients vy, like Nesterov’s accelerated gra-
dient method [206], MaxProp [207], and others. However, it differs in the

way it updates an exponentially decaying average of past gradients:

Gt = wiC—1 + (1 —wi) gs,
(B.6)

Uy = W1 + (1 — CUQ) g?,
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where ¢, the gradient; {; and v, are approximations of the gradient’s first
moment (the mean) and second moment (the non-centred variance) at
tth step. To compensate for moments that are biased towards zero, bias-

corrected first and second moment estimates are computed:

Et = 1 Etwt

1
B.7
S (B.7

S

Eventually, parameters are updated according to:
01 =0, — G (B.8)
VO, + €

Where wy, ws, X, and € are the algorithm hyperparameters and are subject

to tuning.

B.1.4 ANN architecture - hyperparameters

In this section, I have given the hyperparameters used to train our ANN
model. Each ANN model received a total of 1000 training iterations. The
initial learning rate, x, is 0.0009. It decreases by the factor 0.2427 when
no training progress is made for 18 consecutive training epochs. The other
optimiser hyperparameters were used as their default settings in MATLAB:
wi = 0.9, wy = 0.999, and € = 108 Early stopping was used for deep
learning to stop training if the change in learning metrics did not exceed
over ten consecutive training iterations. A batch size of 16 was used to
train the networks. The hyperparameters to tune the neural networks are

obtained using Bayesian optimisation from MATLAB (‘bayesopt’) [174].
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B.1.5 ANN architecture analysis

To demonstrate an example of the improvements in the ANN architec-
ture using our custom built loss function. The ANN model was ana-
lyzed based on hyperparameters mentioned above for the three loss func-
tions mentioned in Eqs. B.3 to B.5. The geometries of 5000 QTM sam-
ples were used with irregularity, a = 0.2, at constant relative density
p = 0.2. T used an ANN architecture consisting of 7 hidden layers with
4096, 2048, 1024, 1024, 1024, 512, and 512 neurons, in sequence from input
to output layers in our architecture. Further increase in hidden layers
did not show any improvement in the efficiency of deep learning process.
The dataset was split into three sub-datasets 75% for training, 15% for
validations and 15% for tests. The evaluation of the three loss functions
mentioned in Eqs. B.3 to B.5 are presented in the Fig. B.3 based on the
training and validation datasets. It can be observed that, our custom-
built loss function (A\; = 0.5,A; = 0.45 and A3 = 0.1) has minimum loses

compared to the other two loss functions (Egs. B.3 and B.4).
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Figure B.3: The effects of loss functions on deep learning rate, which shows
that the costom built loss function has the best performance.
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