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Abstract

Biomimetics, also known as biomimicry or bionics, is a field of study that aims to learn
concepts, models and systems from nature and apply similar concepts to solve engineering
questions. Biomimetics can be considered an interdisciplinary field, where Biology and
Engineering are mixed together. Meanwhile Biology extracts the knowledge of how
biological systems faced and adapted to contour obstacles, Engineering has the role to
interpret this knowledge and transfer it to human applications.

One of many natural tissues that are inspiring new materials design is bone. Bone is a
complex structural composite essentially composed by a protein based matrix and
hydroxyapatite crystals. The matrix is primarily made by collagen fibers and confers
flexibility to the bone. Instead, the hydroxyapatite crystals are mainly made of phosphorus
and calcium providing stiffness and strength. This mixture of components with different
mechanical properties creates a unique composite that can achieve properties that far exceed
those of the individual components, such as fracture toughness. Bone noticeable toughness
is due to its multiscale microstructure and its embedded intrinsic and extrinsic mechanisms.
Intrinsic mechanisms increase microstructural resistance to crack initiation and growth,

while extrinsic mechanisms act behind the crack tip reducing the crack-driving force.

In this thesis, two case studies where a new bio-inspired composite material were analyzed.
In both, the new composite architecture is inspired by the microstructure of bone, trying to
successfully replicate the fracture toughening mechanisms. These previous studies showed
higher mechanical properties in the longitudinal direction when compared to a comparative
laminate; however, in the transversal direction the result was not the same. This opens an
opportunity to study the reasons that led to lower properties in the transversal direction and
suggest modifications in the material design.

Initially, models of the two case studies under two loading conditions, tensile and flexural
bending, in the transversal direction were developed. The numerical models used extended
finite element method (XFEM) to probe the role of the characteristic microstructural features

and interfaces on the overall fracture behavior. The outcome of the simulations showed a



good agreement with experimental results, revealing the fundamental role played by the
heterogeneous microstructure in altering the stress field, reducing the stress concentration at
the crack tip, and the crucial role of the interface region (i.e. cement line) in fostering the
activation of characteristic toughening mechanisms, increasing the overall flaw tolerance of

the composite.

Lastly, a new bio-inspired composite material was suggested and modeled based on insights

from the previous case studies.



Sommario

La biomimetica, nota anche come biomimicry o bionics, € un campo di studio che mira a
implementare concetti, modelli e sistemi presenti in natura nella risoluzione di problemi
ingegneristici. La biomimetica puo essere considerata un campo interdisciplinare, in cui si
intersecano diverse discipline, tra cui la biologia, la chimica e l'ingegneria. Mentre la
Biologia si occupa di studiare i sistemi biologici e il relativo adattamento ambientale,
I'iIngegneria in quanto scienza applicata, cerca di applicare questi concetti alla progettazione

di nuovi materiali e oggetti.

Uno dei tanti tessuti naturali che ispirano il design dei nuovi materiali & 1'0ss0. L'0ss0 € un
composito strutturale complesso, composto essenzialmente da una matrice proteica e da
cristalli di idrossiapatite. La matrice € fatta principalmente da fibre di collagene e conferisce
flessibilita all'osso. Invece, i cristalli di idrossiapatite sono principalmente fatti di fosforo e
calcio e forniscono rigidezza e resistenza. Questa miscela di componenti, aventi proprieta
meccaniche molto diverse tra loro, crea un composito unico con proprieta meccaniche
decisamente superiori a quelle dei singoli componenti, come ad esempio la resistenza alla
frattura. La notevole resistenza dell'osso e dovuta principalmente alla struttura gerarchica e
ala sua organizzazione microstrutturale, che favorisce 1’attivazione di particolari
meccanismi di tenacizzazione. Questi meccanismi aumentano la resistenza del tessuto osseo
ala frattura, inibendo la formazione di cricche e rallentando la propagazione di difetti

preesistenti.

In questa tesi, sono stati analizzati due casi studio relativi ad un nuovo materiale composito
bio-ispirato. La nuova architettura composita € ispirata dalla microstruttura dell'osso, con
I’intento di replicare i meccanismi di tenacizzazione. Studi precedenti hanno mostrato una
marcata anisotropia di questo materiale, con proprieta meccaniche nella direzione
longitudinale superiori rispetto a quelle di un laminato comparativo, ma con evidenti
limitazioni nel comportamento meccanico in direzione trasversale. Questo ha motivato uno
studio numerico volto a identificare le ragioni delle carenti proprieta in direzione trasversale

e a suggerire modifiche al design iniziale del materiale.



Inizialmente, sono stati sviluppati i modelli dei due casi di studio in due condizioni di carico,
I.e. trazione e flessione, nella direzione trasversale rispetto alla direzione principale del
rinforzo. I modelli numerici, basati sul metodo XFEM (extended finite element method),
sono finalizzati a studiare il ruolo della microstruttura e delle interfacce sul comportamento
complessivo a frattura. L'esito delle simulazioni ha dimostrato un buon accordo con i risultati
sperimentali, rivelando il ruolo fondamentale svolto dalla microstruttura eterogenea
nell'alterazione del campo di sforzo, riducendo la concentrazione dello sforzo all’apice della
cricca e hanno confermato il ruolo cruciale della regione di interfaccia (linea di cemento
ossia) nel favorire l'attivazione di meccanismi di tenacizzazione caratteristici dell’osso,

aumentando la tolleranza complessiva alla presenza dei difetti nel composito.

Infine, sulla base dei risultati ottenuti, & stato suggerito un nuovo design di materiale

composito bio-ispirato.
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CHAPTER

1. Introduction to Biomimetics

Biomimetics, also known as biomimicry or bionics, is a field of study that aims to learn
concepts, models and systems from nature and apply similar concepts to solve engineering

questions.

Biomimetics can be considered an interdisciplinary field, where Biology and Engineering
are mixed together. Meanwhile Biology extracts the knowledge of how biological systems
faced and adapted to contour obstacles, Engineering has the role to interpret this knowledge

and transfer it to human applications.

1.1. The History and Examples of Biomimetics

Leonardo da Vinci (1452-1519), while designing flying machines, futuristic for that period
in history, was influenced by how birds and bats are able to fly. He speculated in his book
Codex on the Flight of Birds that human air travel could be modeled using bird mechanics.
Da Vinci's flying machine had a pine frame covered in raw silk to create a light but sturdy
membrane, similar as bats™ wings Figure 1. Even though the scientist was unaware of the

term biomimetics, he was already experimentally being inspired by it.

In 1903, the Wright brothers, Orville and Wilbur, inspired by the manner that birds use air
currents to again lift and change directions, designed the wings™ control mechanism of the

first ever catapulted aircraft.
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(a) Flight of a bat {b) Leonardo da Vinel’s flying machine

Figure 1 - Influence of nature in Da Vinci's work.

Biomimetic derives from Ancient Greek: bios translates as life and mimesis as imitation. The
word biomimetic was scientifically introduced in a paper written by American biophysicist
Otto Schmitt for the International Biophysics Congress in 1969 [1] when he attempted to
produce a physical device that mimicked the electrical action of a nerve, four years later the
word is already spread in the scientific community and added to Webster's dictionary with

the definition:

The study of the formation, structure, or function of biologically produced substances and
materials (as enzymes or silk) and biological mechanisms and processes (as protein
synthesis or photosynthesis) especially for the purpose of synthesizing similar products by

artificial mechanisms which mimic natural ones.

In the past years biology kept inspiring engineers and a great number of innovations have
been influenced by biomimetics. Burdock plants™ seeds have a hooking behavior that lead to
the creation of Velcro [2], back then a new zip fastener type. It is said that Swiss electrical
engineer De Mestral was inspired by the seeds that clung to his trousers and his dog's hair

during a walk on the woods.

Concepts of fluid dynamics obtained from nature have been widely studied [3]. Figure 2a
shows shark skin ridges, where vortices induced by them reduces friction drag significantly.
On another hand, in Figure 2b one is able to see that the sea leopard’s hair is completely
different than the shark skin, because it displays unusual stiff and flat hairs, which assist the
animal to move in snowy and icy conditions. Figure 2c exhibits the two attributes of sea

gulls’ wings. First, the feathers at the wing tips reduce drag; second, self-activated movable

19



flaps to help landing. Switching to botanical creatures, Figure 2d illustrates lotus leaves,
which have the extraordinary characteristic of being self-cleaning, despite growing in
swampy waters. These peculiar aspects were imitated in new innovations, respectively: shark
skin inspired swimming suits, seal fur based ascending ski accessories, flaps in modern

airplanes, self-cleaning paints.

Figure 2 - a) Zoomed shark skin. b) Sea leopard skin. c) Seagull in landing approach. d) Lotus leaves [3].

In 2008, scientists in India and Japan developed a needle that causes less pain to the patient
compared to commercial needles. A mosquito sucks blood by flexing and relaxing muscles
in proboscis (the elongated mosquito’s mouthpart) and has a characteristic size. The scientist
designed the painless needle following the same mosquito’s proboscis™ geometry and used

a microelectromechanical pump for the sucking action [4].

More recently, NASA presented new space-suit prototypes, designed to withstand imminent
long space expeditions. One of the suit designs was inspired by deep sea creatures, mirroring

bioluminescent and scaly skin qualities of aquatic creatures.
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CHAPTER

2.Bone

2.1. Introduction

The skeletal system performs indispensable functions to sustain human life, such as:

e Protection of vital organs, including brain and spinal cord;

e Body’s movement using muscles, cartilages and joints;

e Body’s support, maintaining its shape;

e Storage of important elements, especially calcium that forms hydroxyapatite;

e Blood cell production, or haematopoiesis, in bone marrow.

One of the main constituents of the human skeletal system are bones and they can be
classified according to dimensions: long bones, short bones and plate-like bones. Long bones
resemble shafts and are responsible for keeping stability against body’s weight and reaction
forces, not allowing buckling and bending. Short bones have smaller and more compact
dimensions and are located in regions where compression is the principal force component,
such as in vertebrae. Plate-life bones are flatter and thinner than the other types and play the

role of protecting internal organs.

Bone is commonly entitled a rigid organ; however, this concept may not be fully true since
bone is also always in dynamic transformation: constantly remodeling and adapting to

different external forces.
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Figure 3 - Skeletal system and main bones.

A remarkable property of bone is the capacity of self-repair [5], osteoblasts and osteoclasts
play an important role on it. The process known as bone remodeling occurs when there is
reabsorption of old, damaged material by osteoclasts, while there is replacement of new bone
tissues, done by osteoblasts. This continuous process can also repair fractures [6], being
called fracture healing process. Another property is adaptation. It occurs as a response to
mechanical stimuli and is driven by dynamic, rather than static, loading. In order to have an
adaptive response, a short duration of mechanical stimuli is enough. If an extensive loading
is applied, it results in a lower adaptation behavior. Also, bone cells tend to respond less to
customary mechanical loading environment [7]. As it adapt to external forces, bone changes
its shape and internal structure; thus modifying also mechanical properties [8]. This makes

bone one of the most odd and intriguing material found in nature.

2.2. Bone Composition

Bone can be considered a composite material made by an organic phase and an inorganic
phase. The former confers flexibility to the bone and is made of ~90% collagen type I, ~5%

water, noncollageneous proteins (NCPs) and other components [9]. The latter is formed by
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a mineral phase, hydroxyapatite (HAP), mainly made of phosphorus and calcium providing
stiffness and strength. This mixture of components with different mechanical properties
creates a unique composite that can achieve properties that far exceed those of the individual

components, such as fracture toughness (Figure 01).
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Figure 4 - Mechanical properties of natural composite materials [8].

2.2.1. Collagen

Collagen is one of the main elements in bone matrix. As it confers ductility and the ability
to absorb energy, alterations in the collagen properties affects directly bone’s mechanical
properties. Indeed, literature affirms that mostly of the large variations in bone strength is

due to quality of collagenous matrix [10].
Over 28 types of collagen have been identified. However, five types are the most important:

i. Typel
ii.  Typell
iii.  Type HI
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iv. TypelV
v. TypeV

Type | collagen is the most abundant type and present in almost all connective tissues,
exception of hyaline cartilage. It composes 95% of the total collagen content in bone, despite
that it is also the dominant protein in skin, tendon, ligaments, cornea and blood vessels.

Type Il are present in cartilage, as well as intervertebral disks. The type 111 is usually found
together type I collagen in extensive connective tissues as skin, lungs and vascular system.
Type 1V is part of the constituents that form the basal lamina, an extracellular matrix that

supports the epithelium. Finally, type V collagen is found in placenta and hair.

Collagen fibers are initially formed by three precursor alpha chains, which are formed by
polypeptides. These three chains come together to assemble the procollagen and posteriorly
tropocollagen molecules. Multiple tropocollagen molecules form collagen fibrils via
covalent cross-linking, that has overlaps and gap regions. The latter, when assembled,
constitutes the collagen fibers (Figure 5 and Figure 6).

L

(1) (2] © (4)

Three chains Procollagen

assemble peptidase Assembly Assembly

———
:| 67 nm

Precursor Procollag Coll ‘—'—' ‘—|—‘
a chain (triple helix molecule

with loose ends) Collagen fibril Collagen fiber

Figure 5 - The formation of collagen fibers.
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Figure 6 - Electron microscopy of collagen fiber [11].

2.2.2. Hydroxyapatite

As stated before, the mineral phase of bone is composed by hydroxyapatite, a phosphorus
and calcium composite with chemical formula (Cai0(PO4)s(OH).) dispersed as thin plates
with irregular shape crystals. Their length range from 20 A to 1100 A [12,13]. These crystals
expose a relative large surface area to the extracellular fluids, accelerating the exchange of
ions with these fluids [14]. The mineral nucleates along the pores and holes in the collagen

fibrils, ultimately interconnecting all the collage fibrils [15].

Hydroxyapatite also has a storage purpose for the body. It can act a calcium reservoir that

can be released when the body has a calcium deficiency for metabolic functions.

Figure 7 - Electron microscope image of hydroxyapatite crystals in bone.
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2.3. Bone Hierarchical Structure

As most of the natural materials, bone is also made by building blocks that form a
hierarchical structure that is responsible to control its properties, deformation and toughness
[16]. Starting from the macroscopic level, where the components and regions can be seen by
naked eye (i.e. observing the difference of cortical and trabecular bone) to the atomic level

(i.e. amino acids) (Figure 10).

These hierarchical levels can be subdivided in seven different and distinguished levels, but

also in five macro groups:

I.  Macrostructure, levels 6 and 7;
ii.  Microstructure, level 5;
iii.  Sub-microstructure, level 4;
iv.  Nanostructure, levels 2 and 3;

v.  Sub-nanostructure, level 0 and 1.

2.3.1. Level 7

The higher scale level exhibits the bone structure, where it can be also classified by shape,

as seen before.

2.3.2. Level 6

In this level, bone tissue can be either cortical or trabecular. Cortical bone, or compact bone,
is located in the outer surface and its responsible for the hardness and stiffness of the bone.
While trabecular bone, or cancellous bone, is located inside the hollow part of bones,
characterized by a porous structure. These two different bones can be easily observed in a
section cut of the femur, the cortical bone lays in the outside layer and is seen as a high-
density bone, thus really white in Figure 8; meanwhile the trabecular bone is the porous

region in the inner side.
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As this thesis is based on two bio-inspired composite materials inspired by the cortical bone,
this study will be focused on this tissue.

(b)

Figure 8 — Section cut of the femur. (a) Section of the full bone. (b) Section of the femur head.

2.3.3. Level 5

This level is based on the microstructure can be seen in Figure 9. It is characterized by a
cylindrical structure called osteons (Haversian system), with a diameter around 200
micrometers and a length of 1 cm. The osteons are made by a concentric lamellar structure
and an interstitial vascular canal (Haversian canal) with ~50 micrometers in diameter. The
outer boundaries of the osteons are surrounded by a cement line or sheath, which are

hypermineralized interfaces due to remodeling.

The osteons are longitudinally aligned, commonly following Wolff’s law [17]. Between
them, gaps are formed and lays the interstitial lamellae, with a random orientation of

fragments of lamellae as a result of the dissolution of old osteons by osteocytes.

Furthermore, blood vessels are present and irregularly displaced, and are not arranged in a
network [16]. Besides the Haversian canal, transversal canals -called Volkmann’s c.- also

allow blood vessels to communicate and provide nutrients to the osteons.
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Concentric

Figure 9 — (a) Representation of the level 5 structure [16]. (b) Concentric lamellar structure of the osteons.
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Figure 10 — Seven levels of hierarchy in the hierarchical structure of bone [16].
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2.3.4. Level 4

At this level we can see the fibrils array patterns, which form the lamellae (between 3-7

micrometers thick) and their different orientations.

2.3.5. Level 3

It is characterized by fibril arrays held together by a protein phase with a dissipative function.

2.3.6. Level 2

Hierarchical level 2 is where collagen fibers surrounded and infiltrated by mineral are
prominent [18]. The filling of collagen fibrils with HAP crystals creates mineralized collagen
fibrils (MCFs), a building block present in all bone tissues.

2.3.7. LevelslandO

At level 1 protein filaments of collagen, HAP crystals, NCPs and water are the basic

components, and form the basic structural unit of bones.

Level is the lowest level, or the ultrastructural. At this level, we can see the structure of the
main components of bone: the hexagonal lattice of the HAP crystals, the amorphous ground

substances of the NCPs proteins, the triple helical chain of procollagen (Figure 5).

2.4. Mechanical Properties of Cortical Bone Tissues and Toughening Mechanisms

Bone, as stated before, is a mix of two different main components: collagen and
hydroxyapatite; thus, it can be considered a composite material. As bone is capable to adapt

to external forces and modify its internal microstructure, it can be a highly anisotropic
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material. The capacity of bone to resist to mechanical loads and to fracture depends in a
spectrum of varieties (Figure 11). Alterations in the properties of the main components,
collagen and hydroxyapatite, can affect the mechanical properties of bone and modify its
fracture susceptibility. Tissue mass, or bone quantity, is measured using dual X-ray
absorptiometry, a technique that evaluates bone mineral density (BMD) in our body. The
amount of bone tissues is obviously important; however, the way it is displayed changes the

load reactions. So, microstructure is also a key factor.

Tissue Mass Micro- and macro-|| a4 ¢eria) properties:

architecture « Mineral

+ Collagen

‘\ [ /: * Micro damage and repair

Turnover: Remodeling activity
Cell activity and lifespan: BMU balance

Figure 11 - Determinants of bone strength [10].

The way microstructure can affect so much the fracture behavior is based on two kinds of
mechanisms: intrinsic and extrinsic. Intrinsic mechanisms promote ductility, while extrinsic
mechanisms act as a shield to a growing crack [8,16]. Fibrillar sliding, molecular uncoiling
and mineralized collagen components are the most important intrinsic mechanisms, being a
result of plasticity. Supposing a load is applied, the load is transferred between the HAP
crystal by shearing the collagenous matrix. At this scale, fibrillar sliding promotes permanent
deformation, or plasticity, allowing a large deformation to occur once plastic yielding start.
Figure 12 clarifies the role of HAP in collagen fibrils. Comparing the mineralized to the not
mineralized collagen fibril, one can see the area under the mineralized curve is higher than
the pure-collagen curve. So, the addition of HAP to collagen fibrils increase toughening at
nano-scale levels. The sawtooth-shaped curve in the mineralized collagen fibril in large
deformations is a result of the repeated intermolecular slips [16].
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Figure 12 - The role of HAP in collagen fibrils, analyzed with a computational model [16].

Microcracking is another intrinsic mechanism that occur is all the range of scale, from the
nanometers to the micrometers. It is indeed a intrinsic mechanism, occurring ahead of the
crack tip, but also enables the development of the most potent extrinsic mechanisms
[16,19,20].

These previous mechanisms are indeed important to increase bone fracture resistance;
nevertheless, extrinsic mechanisms at a larger scale play an even higher role. They are all
involved in a process called crack-tip shielding, that happens only when the crack is already

growing, after initiation.

In cortical bones microcracks form in the cement lines, the hypermineralized region between
osteons and the interstitial matrix. Delamination of the HAP/collagen interfaces or fracture
of HAP crystal are the hypotheses for the formation of microcracks [21]. These microcracks
present in the cement line are aligned parallel to the osteons and they are extremely important

as they help the development of crack bridging and crack deflection [16].

When a crack propagates in bone, it tends to follow the trajectory of maximum mechanical
driving force, a consequence of the external load condition, and the path of the weakest
microstructure resistance [16,22,23]. Crack deflection/twisting are similar and have the same
fundamental behavior, when the crack path is near or at the cement line, the microcracks
shields any growing movement towards the center of the osteons, generating labyrinthine
crack paths and consequently rough fracture surfaces. The difference between crack
deflection and crack twisting is that former occurs in the same plane of crack path, while the

latter happens out of plane.
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CHAPTER

3. Crack Modeling

3.1. Introduction

The advantage of developing a numerical model of a composite material is the ability to
change its parameters (geometry factors, material properties, components architecture)
without the need of manufacturing and experimentally test it. Even though the development
of numerical models is time consuming, manufacture one specimen for each new

configuration is unfeasible in many ways.

3.2. Contour Integral

A few different types of contour integrals are available:

i) J-integral,

i) Cintegral;

iii) T-Stress;

iv) Stress intensity factors (SIF).

The history and how these types were developed started around the 1960s [24—28]. The most
popular has been the J-integral and the stress intensity factors. The J-integral is commonly
accepted as a quasi-static fracture mechanics parameter for linear material response, but with
limitations for nonlinear material response [29]. However, when dealing with mixed-mode
crack problems, J-integral needs to be decompose to J2 integrals [28]. The Ci-integral
purpose is for time-dependent creep behaviors and the SIF are used to measure the strength
of the local crack-tip fields [29,30].
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The J-integral is based in the energy release rate with the crack advance, and is given as:

.I=/ AMsin-H-qdA
Ja

Where:

e dA is the surface along the temporal small tubular surface enclosing the crack tip;
e nisthe vector normal to dA;
e ( is the local direction of crack extension;

e His calculated based on the elastic material behavior.

glamanls

Figure 14 - Representation of dA [30].

Comparing to the J-integral, the C-integral is calculated with the equation below, by

replacing the displacement with velocities and the strain energy density with the strain

. I .E..
11".‘—.r/ o dé
J0

The stress intensity factors are three: K;, Ky and Ky Their relation to the J-integral is shown

through:

energy rate density.

J=—K' . B™'.K

Where:
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For the contour integral, the crack location should be preset by the user, and it can be either
edges or seam regions (Figure 15). A seam region is a line or face embedded in a two- or
three-dimensional model, respectively. If a seam is chosen, after meshing the region the
method creates duplicate overlapping nodes on it, and these nodes are free to move apart

[30]. The behavior is exemplified in Figure 16.

The main drawback of contour integrals is that do not predict how a crack will propagate, so
one should know the crack propagation behavior beforehand. In addition to that, detailed
meshes around the crack tip are necessary, and accurate contour integral results can be

challenging to be achieved.
LN I | ? ]

edges are

free 1o move
apart

_ sketched
2| partition

Figure 16 — Seam lines and crack behavior [30].
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3.3. Virtual Crack Closure Technique (VCCT)

VCCT calculates energy-release rate, assuming that the energy needed to separate the

surface is the same to the one needed to close the same surface (Figure 17).

(a) (b)

Figure 17 - VCCT assumption. (a) The energy necessary to open the crack between the node i-j if the same to
close it in (b) [30].

The fracture criteria are based on the critical energy release rate, G, and the fracture occurs

when f in equivalent or higher than 1 in the following equation. Where G is the strain energy

release rate calculated in the crack tip node and can be a composition of G, Gy and Gy or

only one of them. In addition, G¢ can the computed with different mode-mixed formulae:

BK law, the power law or the Reeder law.

G
f=?

The method is indicated for problems where brittle fatigue brittle fatigue delamination
occurs [30]. The disadvantages are that it requires the cohesive surfaces to be aligned with
element boundaries and the cracks propagating along a set of predefined paths, while the
accuracy of the simulation is dependent to the element size [30,31]. So, previous
assumptions of the cracks need to be made, as location, size and how many are present [31].
The latter is a massive difficulty when dealing with complex structures where the fracture

behavior is unknown and elaborated.
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3.4. The eXtended Finite Elements Method (XFEM)

The extended finite element method (XFEM) was initially developed by Blytschko and
Black [32] and it has grown in popularity to study crack propagation in composites and
biological tissues [33—41]. Its main advantage is not requiring remeshing in the crack tip,
being not mesh dependent [35,42]. Also crack position may or may not be pre-determined,;
if one chooses not to, XFEM locates the possible crack initiation positions by analyzing the
maximum principal stress within the elements [30,42]. XFEM employs local enrichment
zones in the crack tip, simulating the discontinuities when the crack opens.

3.4.1. XFEM and Abaqus

All the numerical models in this study were developed using Abaqus 6.14 [43]. XFEM was
introduced into version 6.9 of Abaqus [44] and uses a phantom node concept. These nodes,
which are created temporarily while the crack propagates, represent the discontinuity of the
cracked elements. If the element has not fractured, the phantom node corresponds to the real
node of the initial mesh. However, when fracture occurs, and the crack propagates through
the element, it is split into two parts. Both parts are going to be formed by the combination

of the real node and the phantom node, completing the element [30].

¢ Real Node ¢ Phantom Node - = Crack

Figure 18 — Exemplification of phantom nodes in XFEM [45].

The approach adopted by Abaqus 6.14 [43] was firstly matured by Song et al. [46] and
Remmers et al. [47]. After the crack splits the elements, the magnitude of separation follows
a cohesive law until the tensile strength in the sliced interface of the element is zero. So, the
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displacement field, u, is the sum of both new elements 1 and 2 and together with the
Heaviside step function, it follows the equations below.

u(@t)=>_u’ ) M(@)H (=f (2) + Y_w” ) Ni(2)H (f ())

1 forx >0

H(z) =
(z) 0 forz<O0

Following the traction-separation behavior model, where linear elastic is assumed initially,
the elastic behavior is written based on the elastic constitutive matrix:

t, [1-;,,,, 0 0 3,
t=<{t, Y= 0 K.. 0 b, YV =K§&
[(] ” l’\'” ‘ilr

Where t is the nominal traction stress vector together with its components: tn, ts and tt (if
three-dimensional). The elements separations are denoted by on, 6sand &t. The terms Kn, Ks
and Kt are calculated based in the elastic properties of the element’s material. As severe
convergence difficulties can happen in XFEM, viscous regularization is possible to be
applied. Their damping causes the previous constitutive matrix to be positive definite for
sufficient small time increments, helping to reduce the convergence issues [30]. The crack
domain should be assigned and is considered as an enriched region (Figure 19).

The crack behavior is supported by the failure mechanisms, based on the damage initiation
criterion and the damage evolution law. The former is always linear, as specified by the
traction separation laws before. The latter can undergo a linear or nonlinear behavior. In
Figure 20 one can see the behavior. There, c is the damage initiation criterion, the tract c-d’
is the damage evolution law and in d’ is where the material stiffness is fully degraded. It is
important to state that the enriched elements cannot be damaged under pure compression
[30].
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Crack location Crack location

Figure 19 — Crack domain for XFEM [30].

Figure 20 — Uniaxial stress-strain response in the damage for traction separation law parameters [30]
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Figure 21 — Damage response in a traction-separation behavior [30].

The crack initiation parameter is controlled and set by the user, prior to the start of

simulation, and it begins when the desired criterion is achieved in the enriched selected

region. The criterion can be:

i) Maximum principal stress criterion. The maximum principal stress (6max) needs to

be equal or higher than the maximum allowable principal stress (6°max), Set as a

material parameter, in order to start the crack. The Macaulay brackets, symbolized
by ), signifies that a compressive state does not follows the criteria.

{HJH'” ."'::I

il
FRd

{ =

Maximum principal strain criterion. The maximum principal stress (gmax) needs to be
equal or higher than the maximum allowable principal stress (£°max), also set as a

material, to initiate the crack.

{ “ma r:)

=)
= FIbEdad
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1) Maximum nominal stress criterion. Similar to the maximum stress criterion, but the
maximum principal stress is decomposed in three components. The crack initiates

when one of them is equal or higher of its allowed maximum stress.

_ (t.,) t.
f = max u.—.—I
2 8%

iv) Maximum nominal strain criterion. Crack initiates when either n, & or gtare equal

or higher than &n°, & or &°.

(I - I } - = '-I'

f = max{ —. —, —

v) Quadratic nominal stress criterion. When the equation below, involving the stresses

components, reaches a level or 1 or higher, the damage is initiated.

/ } 2 2 2
-,lf i1 'il‘ = fi‘
;}rl i .ffi- + f“ - l
] = )
1) Quadratic nominal strain criterion. When the equation below, involving the strain
components, reaches a level or 1 or higher, the damage is initiated.

] )

.l'r - - -
1-..:? Ea =

i t =1

=i} =0 =

I &
After crack initiation, the crack behavior is described by the damage evolution law,
describing the rate at which the material stiffness is then degraded. The overall damage of
the material is described as a scalar damage variable, D. It starts with a value of zero and, if

damage succeeds, it jumps to a value of 1. The components of the stress are influenced by

the damage according to:

41



(1 — : = —>l)
: :{l DY, 1.5

‘ i otherwise (no damage to compressive stiffness):
t, = (1 - D).,
t; = (1 — D)}t,,

If it is needed to describe the damage’s evolution by a combination of normal and shear

deformation across the interface, one should use the effective displacement [48].

r

Dy == v'l{:r'il_,:}-'r + 4 + ri;"_

Others fracture modelling parameters can be set, but will be covered in this study.

It is essential to state that Abaqus 6.14 [43] has a few characteristics and limitations when
dealing with XFEM analysis, and these influence the preparation for the simulation. The

most important are:

e The initial crack can be defined, so the parameters to start the crack, as explained
above, are only valid for the steps after the crack initiation. The initial crack location
can also not be preset; thus, its behavior follows the chosen crack initiation criterion.
This characteristic is a difference between XFEM and the others crack modelling
methods.

e Crack cannot propagate through parts; incase this would be the case, the user should
either merge the parts into a single unified region or create multiple cracks, one for
each separated part.

e The crack path is not mesh dependent [43], or it should be. This statement will be
further discussed in the case studies.

e The material and the geometry can be nonlinear.

e Only linear continuum elements are allowed in enriched regions (XFEM applied),
this includes the elements, with or without reduced integration:

o CPE4 - four-node bilinear plain strain quadrilateral elements
o CPS4 - four-node bilinear plain stress quadrilateral elements
o C3D4 - four-node linear tetrahedral element

o C3D8 - eight-node linear brick element
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The analysis can be only performed under STATIC procedure.

Can be performed under the low-cycle fatigue analysis using the direct cyclic
approach.

If, after the element is cracked there is contact between the just cracked surfaces,
contact interaction can be assigned and follows a small-sliding formulation.

The crack cannot turn more than 90 degrees within a single element, cannot be
branched and two cracks cannot coalesce.

XFEM is not available in Abaqus/Explicit, so it is only available for
Abaqus/Standard [49].
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CHAPTER

4. Development of numerical models

4.1. Introduction

To further investigate the role of the design and material properties on the overall mechanical
and fracture behavior, numerical models are an important tool to optimize a material

structure.

In this chapter, we will analyze two case studies that aimed to create a composite material
inspired by the cortical bone. Their simplifications and limitations will be scrutinized and,
principally, how their internal structure affected their fracture toughening mechanisms and
consequently their experimental results.

Additionally, numerical models for both will be developed in Abaqus, adjusted and
evaluated based on the experimental values. The loading conditions analyzed are tensile and
flexural bending in the transversal direction. Transversal direction was chosen because it
was the condition were the case studies had lower improvements when compared to a

comparative laminate.

4.2. Past researches

Previously researches developed also in Politecnico di Milano [50,51] aimed to design
composite materials inspired by bone fracture toughening mechanisms, in pursuance of

mechanical properties improvements.
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A first attempt was done by Libonati [50], inspired by the cortical bone architecture (Figure
22). The main elements of the design are the osteons (internal lamellae and cement line), the
interstitial lamellae and the outer circumferential system. The cement lines are represented
by sleeves made of carbon fibers (CF) oriented in a +45° way, with a diameter of 5mm.
Inside the sleeves of CF, completing the osteons structure, unidirectional glass fibers
(UDGF) are inserted. The composition of CF and UDGF confers bending strength, as well
as the possibility of crack twisting and deflection. The interstitial lamellae are made by
bundles of UDGF and epoxy resin completing the gaps. Offering compactness and ensuring
a width of 5mm, UDGF encased in a non-crimp fabric (NCF-GF) forms the outer
circumferential system in the two external layers. A representation of the material applied

can be seen in Figure 23.

Comparing to the biological configuration, there were many simplifications introduced by
this design. Initially, the size of osteons was decreased drastically. The actual osteons in the
cortical bone range from 100-200 micrometers, while in the design the osteonic structures
have a diameter of Smm. Also, the reinforcement’s orientation had huge simplifications.
Specifically, in the interstitial matrix, the glass fibers where introduced in parallel to the
longitudinal osteonic structures. In the actual osteons, the configuration is lamellae oriented
in random directions. The same situation occurs in the glass fibers inside the osteonic

structure.

&
1
i
1
1
!

UD-GF 1. Circumferential lamellae
. 2. Cement lines Osteon
+45° CF sleeves s
3. Interstitial lamellae
Epoxy resin 4. Harvesian canal
(a) (b}

Figure 22 — Comparison between the proposed design and the real bone microstructure. (a) Representation of
manufactured bio-inspired composite material. (b) Transversal view of the microstructure of the cortical bone.

The most important components color-highlighted in (b) corresponds to the mimicked elements in (a) [50].
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(@) CF-sleeve (b) UD-GF  (¢) GF-NCF

Figure 23 - Materials utilized in the model [10].

In order to manufacture the composite a new method had to be developed. It lays in between
Vacuum Assisted Resin Infusion (VARI) and Resin Transfer Molding (RTM): the resin
injection occurs through a mold, as RTM does, and the resin flow is guaranteed by a vacuum
pump, as VARI does. After resin curing, final composite is obtained (Figure 24 and Figure
25¢).

It is prudent to state that, because the manufacturing process involves the ability of the
operator, imperfections might happen and deformations of the circular osteon geometry

happened as seen of the microscopic analyses (Figure 24).

(b)

Figure 24 - Final bio-inspired composite material. (a) Full view (b) SEM microscopic view, zoomed 40X,

indicating osteon-like geometry deformation [10].

A second attempt was done by lelmini [51], influenced by the research of Libonati [50]. As
represented in Figure 25, the principal modifications are the higher number of CF sleeves,
as the diameter of the osteonic structure was reduced, and the layers of UDGF transversely
aligned in the interstitial matrix between the osteonic structures. The addition of more CF
sleeves provides multiple changes in crack propagation, thus increasing the energy necessary
for crack propagation; the layers of UDGF provides more stiffness and resistance in the

transversal direction. Other smaller improvements are:
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Removal of UDGF as fillings in the interstitial matrix

Downsizing of the CF sleeves to 2.5mm in diameter

Alteration of the width to 4mm, in order to keep the keep the fiber volume fraction

of the composite

Usage of a bidirectional woven 2x2 fabric made of GF tilted to [0-90]°, (Figure 23).

The manufacturing technique was the same applied by Libonati [50]: an in between of VARI
and RTM. However, small improvements in the sewing and cutting of the osteonic structures
were made to decrease manufacturing time, as the new design possess a larger number of

them.

I = UD GF [0°] I = Epoxy resin
[CJ=UDGF[90°] []= Twil 2x2GF
B = Twill 2x2 CF [+45°]

(a) (b)

(c)

Figure 25 - Design of the second attempt to model a bio-inspired composite material: (a) Cross-section view

(b) 3D representation. (c) Bio-inspired composite material
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Figure 26 - Woven twill 2x2 GF fabric used for mimic bone circumferential system [11].

Comparing the two suggested designs, we can compile the approaches and simplifications

done with the actual cortical bone behavior. On Table 1 it is evident where lelmini [51]

aimed enhancements inspired by bone biomimetics.

Table 1 - Analysis of the osteon structure and the components that were mimicked.

Structural Elements Function Libonati [50] lelmini [51]
Circumferential Outer circumferential lamellae Package Yes Yes
system
Inner circumferential lamellae Bending strength Yes Yes
Osteon system Haversian canal Primary bloody flow No No
Volkmann’s canal Secondary bloody flow No No
Canaliculi Secondary bloody flow No No
Lacunae Remodeling No No
Osteocytes Remodeling No No
Lymphatic vessels Nutrients transportation No No
Concentric lamellae Stiffness In part Yes
Torsional strength In part Yes
Crack deflection In part In part
Cement lines Crack deflection Yes In part
Interstitial system Interstitial lamellae Ensure compactness Yes Yes
Stiffness No In part
Load transfer No Yes
To evaluate the manufactured bio-inspired composite materials, both researches

experimentally tested the material in the longitudinal and transversal directions, doing

tensile, compressive and flexural bending tests. The compilation of final results can be seen

on Table 2, as well as a comparison to a comparative laminate. The latter was design also by

lelmini [51] and had the stacking sequence below.
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Where:

» Weop: Woven Twill 2x2, E glass fiber textile [0° — 90°], 295 g/m?
* Werpi: Woven Plain Weave, carbon fiber textile [£45°], 160 g/mg
U Dep: Unidirectional E glass fiber [0°], 450 g/m?

Wera: Woven Twill 2x2 carbon fiber textile [£45°], 650 g,/’m2

U Do Plane wave E glass fiber [90°], 450 g/m?

Libonati [50] achieved good mechanical properties in the longitudinal direction, but not in
the transversal (Table 2). It is possible to see in the fracture behavior of the tensile tests,
Figure 27 and Figure 28, that we have an explosive-like fracture for the longitudinal
directional, expected as the fibers are aligned longitudinally. However, in the transversal
direction the fracture if due to the weak interface created by the fiber-matrix interaction. This
influenced in all the mechanical properties, including fracture toughness, much lower in the

transversal direction.
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Figure 27 - Stress-strain curves for the tensile testing configuration: (a) longitudinal direction, (b) transversal

direction.
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(b)

Figure 28 - Fracture behavior of the tensile tests: (a) longitudinal direction, (b) transversal direction.

Analyzing the flexural bending results, Table 2, lower properties were also achieved in the
transversal direction. The lack of continuity and the interface between adjacent osteonic

structure were the preferred crack path (Figure 29).

Figure 29 — Fracture behavior of the flexural bending in the transversal direction.

Comparing the composite material proposed by lelmini [51] to the one proposed by Libonati
[50], the second model did indeed improve the strengths and moduli in transversal direction,
as was the objective. Especially in the flexural bending strength, that obtained an increase in
978.6%, and in the tensile strength, increasing by 350.0%. All these is due to the lack of
continuity and toughening mechanisms present in the bio-inspired composite material
(Figure 30). It can be seen crack deviation around the carbon fiber tubes and crack splitting,
as well as crack arrest when it goes inside the carbon fiber tubes or pass through a glass fiber

layer.

Despite the better results in transversal direction, a slightly strengths™ decrease in all tests
were found in the tensile direction. This can be explained, because the second model does

not have the UDGF oriented in the longitudinal direction in the interstitial matrix.
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One can see that both models, when compared to the comparative laminate, resulted in better
mechanical properties in the longitudinal direction. Nevertheless, none of them achieved

similar values as the comparative laminate in the transversal direction.

In mind that the mechanical properties in the transversal direction can still be improved, one
of this thesis goal is to design a new bio-inspired composite material that can lead to

improvements in the transversal direction.

(b) (c)

Figure 30 — Fracture behavior in flexural bending in transversal direction. (a) Visualization of the full

behavior. (b) Crack deviation and spitting. (c) Crack shielding on the interface.
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Table 2 - Comparison of experimental results between the first and the second model. The variation if

calculated based on the comparative model.

omax [MPa] Variation [%] E[MPa] | Variation [%a]
First model 797 142 46864 103
Longitudinal Second model 734 123 54996 138
Tensile Comparative 310 - 23094 -
First model 218 -91 14558 -34
Transversal Second model 126 -61 15487 -30
Comparative 326 - 22111 -
omax [MPa] Variation [%4] E[MPa] | WVariation [%4]
First model 416 33 - -
Longitudinal Second model 403 43 61367 124
Compreszive Comparative 272 - 27457 -
First model 101 -39 - -
Transversal Second model 160 -35 13802 -33
Comparative 245 - 20715 -
omax [MPa] Variation [%a] E[MPa] | Variation [%a]
First model 880 59 44296 70
Longitudinal Second model 716 29 51820 99
Flexural Comparative 353 - 26000 -
First model 28 -92 10583 -50
Transversal Second model 302 -17 20034 -3
Comparative 363 - 21037 -

4.3. Case study A

4.3.1. Geometry

Case study A is based on the already introduced model of Libonati [50]. In the FE-models it
was introduced some simplifications with respect to the manufactured material. In particular,
it was considered the osteons as perfectly circular; then, it was considered the whole
interstitial region as a mixture of UDGF and epoxy resin, without modeling the bundle shape.
It is believed that this is a more accurate representation of the manufactured composite,
where the bundle shape is lost during the manufacturing process and the glass fibers are
completely interspersed into the matrix. This can be clearly noticed from the microscopic
image provided in Figure 24. Further simplifications have been introduced to decrease the
computational costs: when reproducing the tensile loading configuration, it was modeled
only a quarter of the repetitive unit cell, taking advantage of the symmetry of the topological
structure (Figure 31). The final tensile model, represented in Figure 32, has the dimensions
shown in Table 3. The width is based on the previously manufactured composite [50], which
follows the standard ASTM D 3039/D3039M-08 [52].
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The flexural bending follows a three-point configuration with two supporting rolls and a
punch roll. The configuration is represented in Figure 31. It has the same dimensions of the
experimental sample Table 3 which follows the standard UNI-EN ISO 14125 [53].

! }

UDGF/epoxy CF/epoxy

(b)

Figure 31 — (a) Schematic of the bioinspired design, the dashed area represents the repetitive unit. (b) (d)

Schematic of the modeled repetitive unit, highlighting the different subregions.

Table 3 - Dimensions of case study A’s models.

. . Tensile Flexural bending
Dimensions o e
condition condition
Length [mm] 45 150
Height [mm] 25 5
Width [mm] 25 15
Support Span Length [mm] - 100
Supporting Roll Diameter, R1-R2 [mm] - 5-5
[}V Va
= !
= 1
—

|
& A A

(a) (b)

z

Figure 32 - Schematics of loading and boundary conditions of the tensile model (a) and the three-point bending
model (b).
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4.3.2. Numerical Analysis and Material Properties

It was carried out quasi-static simulations. All the analyses are based on cohesive segment
approach, which uses the traction-separation constitutive laws. The mechanical behavior is

characterized by three regions:

i) Linear elastic;
i) Damage initiation;

1ii) Damage evolution.

Elastic properties define the initial tract, while damage initiation is set by a critical maximum
principal stress criterion, similarly to other previous studies on fiber-composites [33,54].
Once the crack starts, the propagation and how the material cohesive stiffness degradation
occurs are set by the damage evolution properties. To describe the damage evolution of each
subregion, a displacement-based criterion was adopted. The material properties for each
modeled region are given in Table 4 and Table 5. As the manufacturing process creates
regions with a mixture of fibers, either glass or carbon, and epoxy resin, we are the using the

following nomenclature to name each region:

e UDGF/epoxy, when we have UDGF (Unidirectional Glass Fibers) with epoxy resin;

e CF/epoxy, when we have CF (Carbon Fibers) and epoxy resins.

below to Being this model a 2D representation of the transversal section, the UDGF/epoxy
can be considered isotropic in-plane and the properties are provided by previous
experimental tests carried out by Libonati [55]. As maximum principal stress (MAXPS) of
interstitial lamellae and outer circumferential system, it is assumed the maximum stress
determined from the experimental testing carried out on the whole composite material [56].

The failure mode observed in the experiments supports this assumption.

For each region, the displacement at fracture was calculated using the characteristic length
(i.e. 0.085 mm), which is the diagonal measurement of a rectangular element of 0.06 mm

size. The element size value is explained in the convergence study.
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Table 4 - Geometry and transversal properties of the regions of case study A[55,57].

Young ) Maximum Displacement
. ) ) ) Poisson o
Region Dimension Material modulus tio [ Principal Stress* at fracture
ratio [-
[MPa] [MPa] [mm]
Internal Diameter of
UDGF/epoxy 9718 0.077 59 0.0011
lamellae 2mm
External
Cement line diameter of CFlepoxy Table 5 Table 5 600 0.0007
4.5mm
Interstitial
- UDGF/epoxy 9718 0.077 28 0.0011
lamellae
Outer
) ) Thickness
circumferential UDGF/epoxy 9718 0.077 28 0.0011
of 0.25mm
system

*The Maximum Principal Stress adopted for the numerical models corresponds to the Strength of each material.

Table 5 - Properties of the CF/epoxy, epoxy resin and single carbon fiber

) E2, E3 v23 [- G12, G13
Material El [MPa] vi2, v13 [-] G23 [MPa]
[MPa] ] [MPa]
CFR 10000 50000 0.11 0.54 3700 2500
Epoxy resin 3200 3200 0.3 0.3 - -
Carbon fiber 238000 40000 0.26 0.26 24000 14300

To obtain the mechanical properties of the CF/epoxy that constituted the tubular sleeves
aimed at mimicking the osteon cement lines, first it was necessary to create a sub-model of
the carbon fiber textile (Figure 33). The dimensions of the fabric configuration (Twill 2x2)
were acquired through measurements performed on microscopic photographs using the
software ImageJ 1.51K [58]. Then, the model was designed in the software TexGen 3.9 [59]

under the following assumptions:

i) The fiber fascicle course is sinusoidal;
i) The fascicle section has a lenticular shape;
iii) The average gap between the fascicles is not measurable, resulting in a tight

configuration.
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The material properties for the carbon fibers and the resin regions were assigned, the model
was exported to Abaqus and a mesh with eight-node brick elements with reduced integration
(C3D8R) was applied. Contour conditions were set, following the scheme provided by Li et
al [60]. Two simulations were carried out with different mesh densities and, as both results
were equivalent, the CF/epoxy properties were achieved (Table 5) and used in the whole
material model. The value of maximum principal stress was obtained by the manufacturing

supplier [57].

Twill 2x2

(b)

(c)

Figure 33 - Flow chart showing the steps followed to obtain the material properties of the CF-epoxy region.
(a) Observation of the CF-sleeve by optical microscope and measure of the yarn dimensions; highlighted the
region of interest and, as magnification, a schematic of the fabric configuration (Twill 2x2). (b) Building of the
unit cell model (geometry and mesh) in Texgen. (c) Simulations carried out on the unit cell to obtain the

mechanical properties of the CF/epoxy region.
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In the model aiming at simulating the tensile loading, whose schematic is provided in Figure
324, the crack location was not appointed and all the elements were chosen as an enriched
region. The simulations were performed under displacement control mode, where a positive
displacement in x-direction was applied in the right-hand side. Other boundary conditions
were: symmetry in the left-hand side and symmetry in the upper side. To overcome
convergence issues, we increased the damage stabilization coefficient and the control

parameters, allowing a discontinuous analysis to be performed.

For the three-point bending loading configuration, whose schematic is shown in Figure 32b,
the simulations were also performed in displacement-control mode, reproducing the
experimental setup. Non-specimen parts (i.e. loading member and rigid supports) were
modeled as analytical rigid components. A displacement was applied to the loading member,
while the rotation and displacement of the rigid supports were constrained in all directions.
Surface contact between the specimen and the loading and support members was set to occur
in a tangential behavior using a penalty formulation and a friction coefficient of 0.001. Also,
to improve the convergence a 0.5mm flaw was inserted in the lower extremity, as it appeared

experimentally in the initial step of loading.

For both, tensile and flexural bending loading models, time incrementation parameters were
specified: initial as 0.001, minimum as 1E-20 and maximum as 0.1. Also, control parameters
were changed to overcome convergence problems in this discontinuous analysis. Firstly, the
damage stabilization coefficient was set to 0.001; secondly the parameters Io, Ir and la were
set to 200. This considerable increase was necessary and the value of 200 was obtained after
progressively increasing the parameters until the analysis did not result in convergence

errors.

4.3.3. Convergence Study

To optimize the mesh and reduce result inaccuracies that might be caused by distorted
elements, a convergence test was carried out. The mesh element size parameter was
gradually reduced and compared to the maximum principal stress located in the model. The
same procedure was followed for the mesh made of four-node bilinear plain strain

quadrilateral elements (CPE4) and four-node bilinear plain strain quadrilateral elements with
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reduced integration (CPE4R). The reason to restrict the elements to CPE4 or CPE4R is that
currently Abaqus 6.14 [43] can only perform XFEM analyses on first-order solid continuum
elements. As the number of element increases, the curves of CPE4 and CPE4R both reach a
plateau after 3712 elements (Figure 34). As reduced elements decreases computational time
[30], the chosen mesh was the one with 3712 CPE4R elements, representing an element size
of 0.06mm.

In the flexural condition’s mesh, except from the center region, the mesh was coarser: the
element size was set to 0.2mm and a free mesh with advance front was chosen. In the center
region, we adopted a finer discretization: the element size was set to 0.06mm and a free mesh

with respect to a medial axis was set. The goal was to increase computational speed.

The final meshes for both tensile and flexural bending configuration are represented in

Figure 34.
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Figure 34 - (a) Convergence study. (b) Mesh of the tensile model. (c) Mesh of the central part of the three-

point bending model: finer discretization in the region where the crack is expected to propagate.
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4.4, Case study B

4.4.1. Geometry

Case study B follows the composite material’s design made by lelmini [51]. This design
represents an improved version of the previous material made by Libonati [50], where after
mechanically testing suggestions for improvements arose, principally regarding the
mechanical response in the transversal direction. As state before, in this second design,
interosteons layers of UDGF-NCF (Non-crimped fabric UDGF) aligned transversely were
inserted aiming to enhance osteon-osteon interaction, thus increasing mechanical properties.
In combination, the diameters of the carbon fiber cylinders were reduced to 1.2mm and
0.4mm, respectively external and internal, to amplify the fracture toughening mechanisms.
Other regions had the alterations: the outer circumferential system new material is a GF twill
2x2 [0° - 90°] layer, interstitial matrix has a resin-only region and the material inside the CF

cylinders is a UDGF oriented longitudinally.

The tensile numerical model represents a repetitive unit of the manufactured composite and
has a height of 1.93mm, length of 1.3mm and width of 25mm. Figure 35 contemplates the
numerical model. Respectively, the material and its assigned colors are: resin is yellow,
UDGF/epoxy oriented longitudinally to the osteonic structure is dark blue, UDGF/epoxy
oriented perpendicularly to the osteonic structure is light blue and CF/epoxy is green. The
interosteons layer and the outer layer can be all modelled as the same material due to their

alignment in the 2D plane.

The flexural bending model, follows the same three-point bending configuration with two
supporting rolls and a punch roll. The configuration is like the one represented in Figure 31,
however, without the crack initial location. The reason will be explained further. Its
dimensions are in Table 6, always following the standard UNI-EN 1SO 14125 [53].
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Table 6 - Dimensions of case study B's models.

. . Tensile Flexural bending
Dimensions o .
condition condition

Length [mm] 1.3 100

Height [mm] 1.93 3.86

Width [mm] 25 15

Support Span Length [mm] - 100
Supporting Roll Diameter, R1-R2 [mm] - 5-5

O@

Figure 35 — Repetitive unit from the original model and its constituents’ materials.

4.4.2. Numerical models and materials

As case study A, quasi-static simulations based on cohesive segment approach, which uses
the traction-separation constitutive laws, were done. As well as before, a displacement-based
criterion was chosen to describe the damage evolution and the maximum principal stress

(MAXPS) as criterion for crack initiation.
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In Table 7 and Table 8, material properties are stated. Comparing to the case study A’s
model, for the internal lamellae and the cement line the materials did not change. For the
interosteons layers, properties for the direction 01 were obtained by [61], while the properties
in the other directions are the same as the material UDGF/epoxy stated in case study A. The
material applied in the outer circumferential system is GF twill 2x2 [0° - 90°] layer and, due
to its alignment in the transversal direction and the model being 2D, it was simplified as the
same material in the inter-osteons layer. The properties of the epoxy resin were also obtained
by [61].

Table 7 — Material properties applied in the models of case study B.

Region Dimension Material Young Poisson Maximum Displacement
modulus ratio [-] Principal Stress at fracture
[MPa] [MPa] [mm]
Internal lamellae | Diameter of | UDGF/epoxy 9718 0.077 59 0.0011
0.4 mm longitudinally
Cement line External CF/epoxy Table 5 Table 5 600 0.0007
diameter of
2.5mm
Interstitial matrix - Epoxy 9718 0.077 28 0.0011
Homogeneous - - 20034 0.2 - -

Table 8 - Properties of UDGF/epoxy when positioned perpendicularly to the osteonic structures.

Maximum Displacement
. El E2, E3 vi2,v13 G12, G13 G23 o
Material V23 [-] Principal at fracture
[MPa] [MPa] [-] [MPa] [MPa]
Stress [MPa] [mm]
UDGF/epoxy
] 37673 9718 0.304 0.077 4000 4000 388 0.0034
perpendicularly

For the flexural bending model, the material properties are similar to the tensile model.
Nevertheless, extra simplifications were needed. First only a central region has the bio-
inspired microstructure, the other regions were assigned a homogeneous material. The
reason is to decrease computational costs, improving the speed of simulation. The properties
of the homogeneous material follow the experimental results found by lelmini [51]. Second,

the regions corresponding to the interosteons layers, the outer layers and the resin were
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considered as just one material: UDGF/epoxy perpendicularly orientated to the osteonic
structure. The reasons will be justified afterwards. The simplifications are shown in Figure
36.

8

Figure 36 — Three-points bending configuration, showing the assumption made in the central microstructure.

In the model aiming at simulating the tensile loading, whose schematic is provided in Figure
374, the crack location was not appointed and all the elements were chosen as an enriched
region. Again, the simulations were performed under displacement control mode, where a
positive displacement in x-direction was applied in the right-hand side. Other boundary

conditions were: symmetry in the left-hand side and symmetry in the upper side.

The final model consists of different parts assembled together. Figure 37b shows the
exploded representation of the assembly, while Figure 37c is the final model. Between each
contact of different parts, surface-to-surface contact with a finite sliding formulation was
assigned. No slave adjustment nor surface smoothing were performed. The contact
interaction is by tangential behavior with a frictionless formulation, also by hard-contact

normal behavior. These parameters will be elucidated further.
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‘ Interstitial matrix

‘ Interosteons layer

‘ Cement line

‘ Internal lamellae }—-b.

Outer circumferential
system
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Figure 37 — (a) Schematics of loading configuration for the tensile model of case study B. (b) Different regions

modelled. (c) Regions set together, representing the final model.

For the three-point bending loading configuration, whose schematic is shown in Figure 36,
is similar to the case study A’s. The simulations were also performed in displacement-control
mode, reproducing the experimental setup. Non-specimen parts (i.e. loading member and
rigid supports) were modeled as analytical rigid components. A displacement was applied to
the loading member, while the rotation and displacement of the rigid supports were
constrained in all directions. Surface contact between the specimen and the loading and
support members was set to occur in a tangential behavior using a penalty formulation and
a friction coefficient of 0.001. In this case, only the central region, that contemplates the bio-
inspired microstructure, was assigned as enriched region. In addition to that and in contrary

to the case study A’s flexural bending model, no crack initial location was assigned.

For both, tensile and flexural bending loading models, time incrementation parameters were
specified: initial as 0.001, minimum as 1E-25 and maximum as 0.1. Also, control parameters
were changed to overcome convergence problems in this discontinuous analysis. Firstly, the
material damage stabilization coefficients were set to 0.001; secondly, the parameters lo, I
and la were altered. For the tensile model, 1o was set to 8, I; to 10 and I, to 200; for the
flexural bending, lo, Ir and 1. were set to 200. These latter values are obtained after
progressively increasing them until the discontinuous analysis did not result in convergence
errors. In addition, the models had a specific dissipated energy fraction to assist stabilization,
0.1 for the tensile and 0.01 for the flexural bending.
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The tensile loading model’s mesh consist 794 four-node bilinear plain strain quadrilateral
elements with reduced integration (CPE4R). All the assembly was meshed with an element

size of 0.06mm. The final mesh of the model is represented in Figure 38.

(a) (b)

Figure 38 — Mesh of the tensile bending model. (a) Exploded view and (b) assembled view.

The flexural bending model’s mesh consist of 6193 four-node bilinear plane stress
quadrilateral elements with reduced integration (CPS4R), shown in Figure 39. The central
region has an element size of 0.06mm, while the homogeneous region has an element size
of 2mm. Between these regions there is an intermediate region with 0.06mm element size in
the top, down and inner surface and 2mm element size in the outer surface. These
intermediate regions have length of 2.64mm and are intended to facilitate the mesh transition
of different element sizes regions. The different mesh for different regions intends to

improve the simulation speed, decreasing computational costs.
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Figure 39 — Detail of the central region of the flexural bending model. It can be seen the mesh transition of

different sizes of elements.
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CHAPTER

5. Results and Discussion

5.1. Case Study A

The stress-strain curves and the failure modes of the two loading configurations are shown

in Figure 40 and compared to the experimental outcome.

By comparing the results of the model under tensile loading, it can be seen that the failure
mode approximates the experimental results, as initial small cracks initiates at the interface
of CF/epoxy and UDGF/epoxy in the interstitial lamellae; then a main crack propagates to
the outer circumferential system (Figure 40a), being deviated and stopped at the cement line.
The inset in Figure 40a shows the STATUSXFEM, which is a color-based representation of
the status of the enriched elements (0.0 value indicates an uncracked element, whereas 1.0

value indicates a completely cracked element, with no traction across the crack faces).

The model is also able to reproduce the stress-strain behavior of the experimental
counterpart. Indeed, the numerical Young modulus is 11.9 GPa and failure occurred at a
stress level of 29.8 MPa, values 18.3% lower and 6.4% higher than the experimental results,
respectively (Figure 41a-b). It is fundamental to notice that there was no crack propagation
through the cement line, as observed experimentally, confirming the fundamental role played
by this interface in the propagation of defects. The stress map (Figure 42a) demonstrates the
crucial role of the osteon shapes in delocalizing the stresses, reducing the concentration at
the crack tip, and the cement line in deflecting and arresting the crack. The crack arrest

caused a sudden drop in the load, which was considered as final rupture.
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Figure 40 - Comparison of the mechanical behavior between the experimental and the numerical
results for the tensile (a) and the three-point bending tests (b), including the detailed fracture behavior. The
insets representing the numerical fracture modes show the XFEM status, which is the status of XFEM elements

(0.0 value indicates an uncracked element, whereas 1.0 value indicates a completely cracked element, with no

traction across the crack faces).

The results of the three-point bending loading condition are shown in Figure 40b and Figure
41c-d. The pre-modeled flaw propagates as the loading is applied and is temporarily arrested

in the contact surface between the two adjacent osteons-like features. This partial arrest
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might also be caused by localized high aspect ratio elements, owing to the microstructure.
After a small load drop, following the crack arrest, the crack keeps propagating until the
final fracture point. The final failure occurs at the same displacement level of the
experimental counterpart. However, the model shows a stress at rupture (Figure 41c) 21.7%
higher than the one experimentally determined. The flexural modulus, calculated according
to standard [53], is slightly lower (i.e. 8.6%), as shown in the bar plot in Figure 41d.

Also in the flexural bending loading condition, it is possible to notice the fundamental role
played by the heterogeneous microstructure in altering the stress field, reducing the stress
concentration at the crack tip. Indeed, in this load case scenario, we can observe a stress
concentration in the cement line, which might have prevented the crack propagation,
influencing the path. The simulations prove how the bone-like microstructure and some
crucial features (e.g. the cement line) can foster the activation of critical toughening
mechanisms, increasing the overall flaw tolerance of the material and contributing to

enhance the fracture toughness.
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Figure 41 - Bar plots showing a comparison between numerical and experimental results for the tensile case

study (a)-(b) and for the three-point bending one (c)-(d).
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S, Max. Principal
(Avg: 759%)

+1.624e+02
+1.488e+02
+1.352e+02
+1.215e+02
+1.079e+02
+0.430e+01
(a) +8.068e+01
+6.706e+01
+5.344e+01
+3.933e+01

+2.621e+01
+1.259e+01
-1.031e+00

Crack deviation

S, Max. Principal
(Avg: 75%)

+5.715e+01
+5.188e+01
+4.660e+01
+4.132e+01
(b) +3.605e+01
+3.077e+01
+2.54%e+01
+2.021e+01

+1.494e+01
+9.660e+00
+4.383e+00
-8.941e-01
-6.171e+00

Figure 42 - (a) Visualization of the maximum principal stress distribution on the tensile model during failure.
(b) Visualization of the maximum principal stress distribution on the flexural model during failure. The stress
distribution demonstrates the crucial role of the osteon shapes in delocalizing the stresses, reducing the

concentration at the crack tip, and the cement line in deflecting the crack.

To provide a further understanding of the role of the cement line in the fracture behavior,
additional simulations were run. In these simulations the cement line was neglected,
modeling the osteon as a unique region. In the first simulation the osteon is modeled as
CF/epoxy material, while in the second as UDGF/epoxy. The results, shown in Figure 43a-
b, endorse the role played by the cement line. When the osteons are completely CF/epoxy,
the fracture behavior is similar to the one presented in Figure 40a, but the model has a lower
toughness (i.e. 13%). However, when the osteons are made of UDGF/epoxy, the fracture
occur simultaneously in the whole model, leading to a brittle failure and a lower toughness
(i.e. 2%).
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Figure 43 - Failure mode when osteon is modeled as a unique CF/epoxy region (a) or UDGF/epoxy region (b),

neglecting the cement line.

5.2. Case Study B

The stress-strain curves and the failure modes of the two loading configurations are shown
in Figure 44 and compared to the experimental outcome.

Analyzing the tensile model results, it can be seen that it was able to simulate some of the
failure mechanisms seen in the experimental results. In Figure 44a, the regions where there
is either an interface between the UDGF/epoxy inter-osteons and the resin or the CF/epoxy
bundles and the resin were detached after the load applied. This means that the contact
mechanisms are not strong enough to keep them together under transversal tensile loading.
Also, there were breakages of the UDGF fibers in the interosteons and in the outer surfaces,
the reason is that they are the most brittle components and are withstanding most of the load
in that direction. As the tensile model in case study B was done without merging the regions,
nor modelled applying a cohesive interface approach, it was able to replicate both failure

mechanisms: regions detachment and UDGF/epoxy interosteons breakage. Figure 44c shows
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the cracks dissipating in the upper and lower region of the model; recalling Figure 37a and
the symmetry of the model, these regions represent the UDGF/epoxy layer and the outer

surface UDGF/epoxy layer.

The model was also able to replicate the stress/strain behavior of the experimental results
with relative success. Despite not being accurate in the first half of the curve, where the
experimental curve has a first drop due to initial detachments (Figure 45a), the model’s
breakage occurs at 123.7 MPa and 0.01044 strain, values 1.8% and 16.7% lower than the

experimental ones.

The flexural model stress/strain curve also resembles the experimental one, Figure 45b
shows a similarity between the results in either the Flexural modulus as well as the maximum
flexural stress. In the model, the former was 19.3 GPa and the latter was 328 MPa;
respectively 3.5% lower and 8.6% higher than the experimental result. The strain value in

the maximum stress was also lower by 13.0% (Figure 46).

(c) (d)

Figure 44 — Failure modes of the bio-inspired material: (a) tensile and (b) flexural bending, obtained in

experiments. Failure modes of the numerical models: (c) tensile and (b) flexural bending.
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Figure 45 - Comparison of the mechanical behavior between the experimental and the numerical results for the

tensile (a) and the three-point bending tests (b), for the case study B.

In Figure 44b, the failure configuration of the flexural bending experimental result is
exemplified. One can see that the crack initiated in the lower surface, zone with higher tensile
stress in three-point bending test condition, and propagated upwards. However, the crack
propagation was not in a straight line, it was deflected in the osteonic structures and arrested
in the UDGF/epoxy layer. The flexural model was capable of reproducing these behaviors
in the finest way possible (Figure 48 and Figure 49). The crack started in the lower outer
surface, as expected, and initially propagated upwards until an osteonic structure (Figure
48a-b). However, the latter’s CF/epoxy region deviated the crack back to the resin region
(Figure 48c), as it happened in the experiment result Figure 30. Posteriorly, the crack kept
propagating upwards, until it got temporarily arrested in another osteonic structure and then
deflected sideways (Figure 48d). Finally, the crack was arrested in a further CF/epoxy region
when the final failure occurred. Moreover, Figure 49 represents the maximum principal

72



stress distribution in the model all the three times fracture toughening mechanisms were

seen.
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Figure 46 - Bar plots showing a comparison between numerical and experimental results for the tensile case

study (a)-(b) and for the three-point bending one (c)-(d).

Evaluating the total crack length by each step in the simulation, with the assistance of an
imaging software [58], it can be seen in Figure 47 that the crack only started after 60% of
the maximum strain. The interpretation is that the value of maximum principal stress in the
enriched region did not overcame the necessary assigned maximum principal stress of any
material involved until 60% of the maximum strain. After the crack initiated, it had first a

low propagation speed and later a relative constant speed.

Juxtaposing the experimental to the model result, the resemblance is notorious. The model
did not only replicate the mechanical properties with a certain degree of accuracy, but also
the designed fracture toughening mechanisms implemented in the bio-inspired composite

materials.
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Figure 47 — Crack length graph for the flexural bending model of case study B.
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Figure 48 — Visualization of the crack propagation in the flexural bending model. The sequential order is a-b-
c-d-e, being (a) the beginning. The insets representing the numerical fracture modes show the XFEM status,
which is the status of XFEM elements (0.0 value indicates an uncracked element, whereas 1.0 value indicates

a completely cracked element, with no traction across the crack faces).
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Figure 49 — Sequential visualization of the maximum principal stress distribution on the flexural model during
failure. It is evidentiated how the osteonic structure affect the crack propagation. (a) Strain level of 90.1%.
Partial crack arrest followed by crack deviation. (b) Strain level of 90.5%. Crack deflection, changing the

direction of propagation perpendicularly. (c) Strain level of 100.0%. Another crack arrest and total failure.
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5.3. Insights into XFEM Peculiarities

XFEM is a method that is still under development and applying it to models proved to be
tricky most of the times. This section will exemplify problems that models from both case
study A and case study B had and how the modelling approach made it possible to overcome

these problems.

5.3.1. Mesh Dependency

XFEM is stated as a method that is not mesh dependent [30,35,42]. Nevertheless, during this
research, it was seen differently. In the tensile model of case study A, the fracture behavior
with meshes made by different element sizes was studied. In Figure 50a, the model has 3712
CPE4R elements and has clear a region with structured mesh, while the others are modeled
as free mesh, this model was the one chosen previously in this research. Meanwhile, Figure
50b shows the same geometry, but with a lower number of CPE4R elements: 1500, and fully
free mesh. Comparing both results, it can be see that the cracks start in the model with lower
mesh density, but never fully propagate. One can justify that the maximum principal stress
is lower in Figure 50b; however, the previously done convergence study (Figure 34a)
displays that the maximum principal stress between a model with 1500 or 3712 CPE4R
elements is less than 1 MPa, thus insignificantly. So, the question that arises is, why the
crack has not propagated? A hypothesis is that the mesh refinement, decreasing the elements’
sizes around the crack, makes the elements more easily susceptible to the local stresses,
allowing crack growth. This hypothesis would be fully correct if stated for other crack
propagation methods (i.e. VCCT); however, it should not be right for XFEM.
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Figure 50 - Crack propagation in the same model, but with different mesh densities. (a) Mesh made by 3712

elements. (b) Mesh made by 1500 elements and free mesh in the whole model.

5.3.2. Location of Crack Initiation

While XFEM is able to initiate a crack based on the damage initiation parameter chosen by
the user, it can also start the crack in a preset location. These distinct ways of modelling were

studied in the tensile model and in the flexural model of case study A.

In the tensile model studied before in the section “Development of numerical models”, the
crack was not preset and its failure mode can be seen again in Figure 50a. This was the model
that better mimicked the experimental behavior. To analyze if assigning the initial crack
location could alter the result, in the same tensile model a 0.5mm long crack was preset
perpendicular to the lower surface, shown in black in Figure 51b. It is important to clarify
that the others simulation parameters are not changed. Comparing both result, Figure 51c, is
clear that the crack was not arrested in the osteonic structure, breaking through the material
without being stopped. The lack of this fracture toughening mechanism reduced the
maximum stress and maximum strain (Figure 51a), but kept the Young modulus practically
the same. In this case if the crack was pre-assigned, the numerical result would not be

comparable to the experimental result.
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Figure 51 — Study of the tensile model in case study A with a preset crack location. (a) Stress-strain curve for
the model without the crack location (red) and with the crack location (green). (b) Model with crack location.

In black the pre-assigned crack. (c) Failure model for the model with the crack.

Recalling the flexural model studied before in the section “Development of numerical
models”, a 0.5 mm crack was preset. Here it is analyzed what would happen if the crack
initial location was not preset, allowing the software to initiate the crack where the damage
criterion is initially achieved. Again, all the other simulation parameters were not altered.
The stress-strain curve of the model without the crack location is represented in red in Figure
52b. It can be discerned the obvious difference between the models. The one in red does not
achieve failure, keeping an almost straight line in the graph. This apparent, but not equivalent
to the experimental result, hardening is a consequence of the flawed crack path (Figure 52a)

that goes through the CF/epoxy region.
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Figure 52 - Study of the flexural bending model in case study A without a preset crack location. (a) Crack
propagation through the osteonic structure. (b) Stress-strain curve for the model with the crack location (green)

and without the crack location (red).

5.3.3. Models with Multi-materials interfaces

In the flexural model of case study B, a big simplification had to be made. The regions
corresponding to the inter-osteons layers, the outer layers and the resin were considered a
single homogeneous material (Figure 36). When all the different regions are assigned with
its associated materials, the simulation does ever not converge. It is believed this is due to
that the high quantity of interfaces between two or more contrasting materials and their
location. They are mostly located around the osteonic structure, where a circular region
contacts with a planar. As XFEM only allows meshing with quadrilateral elements, the
elements in these regions are often deformed and with a high aspect-ratio. Together with the
embedded convergence problems of XFEM, the additional of this extra difficulty makes the

simulation unachievable.
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5.3.4. Contact surface property

During the development of the tensile model for the case study B (Figure 37), where the
model was made with multiple parts assembled together and assigned a contact interaction
between them, an analysis of what contact interaction property would result in the best
mechanical behavior was required. In the simulation, the tangent behavior could follow a

frictionless or a penalty formulation. In this side study the normal behavior was not

investigated and fixed as constant hard-contact.

So, the model was simulation varying the contact interaction properties with the

characteristics shown in Table 9.

Table 9 — Contact interaction properties analyzed in the tensile model of case study B.

Model Contact interaction property Friction Coefficient
A Frictionless -
B Penalty 0.1
C - 0.2
D - 0.5

The contact inrection property that better replicated the experimental stress-strain behavior

is Model A, where Frictionless is applied (Figure 53). It can be seen that the highe the friction

coefficient, the lower the fracture toughness and the maximum strength.
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Figure 53 - Study of contact property interaction.
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5.3.5. Damping factor

When a problem is unstable, usually by large displacements or convergence issues, a
damping factor can be assigned to assit stabilization. In this sense, Abaqus [43] reduce the
time increment to permit that the process occur without the stable response reacting very
large displacements. The damping factor is calculated based on the dissipated energy fraction
set by the user. It is important to know that Abaqus [43] states that the optimal value for the
damping factor is a manual process where trial and error is necessary until convergence is

achieved.

This side study varied the dissipated energy fraction in the tensile model of case study B.
The range chosen was from 0.001 to 1 (Table 10). Besides this, no other parameter was

altered in the simualtions.

Table 10 — Dissipated energy fraction for each model.

Model Dissipated energy fraction
A 0.001
B 0.01
C 0.1
D 1

Figure 54 shows that from model A to C the higher the dissipated energy fraction, the closer
result to the experimental curve. Nevertheless, Model D, with a dissipated energy fraction
of 1, the highest studied here, has a unphysical response; thus, it can be concluded this

parameter needs to be carefully selected while performing an XFEM analysis.
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Figure 54 — Stress-strain curves of the models varying the disiipated energy fraction.

5.3.6. Compressive loading models

During the course of this research, compressive loading conditions were tried to be replicated
in the numerical models, as there are experimental results of the two bio-inspired composite
materials under transversal compressive loading [50,51]. However, even after modifying all
known distinctive parameters in the simulations, none numerical results even resembled the
experimental ones. All the found results tremendously overestimated the models’

mechanical properties.

This result can lead to a preliminary conclusion that XFEM is not suitable under compressive
loading. However, even though other studies show the opposite [34,62], they did not had a
complex geometry composite with multiples bi-material interfaces. In this direction, it is
essential to mention that the author did not find any studies that had a multimaterial
composite under the same similar compressive conditions to better understand XFEM
analysis. The lack of paper and the non-realistic results bring questions that, in the future,

might the answered, as XFEM is still expanding its applications.
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CHAPTER

6. Conclusions

6.1. Remarks

This thesis presented a novel numerical approach, based on XFEM, to investigate the
mechanical behavior of two new bio-inspired composite materials, previously designed,
manufactured and tested by the Libonati [50] and lelmini [51], and the role of a characteristic
microstructural feature (i.e. the cement line) in the fracture process. The outcome of this
study shows that the models were able to mimic the experimentally observed behavior and
toughening mechanisms, showing a good agreement in terms of mechanical properties and
failure modes. Table 11 highlights the developed numerical models, showing the comparison

between the numerical to the experimental results.

The results also shed light on the role of the cement line in our bone-inspired composite and
demonstrate the importance of mimicking such feature - as interface region - in new bone-
inspired materials, promoting the activation of characteristic toughening mechanisms and

enhancing the fracture toughness.

This proposed numerical approach can be used not only to predict the failure modes of the
materials, but also to investigate the role of the microstructure on the overall fracture
behavior. The presented results may provide a better understanding of the relationship

between the structure and the properties in biological and biomimetic materials.

After studying different models, it can be concluded that at the current state we still reply on

engineers’ knowledges, judgements and previous experiences to know the best way to apply

83



XFEM in a problem. Specially how to interpret the problem and the approach to model the
fracture behavior can lead to either really consistents results or totally un-realistic.

Table 11 — Comparison of the numerical results to the experimental results, for all the case studies and

loading conditions analysed.

Case Study A
Tensile Flexural bending
. . Difference . . Difference
Experimental | Numerical [%] Experimental Numerical [%]
omax [MPa] 28 29.44 51 59 71.79 21.7
E [GPa] 14.5 11.9 -17.9 10.6 9.6 9.4
Case Study B
Tensile Flexural bending
. . Difference . . Difference
Experimental | Numerical [%] Experimental Numerical [%]
omax [MPa] 126 123.7 -1.8 302 328 8.6
E [GPa] 15.5 11.8 -23.9 20 19.3 -35

6.2. Future works

After the conclusions and the insights from the simulations results, a proposed model is

presented subsequently.

The idea behind it is to apply the knowledge extract from the two previous bio-inspired
composite materials designs to amplify two fracture toughening mechanisms: crack

deflection and crack arrest.

Taking advantage of a symmetry in the top region, half of the proposed design is shown in
Figure 55. It has a length of 1.25 mm and height of 1.8 mm. Similar as the proposed design
of Libonati [50], to mimick the outer circumferential system it has a external layer of non-
crimp fabric (NCF) made of UDGF. lelmini [51] had already decreased the CF/epoxy

sleeves diameter when compared to Libonati [50]. The new proposal reduced it even more,
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to improve fracture toughening mechanisms, the idea is to use a 0.5 mm CF sleeve from the
same manufacturer of the previous models [63]. Literature says that osteonic structures with
elliptical shape increase crack branching and higher mechanical properties than circular
osteons [64]. So, the proposed design has elliptical osteonic structures made from CF/epoxy
with an aspect ratio (i.e. minor axis/major axis) of 0.3. The manufacturing process may be a
challenge in order to keep there structure in their desired shape and place; however, it will
not be discussed here. Similar to lelmini [51], interosteons UDGF/epoxy regions with fibers
aligned transversely are inserted, but with a higher number per unit cell than before. The
material of the region inside the CF sleeves keeps being UDGF fibers alligned longitudinally
to the osteonic structure.

It is suggested that in a future work the proposed material is manufactured in the same way
the others were and tested. It is expected that the overal mechanical properties will be
drastically increased.

\/ \/

L.

z

Figure 55 — Unit cell schematics of the proposed design.
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