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Abstract

Glasses have numerous applications due to their exceptional transparency and stiffness; however,
poor fracture and impact resistance limit their applications. One strategy to improve their
mechanical properties is through bio-inspiration. Structural biological composites such as nacre,
the protective inner layer of mollusk shells, offer far superior mechanical properties relative to
their constituents. This has motivated researchers to mimic the design principles in natural
composites to create tough transparent materials. However, current bio-inspired composites suffer
from poor optical transmission and trade-offs between rigidity, toughness, and fabrication
scalability. Here, we present an optically transparent tough nacreous glass composite material with
a four-fold increase in fracture toughness, a three-fold increase in flexural strength compared to
conventional structural glasses, and a 73% average optical transmittance. Our composite is
fabricated with a simple scalable approach: the composite consists of glass flakes and poly (methyl
methacrylate) (PMMA) structured utilizing a centrifugation fabrication method that aligns and
compacts the flakes into layers. To optimize the transparency of the structure, the refractive indices
of the PMMA and glass are matched by adding a dopant to the PMMA.. Our glass composite also
outcompeted annealed glass and PMMA in impact resistance; it absorbs 34 times more energy
than annealed glass and five-fold more energy than PMMA under impact loads. Based on these
results, this nacreous glass composite is proposed as a potential alternative in diverse architectural,
vehicular, and electronics applications.

In the second part of this thesis, we developed a class of PMMA-based polymers by
copolymerizing with acrylonitrile (AN) and crosslinking with 1,4 butanediol dimethacrylate
(BUT) to enhance and tune the PMMA's mechanical properties as our composite's soft phase. We

proposed a simple method to increase PMMA's fracture toughness and impact resistance without
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sacrificing other mechanical properties, and with the least modification in its simple fabrication
method. Such an approach enhanced PMMA's fracture toughness and impact resistance by 30%
and 40%, respectively, while the strength remained constant. In the third part of current thesis, we
incorporated our PMMA-based polymers into the glass composite to study the soft phase's role on
composite's mechanics and tuning the structural properties. In this way, we successfully increased
the composite's rupture strain by 30% while retaining the flexural strength of the material. We
could also increase the Work of Fracture (WOF) as a measure of fracture toughness by 40%.
PMMA-based polymers, however, appeared to have no effect on the impact resistance of the

material.
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Résumé

Les verres ont de nombreuses applications en raison de leur transparence et de leur rigidité
exceptionnelle; cependant, une mauvaise résistance a la fracture et aux chocs limite leurs
applications. Une stratégie pour améliorer leurs propriétés mécaniques est par la bio-inspiration.
Les composites biologiques structuraux tels que la nacre, la couche intérieure protectrice des
coquilles de mollusques, offrent des propriétés mécaniques bien supérieures par rapport a leurs
constituants. Cela a motivé les chercheurs a imiter les principes de construction des composites
naturels pour créer des matériaux transparents résistants. Cependant, les composites bio-inspirés
actuels souffrent d'une mauvaise transmission optique et d’un compromis entre la rigidité, la
résistance aux chocs, et la possibilité de la fabrication industrielle. Ici, nous présentons un matériel
composite de verre nacré dur, optiquement transparent, avec une augmentation de la résistance a
la fracture de quatre fois, une augmentation de la résistance a la flexion de trois fois par rapport
aux verres structurels conventionnels, et une transmittance optique moyenne de 73%. Notre
composite est fabriqué avec une approche simple et évolutive: le composite se compose de flocons
de verre et de poly (méthacrylate de méthyle) (PMMA), structuré en utilisant une méthode de
fabrication par centrifugation qui aligne et compacte les flocons en couches. Pour optimiser la
transparence de la structure, les indices de réfraction du PMMA et du verre sont egalisés en
ajoutant un dopant au PMMA. Notre verre composite a également surpassé le verre recuit et le
PMMA en termes de résistance aux chocs; il absorbe 34 fois plus d'énergie que le verre recuit et
cing fois plus d'énergie que le PMMA sous des charges d'impact. Sur la base de ces résultats, ce
composite de verre nacré est proposé comme une alternative potentielle dans diverses applications
architecturales, automobiles et électroniques.

Dans la deuxieme partie de cette these, nous avons développé une classe de polymeres a base de
PMMA en copolymérisant avec de l'acrylonitrile (AN) et en réticulant avec du 1,4 butanediol
diméthacrylate (BUT) pour améliorer et ajuster les propriétés mécaniques du PMMA en tant que
phase molle de notre composite. Nous avons proposé une méthode simple pour augmenter la
ténacité a la rupture et la résistance aux chocs du PMMA sans sacrifier d'autres propriétés
mécaniques, et avec la moindre modification a la méthode de fabrication simple. Une telle
approche a amélioré la ténacité et la résistance aux chocs du PMMA de 30% et 40%,
respectivement, tandis que la résistance est restée constante ou a connu une augmentation modeste.

Dans la troisieme partie de cette these, nous avons incorporé nos polymeres a base de PMMA dans
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le composite de verre pour étudier le rdle de la phase molle sur les propriétés mécaniques du
composite et sur le réglage des propriétes structurelles. De cette maniére, nous avons réussi a
augmenter la contrainte de rupture du composite de 30% tout en conservant la résistance a la
flexion du matériel. Nous pourrons également augmenter le travail de fracture (WOF) comme
mesure de la résistance a la rupture de 40%. Cependant, les polymeres a base de PMMA semblaient

n‘avoir aucun effet sur la résistance aux chocs du matériel.
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slightly enhance the flexural modulus. Bar graphs demonstrate mean values and error bars are
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Figure 4-4. PA polymers increase the WOF. A) Glass composites experience non-catastrophic
crack growth and fracture. As apparent from the load-deflection profiles, PMMA undergoes a
sudden and rapid crack growth and fracture after reaching maximum load, while glass
composites experience a smooth and slower crack growth till complete failure. B) PA polymers
increase the WOF, and the increase is more significant for higher AN concentrations. PBDM
polymers affect the WOF negatively regardless of the molar percentage of BUT. A notable
increase in WOF was observed when high amounts of AN with a low amount of BUT was used
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Chapter one

Introduction

A review on Structural bio-inspired materials and their

methods of fabrication



1.1 Structural biological materials

1.1.1 Introduction

Natural materials are excellent sources of inspiration for designing novel and advanced materials,
and even solving engineering problems. Based on this fact, bio-inspired materials as a field of
research has attracted a tremendous amount of attention. Mimicking the design principles in
natural materials which have benefitted from millions of years of evolutionary processes and
refinements is the main focus in this area of research.

One could categorize bio-inspired materials into two main groups of functional and structural
materials. Areas like sensing, optics and robotics fall into the category of functional materials.
Some famous examples are the robots built from soft or hard materials to emulate the motion of
jellyfish[1]. Unlike the functional bio-inspired materials, the main goal in design of structural
materials is usually simple: building a final structure with a level of toughness or strength,
significantly more than that of main constituent elements, simply through design principles and
strategies[2]. In this literature review, the main focus will be on structural bio-inspired materials,
design principles employed by nature in natural materials and novel fabrication methods for
mimicking these design strategies.

There are some key features which are in common between most of structural biological materials.
They usually have a hierarchical structure, their structure forms through a bottom-up self-assembly
process and hydration has a key role in their mechanical properties[3]. Also, in their formation
only the main elements of C, O, H, P, N, S, Ca and Si have been used which highlights the role of
geometry and design principles for the successful functionality[4].

According to Naleway, although there are many different natural living species, the strategies they

have employed to fight with natural challenges could be categorized into only 8 groups[5]. These



8 groups are 1)fibrous like tendons, 2)helical like insect exoskeletons to resist torsional loads,
3)gradient like human teeth, 4)layered like nacre, 5)tubular like mammalian horn and hoof,
6)cellular like organs of birds, 7)suture like leatherback turtles and 8)overlapping like shark skin.
But no matter which of the abovementioned strategies is used by nature, there is one simple
similarity between all of structural biological materials: they are composed of soft and hard
phases[4]. The soft part is usually a biopolymer like collagen, elastin and keratin and the hard part
is mostly mineral materials like calcium carbonate, carbonated hydroxyapatite and silica. The soft
part is responsible for strength, while the hard part takes care of stiffness and toughness.

Nacre, bone, and teeth are three examples of natural structural materials that have been extensively
studied by researchers. Here, we briefly review their structure, properties, and the reasons that

have made these materials an excellent source of inspiration for making new synthetic materials.

1.1.2 Nacre

Nacre is a very good examples of a structural bio-material and how a proper combination of
geometry and design can lead to remarkable mechanical properties of the structure in comparison
with its building blocks.

Nacre, the tough inner layer produced by mollusk shells, is an organic-inorganic composite
material (Fig. 1-1). The mineral part (aragonite) forms about 95% of its volume, and just a minor
part of the volume is soft biopolymer. Although fragile elements form a major part of nacre, it is
3000 times tougher than hard ceramic platelets[6] and it can undergo up to 1% of strain which is

incredible in comparison with its ceramic building blocks[7].



Many researchers have tried to characterize the mechanical properties of nacre on macroscopic
samples. Mechanical properties of nacre have been thoroughly investigated under tension[8, 9],
bending[10-12] and compression[13]. Also, experimental methods in finer scales have been used
to measure the mechanical properties of individual components of the nacre. For example, nano-
indentation methods have been utilized to study the deformation and fracture of single tablets in
the nacre structure[14-16].

The role of soft biopolymer in nacre has not drawn as much attention as the hard part. Smith studied
the force-extension behavior of natural adhesives by AFM[17], revealing that folding-unfolding
behavior of proteins play a role in both strength and toughness of nacre. According to Evans,
viscoelastic glue between ceramic tablets improves the nacre’s toughness[18]. Using a finite
element analysis of nacre, Tushtev showed that the biopolymer is really important in stress
distribution in nacre[19]. Meyers also studied the role of biopolymer in strength of nacre, but he
concluded that the role of biopolymer is more in growth of aragonite crystals in the ¢ direction
than in nacre’s strength and toughness[20, 21]. Lopez by measuring the strength of isolated organic
and inorganic parts in nacre concluded that biopolymer doesn’t have any major contribution in
strength of nacre and its role is more in crack deflection[22]. The behavior of biopolymer in nacre
was studied experimentally (AFM) and modeled by Xu[23]. Dastjerdi conducted experiments on
biopolymer in three different kinds of nacres to characterize its role in the high toughness of
nacre[24]. He showed that biopolymer is really weak in terms of fracture toughness and that’s why
it can contribute to extrinsic toughening mechanisms like crack bridging or crack deflection by
leading the crack to propagate in itself instead of the brick part. Niebel studied the role of soft
biopolymer in fracture toughness of nacre-like materials by infiltrating 3 different polymeric

materials into the porous ceramic scaffold made by magnetically assisted slip casting method[25].



He used polymeric materials with different degree of stiffness and strength. According to his
results, by increasing the stiffness of the soft phase, the strength of the composite will increase and
also using tough polymeric materials leads to a composite structure with high crack initiation
toughness. But using an elastomer with an intermediate degree of toughness and stiffness will
trigger and activate the extrinsic toughening mechanisms one would expect in nacre-like
structures.

Also several mechanisms have been proposed to explain the incredible performance of nacre under
mechanical loads. One mechanism is related to the tough organic biopolymer between the
tablets[10]. There is a strong adhesion between tablets and the biopolymer which cause a resistance
against shear movement of the tablets with respect to each other. Also, like many other proteins,
this biopolymer unfolds several times when extended that will contribute to energy dissipation[17].
Another important mechanism is the resistance against movement of the tablets due to the contact
between nano-asperities on the tablet surface[18, 26]. Bridges between the tablets is the next
factor[27]. Since these bridges will not contribute to load bearing and hardening after they break,
one should consider their role just in low strain regimes[28]. The last, and according to
Espinosa[28] and Barthelat [7], most important mechanism is the interlocking between the
platelets due to the small waviness of them. Fratzl on the other hand, discussed a key characteristic
in common between many natural materials using the aforementioned mechanisms:
tessellation[29]. This feature has been described in many cases like nacre. The behavior of nacre
under tension is related to periodic change in mechanical properties and more specifically young’s
modulus which happens in any brick and mortar structure with periodic transition from hard to
soft part of material and vice versa. This variation in modulus controls the crack driving force and

can finally arrest the crack. Following the work of Jager & Fratzl [30], many researchers like Ji



& Gao[31] studied the nacre structure by considering it as a simple structure of staggered hard
tablets with a soft material in between. In another similar work, Gao analyzed such structure from
the tablet size and geometry point of view and concluded that the nanometer size of tablets make

them insensitive to flaws and cracks[32].

Figure 1-1. Nacre, the inner layer in mollusk shells. A) A red abalone shell from top. B) Nacre is
located beneath the protective calcite layer. C) A schematic of brick and mortar structure in
nacre. D) Arrangement of ceramic tablets in a tessellated way in red abalone nacre. D) SEM

image of a fractured surface in a red abalone shell shows a perfect brick and mortar structure.
Image acquired from [28].

1.1.3 Bone

Bone also is an organic (mainly collagen type I)/inorganic(hydroxyapatite) composite [1]. Water
is another important element, consisting 10-15% of bone’s volume (Fig. 1-2). There are two types
of mammalian bone: cortical or compact bone which is found in long bones like the femur and
fibula and cancellous or porous bone which can be found in the core of bones and also flat bones
and are composed of bony trabecular struts and marrow-filled cavities[33]. Although the porosity

of the cancellous part reduces the strength, it makes the bone a lightweight structure[33]. From the



macroscopic point of view, the mechanical properties of bone won’t be the same for different
bones and it even varies in different parts of one specific bone[34]. Rho studied the site-specific
mechanical and physical properties of some human bones like femur and tibia[35]. At the
microscale, mineralized collagen fibers form plate-like lamellae in a few micrometers in size. The
lamellae could either be arranged in an organized way like osteon in which plate-like lamellae
form concentric layers around a canal (haversian system) or in a less organized way like woven
bone[35]. Ascenzi studied the behavior of single Haversian systems under all the major modes of
mechanical loading[36-39]. Also, there are many studies on mechanical properties of trabecular
bone according to which, the modulus of elasticity is estimated between 1 to 20 GPa [40-42].
According to [33], both the strength and toughness of the bone are dependent on the degree of
mineralization. Also, the mechanical properties of bone are quite strain-rate dependent [43].

Many research groups have studied the fracture behavior of bone. For instance, Behiri studied the
bovine bone fracture toughness [44] and Nalla studied the quasi-static fracture toughness of human
cortical bone[45]. Nalla investigated the different mechanisms contributing to fracture toughness
of bone, namely un-cracked ligament bridging, crack deflection, collagen-fibril bridging and
constrained micro-cracking[45]. According to this study, the most important mechanism is crack

deflection which contributes about 50% to the fracture toughness.
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Figure 1-2. Structure of bone from nanoscale to microscale. Outer surface is composed of
compact bone with highly oriented fibrillar structure in different length-scales. The inner part is
composed of the spongy bone. Image acquired for [2].

1.1.4 Teeth

Teeth consist of one hard and highly mineralized outer layer called enamel and one inner and
tougher layer called dentin(Fig. 1-3) [33]. Enamel is formed by woven hydroxyapatite rods with
an average diameter of 5 microns[46]. Unlike the enamel, dentin is more similar to bone since it
contains collagen hydroxyapatite and water with almost the same volume fraction. The
microstructure of dentin is consisting of some units called tubulars embedded in a matrix of
collagen reinforced with hydroxyapatite plate-like crystals. The tubulars themselves are

surrounded by hydroxyapatite crystals[47]. Hardness and fracture toughness of tooth have been

measured by Nalla [45] and Imbeni [47].



Human (Mammalia) - Dentin Tubules

Figure 1-3.Human teeth. There is a protective hard layer on the top that acts as a shield against
penetrations. Beneath that, there is dentin, which is a tough tubular material with some
interesting toughening mechanisms such as crack arresting. Image acquired from [5].

1.2 Fabrication techniques for bio-inspired materials

1.2.1 Introduction

Considering the importance of natural material based on what is mentioned above, many
researchers have tried to employ current fabrication techniques, modify existing methods or even
create new methods to mimic the design and strategies in natural materials. In the following

paragraphs, a review of these techniques will be presented.

1.2.2 Freeze casting

Freeze casting or ice templating is one of the more promising techniques for emulating the
structural biomaterials like nacre and bone. In this technique, a slurry of ceramic and water is
frozen from the bottom and due to the formation of lamellar ice crystals, ceramic particles are
entrapped between ice crystals. After a freeze-drying process and sublimation of water, a porous
template of the ice structure will remain and after sintering could be used for many purposes. In
this way, one could mimic the nacre structure by infiltrating a second soft phase into the structure
to fill the pores. The theory behind this technique can be found in [48] and [49]. He also used

alumina and AISi to produce ceramic/metal composites and also controlled the pore size of



hydroxyapatite porous structure to build artificial bone[50]. Munch mimicked the nacre structure
very well by modifying the sintering part and including additives to the ceramic slurry, [51]. He
used sucrose to control the roughness of the tablet surfaces and also controlled the adhesiveness
of the soft phase to ceramic phase by grafting methacrylate groups on ceramic surfaces before
polymer infiltration. Another novelty of his work lies in one extra process of pressing and sintering
the scaffold in order to increase the ceramic content for having a brick and mortar structure instead
of a lamellar structure. The capability of freeze casting in emulating porous structures like bone
and layered structures like nacre has made many researchers try different ceramics and freezing
vehicles and also study the different factors effective in controlling the structure of porous
structure. Water, camphene, camphor-naphthalene and tert-butyl alcohol have been used as
freezing vehicles to obtain lamellar[52], cellular[53, 54], dendritic[55] and prismatic[56] structures
respectively. Effects of ceramic particle size, freezing front velocity and ceramic load
(concentration) has been also studied[57, 58]. Effects of different additives such as glycerol,
sucrose, sodium chloride, citric water, ethanol and PVA on the final microstructure has been
studied thoroughly[59-61]. Controlling the temperature gradient is one of the effective ways of
controlling the microstructure. Waschkies [62] and Deville [58] by using double-sided cooling and
Moon[63] by radial freezing are some of important examples. Also Bai used a wedge in order to
create a temperature gradient in 2 directions[64]. In this way, he was able to start the ice nucleation
on a line instead of a plane and so, obtained a very well aligned lamellar structure. By the help of
this novel idea and also doing something similar to [51], he made a hydroxyapatite/PMMA
composite that mimics the structure of the nacre extremely well. Using electric[65] and
magnetic[66, 67] fields is another way of manipulating the microstructure. Hunger self-assembled

the alumina platelets using shear force from ice crystal propagations and obtained an alumina
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porous structure with good mechanical properties[68]. The same idea used by Bouville to create
an inorganic composite material very similar to nacre[69]. He didn’t use any organic materials as
soft part and hence their final structure could retain its mechanical properties even in high
temperatures. In their work, alumina platelets were used as the main part of composite and alumina

nano-particles and glass precursors filled the gaps between platelets.

1.2.3 3D printing

3D printing is another important and popular technique which has been widely used. Currently,
there are four main 3D printing methods available: stereolithography (STL), inkjet printing,
selective laser sintering (SLS), and deposition modeling [70]. STL is based on layer by layer curing
of photo-resist ink due to illumination of desired shape by a laser. Although using DLP technology
a relatively big area with high precision could be cured, this technique is limited to using one
material and also printed parts are usually brittle[71]. In SLS a high power laser is used to sinter
the powder and so there is no need for toxic glues, though so many heating and cooling processes
might affect the precision of this technique[70, 72]. Deposition modeling printers work based on
layer by layer extrusion of molten polymers to form the 3D structure[70].

Cooke used stereolithography (SLA) method to print biodegradable structures to be used in tissue
engineering for bony substrates[73]. Using fused deposition modeling (FDM) technology, Kalita
developed polymer-ceramic scaffolds with controlled porosity for bone grafts[74]. By designing
hydrogel based ceramic slurry, Fu used direct ink writing technique to 3D print a glass porous
scaffold with mechanical properties and structure comparable to cortical and trabecular bone
respectively[75]. Dimas conducted a computational study on brick and mortar structures and
validated their results by 3D printing method[76]. He produced brick and mortar structures using

a multi-material 3D printer and printed both soft and hard phase of the structure simultaneously
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and achieved a final structure which its mechanical properties far exceeded the main constituents.
Inspired by the hierarchical structure of balsa wood, Compton developed an epoxy-based ink
reinforced by high aspect ratio fibers and 3D-printed cellular structures[77]. Mirzaifar did the same
computational and experimental study on defect tolerance of hierarchical brick and mortar
structure[78]. Due to alignment of fibers in the direction of printing, their final structures achieved
exceptional mechanical properties. Gergely created sacrificial templates for bone regeneration
using FDM printing technique[79]. Martin developed a novel 3D printing technique by combining
SLA and magnetic field[80]. He used an ink containing alumina platelets coated by nano-size
magnetic sensitive particles. By applying magnetic field, he was able to orient the platelets in
desired direction and then cure the photo-sensitive ink. In this way, he mimicked many natural
tough structures like nacre and bone. The same idea utilized by Kokkinis on direct ink writing
method to build a magnetic multi-material 3D printer that is able to print complex 3D structures

with enhanced mechanical properties in desired parts[81].

1.2.4 Self-assembly

Self-assembly is a bottom-up technique which can be used to emulate natural materials. It is a
process in which some pre-existing elements form a structure according to a design without any
direct intervention. Although self-assembly of micron size and even bigger objects would be
interesting for applications like biomimetic composites, most of the works done so far have been
on sub-micron length scales like self-assembly of molecules. Concept of self-assembly could be
extended to 3D structures using Layer-by layer (LBL) assembly and could be used for making bio-
inspired composite materials. In this technique, a substrate is dipped sequentially into two solutions
containing the same objects but with different properties like electrical charges. So every time the

substrate is immersed in one of the solutions, one layer of the objects will form on the
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substrate[82]. The main drawback of this method is the necessity of repetition of dipping the
substrate in solutions in order to reach to an acceptable thickness[83]. Tang obtained
montmorillonite (MMT) clay- poly-diallydimethylammonium chloride films using LBL assembly
technique and made films with up to 200 layers with mechanical properties comparable to
nacre[84]. Podsiadlo used the same technique to make composite films made of MMT clay and
polyvinyl alcohol (PVA) [85]. In both mentioned works the link between soft and hard phase is
created just like nacre, but the main difference is the thickness of the “brick” part which in the case
of clay is way thinner. Bonderer attempted to make organic-inorganic composite films by
sequentially deposition of alumina platelets and chitosan biopolymer in order to mimic the
structure of nacre[86]. He observed a considerable increase in mechanical properties of chitosan
by the addition of only 15% of alumina platelets. Podsiadlo fabricated a transparent brick and
mortar structure by clay platelets and PVA[87]. He showed that weak bonding interaction like
hydrogen and van der Waals bonds between clay and matrix and also the ionic bonds in matrix
can act as sacrificial bonds and increase the overall mechanical properties of the structure.
Following the work of Ebina[88], transparent films with nacre like structures were made using
evaporation self-assembly technique[89, 90]. Nano-clay platelets were the brick part of their
composite films. Wang employed the same technique to create transparent nacre like composites
with nano-fibrillar cellulose (NFC) and PVA in between the clay platelets[91]. By bridging clay
platelets, NFCs cause a resistance against sliding of clay platelets with respect to each other.

Assembly of the main building blocks of a structure could be also done using Deoxyribonucleic
acid (DNA) strands. DNA strands could be designed in a way to be complementary and two single
stranded DNAs form a helix double stranded one through hybridization process. This capability

can be employed for programmable assembly of different particles as main elements of a whole
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structure. This technique has been used to assemble isotropic[92], anisotropic[93] and attaching
particles with different shapes[94]. Although has not drawn enough attention yet, this technique is
capable of being used in structural applications as well. Since objects with various shapes could
be attached with the aid of DNA, one can utilize soft lithography techniques to make custom-size
and custom-shape particles. Micro-contact printing[72], replica molding[95], micro-transfer
molding[96] are some of the soft-lithography techniques widely used for fabricating micro and
nano-sized particles. In [97], protocols related to many important soft-lithography techniques can
be found. Yang made SiBNC ceramic plate-like particles using micro-transfer molding and
vacuum assisted micro-molding in capillary techniques[98]. Guan employed micro contact hot
printing to make polypropyl methacrylate particles with the size of a few tens of microns and
disperse them in water[99]. Rolland proposed a new contact printing process with non-wetting
templates called particle replication in non-wetting templates (PRINT) to fabricate particles with
sizes below 200nm and with precise control on their size and shape[100]. In order to overcome the
topological limitations of soft-lithography, Laftratta proposed a new technique, membrane assisted
micro-transfer molding, to make complex 3D shapes with closed loops in just one step
process[101]. Hernandez made particles with shapes of Latin alphabet letters made of photo-resist
SU8 and dispersed them in aqueous media[102]. One important concern regarding DNA assembly
would be how to attach DNA oligos to solid surfaces like glass or other polymeric materials.
Attaching DNA to glass surface is of great importance considering the wide range application of
glass which is due to its known chemical composition and versatility. DNA strands can be attached
to glass surface either through modification of glass surface by silanization chemistry or using
silanizied DNA oligos[103]. Amino and thiol modified DNA oligos are routinely used for these

purposes. Amino modified DNA strands could be bonded to epoxy silane-derivatized glass[104,
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105] or isothiocyanate coated glass[103]. Depending on the desired application, similar strategies
can be employed for bonding DNAs to other solid supports like polymeric materials. One example
is photo-resist SU8 which has a great importance in microelectromechanical systems (MEMS).
Marrie attached DNA oligos to cured SU8 surfaces through simple reaction between amine group
of modifies DNAs and epoxide group of SU8 surface[106]. Different approaches also proposed by
other researchers for bonding DNA to glass through a dry method or using oligos with different

functional groups like aminoalkyl and thiophosphoryl groups[107, 108].

1.2.5 Other techniques

There are many other experimental techniques used for bio-inspired purpose which can’t be
categorized in abovementioned groups. Using a technology similar to one for making multilayer
capacitors, Clegg made squares of ceramics by silicon carbide powder and coated the surface of
plates by graphite for a weak interface and then formed the final structure by stacking the plates
and sintering them under pressure[109]. Almqvist utilized some simple fabrication methods like
centrifugation, dipping, sedimentation, shearing and spinning to make bioinspired composites
using talc as the main building block [110]. Ekiz combined slip casting and hot pressing methods
to fabricate alumina/epoxy composite materials with enhanced orientation of tablets in epoxy and
achieve good level of toughness and strength[111]. Bonderer used a combination of gel-casting
and hot pressing techniques to fabricate composite structures with sub-micron sized alumina
platelets with aligned orientation and up to 50 percent of alumina volume fraction[112]. Libanori
made some composite films with an elasticity modulus spanning over several orders of magnitude
by using various hard phases in different length scales and assembled the films with a simple
technique of solvent welding [113]. Erb showed that by optimizing the size of hard phase in

organic/inorganic composites, their orientation can be manipulated easily and just by the use of
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very weak magnetic fields[114]. He coated the surface of alumina platelets and calcium sulfate
rods both with the biggest dimensions being less than 10 microns and successfully oriented the
particles with a weak magnetic field of 30 mT. Using this technique, he was able to make highly
oriented structures like nacre with different orientation in different layers like human teeth.
Livanov employed a simple method to stack millimeter size alumina platelets with different
thicknesses and a soft phase in between to emulate the structure of sponge spicules[115]. Behr
utilized sedimentation technique to obtain centimeter-size samples with well aligned alumina
platelets. He also applied high pressure and temperature on the samples to increase the volume
fraction of platelets in the final structures[116]. Ferrand combined slip casting technique and
magnetic field to manipulate orientation of ceramic platelets and make gradient structures with
programmed structure[117]. Using a simple shear casting approach, Abba made chitosan-alumina
composite films to mimic nacre structure and studied the effect of hard phase volume fraction and
humidity on mechanical properties[118]. He successfully mimicked the structure of natural
materials like human teeth and nacre and reached to hard phase volume fraction of 100 %.
Demirors combined electric and magnetic fields in process of making composite material with
alumina platelets as hard phase to control the spatial distribution and orientation of magnetized
platelets respectively[119]. He used micron-sized electrodes to produce a desired electric field and
self-assemble the platelets in designed spatial locations using dielectrophorsis process. With this
approach, he produced a composite structure with a local stiffness comparable to teeth on one side
and softer than skin on the other side while the whole structure being capable of great extensibility.
In another top-down approach, Mirkhalaf carved suture-like patterns in glass sheets to increase the
fracture toughness of glass [6]. Mirkhalaf also used laser engraving technique on glass sheets to

carve 3D interlocking millimeter sized building blocks in order to enhance the energy absorption
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and the impact resistance of glass sheets[120]. Impact resistance of carved glass increased up to 4

times and they observed a progressive damage instead of a catastrophic one.

1.3 Bio-inspiration; a new approach toward a tough and impact-resistant

glass structure

Glass has many interesting properties and a wide range of applications, thanks to its excellent
optical clarity, rigidity, and abundance. However, glasses are brittle, with low fracture toughness
and impact resistance, limiting their applications. Since high toughness is one of the most
pronounced characteristics of natural materials such as nacre, glass is of the candidates to be
integrated into a nacre-inspired composite material. We already showed in the previous sections
that some researchers developed tough and transparent nacre-inspired composites. However, most
of the bio-inspired transparent composites suffer from a general trade-off between toughness,
rigidity, and scalability. Here, we propose a straightforward methodology for fabricating a
nacreous composite material with superior strength, fracture toughness, and impact resistance to
the normal glasses. Our material is scalable, and our fabrication technique is not complex. We use
glass flakes and poly (methyl methacrylate) as the building blocks of our material. We employ
centrifugation as a vital part of the fabrication procedure for ordering the microstructure, and we

propose a simple method for making the composite optically transparent.

1.4 Thesis Objectives

The main objective of this thesis is to design and fabricate a nacre-inspired tough and transparent
glass composite using a simple and scalable fabrication method. To achieve this objective,

following three parts were accomplished:
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1- Design and fabrication of a nacreous glass composite with high levels of optical transparency,
toughness, and strength using a simple and scalable fabrication technique based on the
centrifugation method. Identify the deformation and extrinsic toughening mechanisms in the
glass composite.

2- Develop a class of polymethyl methacrylate (PMMA)-based polymers with improved fracture
toughness, impact resistance, and chemical resistance, while the chemical synthesis simplicity
and optical transparency of PMMA are retained.

3- Evaluate the performance of the nacreous glass composite under impact loading. To
incorporate the PMMA-based polymers developed in the second part into the glass composite to
study the role of soft phase on the mechanical properties, fracture toughness, and impact

resistance of the glass composite.

1.5 Thesis Organization

This is a manuscript-based thesis consisting of six chapters. The first chapter reviews the
structure and properties of some important structural biological materials, namely nacre, bone,
and teeth. The chapter is continued by reviewing the fabrication methods for mimicking the
design and structure of natural structural materials and their common advantages and challenges.
Chapter 2 presents a centrifuged-based fabrication technique to develop a transparent and tough
glass composite. Different aspects of the glass composite such as mechanical and optical
properties are evaluated. The optical transmittance and haziness are evaluated and studied as a
function of dopant percentage, thickness, and light wavelength. The effect of centrifugation on
the microstructure and the glass volume fraction is studied. The mechanical properties and
fracture toughness also are measured. The microstructure is studied and the key extrinsic

toughening mechanisms responsible for high levels of fracture toughness are identified. The
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novel glass composite is then compared with some state-of-the-art counterparts and
commercially available glasses in terms of strength, toughness, and optical transparency.

In chapter 3, a series of PMMA-based polymers are developed, aiming to tune the mechanical
properties of the soft phase in the glass composite. PMMA is copolymerized with Acrylonitrile
(AN) and crosslinked with 1,4 Butanediol Dimethacrylate (BUT). The optical transparency of
the polymers is optimized and the chemical resistance of the polymers is evaluated. The effects
of AN and BUT on the mechanical properties, fracture toughness, and impact resistance of
PMMA are extensively studied.

In Chapter 4, first, the impact resistance of the glass composite is evaluated and compared with
normal glass and PMMA. Then, the role of the soft phase on the mechanical properties, fracture
toughness, and impact resistance of the glass composite is studied by incorporating the
developed PMMA-based polymers into the glass composite.

Chapter 5 includes a summary of the accomplishments and the contributions of the thesis. Some
suggestions for the future works are also presented.

Chapter 6 provides some supplementary information on the challenging journey of this PhD
project and briefly describes some aspects and parts that are not included in this thesis but could

be helpful and potentially insightful for those continuing this work.
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Link between chapter 1 and chapter 2

Glasses have a wide range of applications in everyday life, from small screens of electronic
devices to giant glass panes in buildings. However, ductility is a major problem in most normal
glasses. Different tempering methods have been developed to improve the mechanics of glasses;
however, glass brittleness has remained to be an issue in many cases. Some works have been
done on developing bio-inspired glass composites, but they usually leave one of the key
characteristics (transparency, strength, toughness, and scalability in the fabrication process) of
ideal bio-inspired glass behind. In the next chapter, we present a simple, scalable, and yet
efficient method for the fabrication of a nacre-inspired glass with high levels of toughness,

strength, and optical transparency at the same time.
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Chapter 2

Centrifugation of index-matched acrylic and glass flakes
yields a strong and transparent bioinspired nacreous

composite
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2.1 Abstract

Glasses have numerous applications due to their exceptional transparency and stiffness, however,
poor fracture and impact resistance limit their applications. One strategy to improve their
mechanical properties is through bio-inspiration. Structural biological composites such as nacre,
the protective inner layer of mollusk shells, offer far superior mechanical properties relative to
their constituents. This has motivated researchers to mimic the design principles in natural
composites to create tough transparent materials. However, current bio-inspired composites
suffer from poor optical transmission and tradeoffs between strength and toughness. Here, we
present an optically transparent tough nacreous glass composite material with a four-fold
increase in fracture toughness, a three-fold increase in flexural strength compared to
conventional structural glasses, and a 73% average optical transmittance. Our composite is
fabricated with a simple scalable approach: the composite consists of glass flakes and poly
(methyl methacrylate) (PMMA) structured utilizing a centrifugation fabrication method that
aligns and compacts the flakes into layers. To optimize the transparency of the structure, the
refractive indices of the PMMA and glass are matched by adding a dopant to the PMMA. Based
on these results, this nacreous glass composite is proposed as a potential alternative in diverse

architectural, vehicular, and electronics applications.
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2.2 Introduction

Glasses are brittle materials with low fracture toughness and low resistance against impact, which
limits the range of their applications. Thermal or chemical tempering is a common strategy to
increase the strength of glasses [1], however, this does not dramatically improve fracture toughness
[2] and can lead to catastrophic, “explosive” types of failures. Laminating glass creates a polymeric
glass sandwich-like composite structure [3], the greatest advantage of which is safety: upon
fracture, the polymeric layers prevent small pieces of the fractured glass from shattering in
catastrophic failure. However, there are only modest mechanical improvements in laminated
glasses [4-6].

To improve glass toughness and impact resistance, researchers have explored bioinspiration -
implementing design principles observed in biology. Nacre, the tough material comprising the
inner layer of mollusk shells, is a classic example of a tough structural biomaterial; nacre is 3000
times tougher than the components [7], breaks at 1% of strain —a remarkable improvement relative
to the individual ceramic building blocks, and its elastic modulus is approximately 1000 times
larger than that of the connective proteins alone [8].

Many techniques of varying complexity have been proposed to fabricate synthetic materials
mimicking nacre [9, 10]. Some of these have focused on making transparent composites [11-13],
resulting in thin films with enhanced mechanical and optical properties. To extend the applications
beyond thin films, a new scalable nacreous composite was developed by infiltrating PMMA into
a glass flake scaffold while matching refractive indices of the two phases [14]. Despite superior
fracture resistance properties compared to glass, this composite sacrificed transparency, a key

feature for widespread applications.
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In contrast, others have employed top-down methods, including laser-engraving interlocking
jigsaw-shaped 3D arrays in bulk glass [15], and glass lamination processes of thin glasses with
laser-engraved cross-plied [16] and tablet-like architectures [17]. These approaches resulted in
increased composite fracture toughness and impact resistance, but reduced stiffness and strengths.
Stiffness and strength can be generally improved by decreasing the size of the patterns; however,
this reduces transparency and scalability [17]. This highlights the general trade-off challenge that
bio-inspired glasses have suffered from between mechanics, transparency, and fabrication
scalability. While these diverse strategies have explored bottom-up and top-down approaches
resulting in excellent mechanical, optical, and fabrication results, no method has successfully
combined all three together in a tough glass.

In this paper, we demonstrate a bottom-up fabrication technique to produce a transparent brick and
mortar structural composite possessing advantageous mechanical properties that improve upon

those of normal glasses or their bio-inspired composite counterparts.

2.3 Results and discussions

The structure and composition of our transparent nacre-like material result from stringent
requirements and careful material selection and preparation. For high mechanical performance,
hard and stiff elongated inclusions must be bonded by a more deformable matrix. For high optical
performance, the refraction index of the two phases must be identical. Finally, the bonding between
hard and soft must be perfect to ensure strong interface strength, and also prevent light scattering
that would reduce optical quality. To fulfill these mechano-optical requirements we chose glass
flakes for the hard inclusions and Poly (methyl methacrylate) (PMMA) for the soft matrix. Glass
flakes were utilized as the hard component due to their high diameter-to-thickness aspect ratio,

transparency, high stiffness, and well-characterized surface chemistry for surface
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functionalization. PMMA, an amorphous polymer which polymerizes through a free radical bulk
polymerization process [18] was selected as the soft phase due to its deformability [19] and
excellent optical properties [20]. The optical refraction indices of glass (nglass=1.52) and PMMA
(nrmma=1.49) do not exactly match, but this issue could be alleviated by adding an organic dopant,
phenanthrene, to PMMA [21]. In order to achieve a strong and defect-free interface between glass
and PMMA we functionalized the glass tablet surface with a silane. The prepared PMMA and
glass flakes were then mixed, and then centrifuged to induce an aligned brick and mortar
architecture and high volume-fraction of glass inclusions. As a final stage, PMMA polymerization

was achieved by baking at 50° C (for 12 hours), 70° C (for 4 hours), and 100° C (for 2 hours).
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Figure 2-1. Centrifuged-based fabrication method of nacreous glass composite. (A) Cleaned
glass flakes were dispersed in toluene. (B) Glass flakes surface-treated with y-MPS and then
with a solution of MMA in toluene to promote polymerization from the glass surface. (C)
Surface-treated glass flakes were involved in free radical polymerization of PMMA at 50°C. (D)
Glass-PMMA mixture transferred to a casting mold with a pre-designed cavity on the bottom (E)
Glass-PMMA mixture was centrifuged to impose alignment in flakes and densify the mixture.
(F) Polymerization process finalized in oven: 12 hours at 50°C, 4 hours at 70°C and 2 hours at
100°C.

We matched the refractive indices of the two phases using phenanthrene as a dopant to improve
the transparency. We measured the refractive index of PMMA-dopant samples as a function of
dopant weight percentage (Fig. 2-7-A), and then estimated the composition that leads to the highest
level of transparency (Fig. 2-7-D). While the composite with no index-matching dopant was very

hazy, and the sample was not transparent due to light scattering, our index-matched glass
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composite demonstrated high levels of transparency (Figure 2-A). The optical transmittance of our
glass composite compares well with both soda-lime monolithic glass and PMMA doped with 12%
of phenanthrene (Fig. 2-B), and its average transmittance is only 16% less than the soda-lime glass
(Fig. 2-7-E). It also has 24% higher transmittance than similar bio-inspired laminated composites
[17] and has almost 100% higher transmittance than the recently reported nacre mimetic composite
fabricated by Magrini [14]. Even the glass composite with 0% dopant has a similar optical
transmittance to the bio-inspired glass composite fabricated by Magrini [14]. While our composite
is hazier than the soda-lime glass with the same thickness, it is more than 70% less hazy than
similar bio-inspired bulk fabricated composites [14] (Fig. 2-7-E and Fig. 2-7-F). This underlines
a crucial difference between the current fabrication technique and the one presented in Ref. 14 ;
while the method in Ref. 14 mimics other aspects of nacre by creating mineral bridges through a
heat treatment process, this process also creates many potential light diffraction sites leading to

the poor optical performance reported for that material.
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Figure 2-2. Dopant percentage and composite thickness affect composite transparency and
haziness. (A) 1mm thick glass composites with 0% dopant (top), and 12% dopant (bottom). (B)
Transmittance for the soda-lime glass, doped PMMA (12%), 12% glass composite, laser-
engraved laminated glass [17], and bio-inspired transparent composite [14]. Our composite
compares well with soda-lime monolithic glass and is superior to its bio-inspired counterparts.
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In addition to high optical performance, our material needs to be stiff and strong, which requires
high concentration of glass inclusions with a high alignment. As glass and PMMA have different
densities, we used centrifugation to increase the fraction of glass in our composite, leading to a
high volume fraction of the stiff (glass) phase and consequently a thin connective (PMMA) phase.
The volume fraction of glass inclusions increased from about 24% for non-centrifuged composite
to about 43% for the samples centrifuged with 2000g (Fig. 3-A). The thickness of the polymer
layer between the flakes also decreased dramatically by applying centrifuge forces, from about
35um for the simply mixed sample to about 17um for the sample centrifuged with 2000g.
Centrifugation homogenizes the distribution of flakes, preventing the formation of flake-free
regions of PMMA (Fig. 3-B and Fig. 3-C top). Centrifugation also aligns the glass flakes (Fig. 3-
B and 3-C bottom). By comparing the polar orientation distribution graphs of the non-centrifuged
and centrifuged composites, we examined the role of the centrifuging process in inducing order in
the structure of the composite. Centrifugation up to 2000g increased flake order and alignment,
however further increasing the centrifugation speed did not seem to significantly improve flake
alignment. Since no drastic change in volume fraction or mechanical testing data was observed
with further increasing the centrifuging speed, we determined 2000g to be an optimal

centrifugation force.
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Figure 2-3. Centrifugation increases the glass volume fraction by decreasing the polymer
thickness layer between tablets. (A) Glass volume fraction increases almost two-fold when the
sample centrifuged (2000g). Also, polymer layer thickness decreases about 50% when

centrifuged with 2000g force. (B) Section SEM image of a non-centrifuged composite (top,
about 24% glass volume fraction). We observed a noticeable number of areas with no flakes, and
also many flakes with random orientation in the material. Polar distribution of orientation in the
flakes also confirms this observation (bottom). (C) Section SEM image of centrifuged composite
(2000g, about 43% glass volume fraction). Flakes are more oriented in one direction, and areas

with no flakes are rarely observed. Polar distribution of orientation in the flakes for different
centrifuging speeds also shows insignificant difference between 1000g, 2000g and 4000g forces.
Data points and error bars are mean values and standard deviation respectively.

The mechanical performance of the composite was evaluated using 3-point bending tests. The

glass composite displays two distinct linear and non-linear regimes in flexural response (Fig. 4-

A). We attribute the non-linear regime to the large plastic deformation of the PMMA after yielding.

All samples displayed evidence of inelastic deformation, with strains at failure in the 2.5 to 3.5%

range. Flexural modulus and strength however varied significantly across the different designs we

explored. The glass composite surface-functionalized with y-MPS was 1.9 times stiffer than the

glass composite without any surface treatment (Fig. 4-A and Table S1). The composite’s flexural
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strength also was increased about two-fold by functionalizing the glass flakes’ surfaces by y-MPS.
This increase in strength, however, only produced a glass composite slightly stronger than pure
PMMA (Table 2-1). The flexural strength was increased to about 140 MPa by including the
centrifuging process as a part of fabrication process; this aligned the glass flakes into layers of
parallel planes and also yielded a denser overall structure. The beneficial strengthening effects of
centrifugation appeared to plateau at 2000g, with no significant increase in flexural strength for
higher forces (Fig. 4-B). The flexural modulus was also increased from 4.7GPa for non-centrifuged
sample to about 7.2Gpa for the sample centrifuged with 2000g force, with no significant increase
of the modulus with higher centrifugation speeds. The effect of surface-functionalization and
centrifugation appeared to be insignificant on the rupture strain, and most of the samples possessed
a rupture strain of about 3% (Fig. 2-8 and Table 2-1).

In addition to modulus, strength and deformability, we measured fracture toughness using a single-
Edge Notch Bending (SENB) configuration. Fig 4-C shows typical force-deflection results for
these tests, showing a brittle response for pure PMMA, but a more “graceful” failure (more gradual
decrease in force in the post-peak region) for the non-centrifuged glass composite. The centrifuged
glass composite, on the other hand, not only lacked catastrophic fracture, but it demonstrated a
higher peak force. From this experimental data we computed crack initiation fracture toughness
Kic using the maximum force [22] and the work of fracture (WOF), computed from the area under
the force-deflection curve. Centrifuged glass composites outperformed the non-centrifuged ones
in fracture toughness; By centrifuging (2000g), we increased the glass composite’s crack initiation

fracture toughness (Kic) and energy absorption (WOF) by about 30% (Fig. 4-D).
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Figure 2-4. Surface functionalization and centrifuging process improve the mechanical properties
of the glass composite. (A) Flexural stress-flexural strain curves for the composites with and
without surface-functionalized glass and centrifugation. Surface-treated composite experiences a
linear deformation regime followed by a non-linear one up to the failure, whereas the composite
with no glass functionalization and centrifugation deforms non-linearly to the fracture while
possessing lower strength and stiffness values. (B) strength and flexural modulus increase with
centrifugation. While the higher centrifuging speed yields higher strength and flexural modulus,
2000g appears to be the saturation point. (C) SENB test load-displacement curves for pure
PMMA, non-centrifuged and centrifuged composites, illustrating an increased fracture strength
with composite formulation and subsequent centrifugation. (D) Kic and WOF values increase
with increasing the centrifuging speed up to 2000g.

The results in Fig. 4 demonstrates that centrifuging improves the mechanical and fracture
properties. This improvement is achieved by inducing order in the structure and creating a

staggered structure of glass flakes and PMMA polymer similar to nacre (Fig. 5-A and Fig. 5-B).
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Such order promotes some important extrinsic toughening mechanisms leading to the excellent
performance of the composite under fracture. In the absence of mineral bridges and tablet
interlocking, tablet sliding and delocalization of stresses are the most important mechanism
responsible for the high fracture toughness in our composite. This deformation mode in large scales
leads to the pull-out of glass tablets from the polymeric matrix, a critical toughening mechanism
observed in biological nacre as well [23]. Another key toughening mechanism in our material is
polymer bridging or formation of polymer ligaments between tablets, activated when the
delamination of tablets occurs (Fig. 5-C). Also reported to occur in natural nacre (24), tablets
experience delamination due to lateral displacements if (i) the interface material is deformable and
(ii) the bonding between polymer and glass is strong [25]. This, again, highlights the role of glass
surface treatment and consequent strong bonds between the soft and hard phases. PMMA large
deformations in forms of stretching (polymer bridges) and shear (tablet sliding) cause yielding,
and consequently, plastic deformation in the PMMA (non-linear part in Fig. 4-A). This gives rise
to large deformations, and high levels of energy absorption manifest as high fracture toughness in
the material. In addition, due to the activation of the mentioned toughening mechanisms, and
consequently propagation of micro-cracks through the soft phase with many path diversions, many
deflections in the crack propagation path are observed in the micro- and macro-scale (Fig. 5-D and

Fig. 5-E).
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Figure 2-5. Transparent nacreous glass mimics key aspects of nacre’s microstructure and
toughening mechanisms. (A) SEM micrograph of the sample cross-section in a fractured surface
in our glass composite. Staggered glass platelets with polymer layers in between and numerous
pulled-out glass tablets due to fracture. (B) Fracture surface of natural nacre. (C) While tablets
are experiencing delamination due to lateral deformation, the polymer layer acts as a bridge
between tablets and contributes to the composite toughness (white arrow). (D) Tablet sliding in
large scale leads to tablet pull-out and hence deflection of crack growth path. (E) Macroscopic
crack deflection in the material as a result of microscopic toughening mechanisms.

Fig. 6 shows that our composite exceeds current state of the art materials in terms of fracture

toughness and strength. It possesses a strength similar to thermally tempered glass [2] but has a
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higher fracture toughness. Our glass composite also exceeds the previously reported bio-inspired
glass composite [14] in both strength and fracture toughness (Fig. 2-9-A). The reason for this
difference is likely in the glass tablet aspect ratios. For a fixed matrix shear strength, there is a
range of aspect ratios for tablets that cause the material to experience tablet pull-out [27]. In this
sense, too short and too long glass flakes cause vertical interface and tablet failure to be the
prevailing modes of failure, respectively. In other words, keeping the interface shear strength
constant while increasing the tablet aspect ratio would lead to a decrease in the WOF of the
composite. The aspect ratio of the flakes in our material is about 25, or about 10 times smaller than
the ones in Ref. 14, placing ours in an ideal range for strength and toughness, and explaining the
difference in strength and fracture toughness values of the two materials. Considering the WOF as
a non-linear measure of fracture resistance, our composite outperforms annealed [28] and
laminated glasses [3], as well as pure PMMA (Fig. 2-9-B). The laser-engraved laminated glass
structure [16] possesses a very high WOF, however, this has only been achieved with a

corresponding compromise in reduced material strength.
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Figure 2-6. Ashby plot of fracture toughness versus strength for numerous synthetic and natural
materials. Our transparent nacreous composite (centrifuged at 2000g) outperforms annealed

soda-lime [28], tempered [2], laminated [3], bio-inspired transparent composite [14], and laser-
engraved laminated [16] glasses in both strength and fracture toughness.

2.4 Conclusions

Our novel nacreous composite structure displays previously unattained optical and mechanical
properties and offers a potential alternative to tempered and laminated glasses. Hard phase
alignment has long been recognized as a key strategy, often pursued from a serialized bottom up
approach. Centrifugation is a methodological key advance enabling our composite fabrication
concept. Centrifugation is a rapid and scalable approach useful for fabricating any composite
geometry and dimensions and may be further enhanced by increasing the density differential
between hard and soft phases. This is a fundamental advantage over the serialized layer by layer
approaches which sacrifice production for precision. Additionally, this moves composite
fabrication out of specialized nanofabrication facilities and into the realm of industrially

approachable processes. The dependency of mechanical properties on centrifugation force
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illustrates the importance of both aligning the hard phase tablets and minimizing the compliant
PMMA phase in the overall composite structure, similar to the minimization of protein (~<5%)
found in natural nacreous composites. This centrifugation imposed order on the structure also
effectively enables the activation of toughening mechanisms such as tablet pull-out (as a result of
large-scale tablet sliding), and polymer bridging (due to tablet delamination), which together cause
micro- and macro-scale crack deflection in the material. These strategies enable our glass
composite to mechanically outperform annealed, thermally tempered, and laminated glasses in
fracture toughness and flexural strength.

Many other composites have structured glass flakes to create mechanically enhanced materials;
to do so, however, they have also fundamentally sacrificed transparency or optical clarity in
terms of scratches. This is not in principle due to a materials mismatch, required for a composite,
but an optical mismatch in terms of the refractive index. By making the soft and hard phase with
the same refractive indices, one can create any number of varied materials in structured
composites, which have little to no optical defects. This methodology concept enabled us to tune
the PMMA phase to that of glass, resulting in a uniform and single optical phase structure.

We hope that the composite described here may find applications in high-performance scalable
transparent composites that could replace glass where impact resistance is needed, or even to
create transparent structural elements. Moreover, the strategies for mechanical enhancement and
optical clarity presented here will allow researchers to explore new boundaries in composite

fabrication.
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2.5 Supplementary materials

2.5.1 Materials and Methods

Materials

Glass flakes (GF001-10, d50 (median particle) diameter =27-32 pum, thickness =0.9-1.3 pm,
refractive index = 1.524) were kindly supplied by Glassflake Ltd. Methyl methacrylate (MMA,
99%), azobis isobutyronitrile (AIBN, 98%), Phenanthrene (98%), (3-trimethoxysilyl) propyl
methacrylate (y-MPS, 98%), Methanol (ACS, 99%), hydrogen peroxide (30 wt. % in H20),
acetone (99.5%) and MMA inhibitor remover were acquired from Sigma . Toluene (reagent grade)

and sulfuric acid (reagent grade) were purchased from Caledon Laboratories Ltd.

Glass surface functionalization

Glass flakes were cleaned in Piranha solution (3 parts of concentrated sulfuric acid, 1 part of water
and 1 part of 30 wt.% hydrogen peroxide solution) for 30 minutes, and subsequently washed in DI
water several times and dried in a vacuum oven at 120°C overnight. Cleaned and dried flakes (2
g) were mixed with a solution of toluene (15 ml) and the surface functionalization agent (5 ml), y-
MPS, (3:1 volume ratio) and gently stirred with a magnetic stirrer for 12 hours. The silane
functional groups will react with hydroxyl groups on the glass surface. The surface-treated glasses
were washed with toluene, methanol, and then washed with DI water several times and dried in a
vacuum oven at 110°C for 2 hours. y-MPS functionalized glass flakes were then involved in a free
radical polymerization process to grow PMMA monolayer on their surface. This was performed
in a two-step process: first, the glass flakes were added to a mixture of dry toluene and MMA (2:1
volume ratio) under gentle mechanical stirring at 70°C for 30 minutes with AIBN (1 wt.%) as

initiator. This is to promote growing PMMA from the glass surface and decelerate the
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polymerization in bulk MMA. After this step, we dried the flakes in a vacuum oven at 110°C for

2 hours prior to usage in the main composite fabrication process, which follows in the next section.

Glass composite fabrication

To adjust the refractive indices of the glass and PMMA, we dissolved an aromatic hydrocarbon,
phenanthrene, in MMA as a dopant. Phenanthrene and AIBN (0.5 wt.%) were dissolved in MMA
and added to the surface-treated glass flakes. The mixture was mechanically stirred at low speed
for 45 minutes at 50°C under argon atmosphere and immediately cooled down in an ice-water bath
afterward. The glass-polymer mixture then transferred to a 3D-printed polypropylene casting mold
containing a cavity with desired shape and depth. The cavity’s depth will be the glass composite’s
final thickness. To make a dense structure with well-aligned flakes, we centrifuged the glass-MMA
compound. The centrifuging process involved two low-speed steps (100g RCF for 5 minutes and
300g RCF for 5 minutes) to induce alignment in the flakes. Then we performed the last step in
high speed (more than 1000g RCF for 20 minutes) to make a denser structure. The top of the cavity
was covered by a glass coverslip, and a gentle pressure applied from a small mechanical grip sealed
the centrifuged glass-PMMA composite in the cavity. We finalized the polymerization process by
exposing the composite to heat in the oven (50°C for 12 hours, 70°C for 4 hours, and 100°C for 2

hour).

Estimation of glass volume fraction, polymer layer thickness, and orientation distribution

We calculated the glass volume fraction by Archimedes’ principle, assuming that the composite
only consists of the hard and soft phases. The volume of the composite samples (7-10 samples

for each data point) measured using a pycnometer (VWR, 25 ml, Gay-Lussac type), and by
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knowing the densities of the glass flakes and the PMMA, we estimated the glass volume fraction
in our composite.

The polymer layer thickness was measured by extracting data from several line scans on the SEM
images of the composite cross-sections in ImageJ software. The orientation distribution was
measured and plotted by analyzing the SEM images of the composite cross-sections using a

Fourier transform based methods presented in [29].

Structural characterization of the composite (SEM images)

Samples were imaged using a scanning electron microscope (FEI Quanta FEG 450) at (20KV at
secondary electron mode) to evaluate the ordering of the flakes with respect to the centrifugation
speed. The samples were initially coated with a layer of platinum (4nm) using a sputter coating

machine (Leica Microsystems EM ACE600 High Resolution Sputter Coater).

Optical characterization of the composites

PMMA samples doped with phenanthrene were dissolved in toluene and then coated on silicon
wafers. Refractive index of the samples (3-5 samples for each data point) was then measured using
a spectroscopic ellipsometer (Sopra GES-5E). The transmittance and haze factor of the glass
composites measured using a UV-Vis-NIR spectrophotometer (LAMBDA 750 UV/Vis/NIR). For
this purpose, cylindrical glass composite samples (3-5 samples for each data point) with the various
diameters and thicknesses were prepared. Using two different configurations, total transmittance
and diffuse transmittance values was measured. The haze factor then was calculated by dividing

the diffuse to total transmittance values.
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Mechanical characterization of the composite

To measure the elastic modulus, flexural strength, and rupture strain of the composites, 3-point
bending tests were performed using a universal testing machine (Admet, eXpert 5000, MA US)
[30]. Cubic samples (5-7 samples for each data point) with dimensions of 25x3.2x1.8 mm were
prepared. Support span and displacement rate were 16 mm and 1 um/sec respectively.

Fracture toughness of the composites was evaluated using Single-Edge Notched Beam (SENB)
test [31]. Cubic samples (5-7 samples for each data point) with 25x3.2x1.8mm dimensions were
prepared, and a notch was created using a 450 um diamond saw. The initial crack (40 um in tip
radius) then created on the tip of the notch using a thin blade covered with diamond paste. The

samples then were used in a 3-point bending set up with a displacement rate of 1 um/s.

2.5.2 Fracture mechanics calculations

The crack initiation fracture toughness, Kic, was calculated from the load-displacement curves

and based on the maximum force value and initial crack size from the following equation [31]:

P.S

Kic = G [ G

where Pc and ac are maximum amount of load and initial crack size, respectively, and S, W and B

are support span, specimen width and thickness, respectively. Also,

w
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The work of fracture (WOF) was calculated as a nonlinear measure of fracture toughness. WOF
is defined as the total energy spent to create one unit of fracture surface area [22] and calculated

as follow

Wor=sw—a
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Where U is the area under the load-displacement curve in SENB test, and W and a are the width

and initial crack length of the SENB sample respectively.

2.5.3 Index-matching

To find the percentage of dopant that optically optimized the overall composite transparency, we
first measured the refractive index of PMMA-dopant samples as a function of dopant weight
percentage (Fig. 2-7-A). We estimated that between 12 to 16 % of dopant along with 0.5 % azobis
isobutyronitrile (AIBN) as polymerization initiator would match the Rl of PMMA to the one of
our glass flakes (1.524). Knowing the refractive indices as a function of PMMA formulation and
dopant, we can estimate the composition that leads to the highest level of transparency. To reach
the optimum dopant percentage, composites with Imm of thickness, 43% volume fraction, and
various phenanthrene amounts were made. We measured the transmittance of the composites as a
function of composition by a UV-Vis spectrophotometer (Fig. 2-7-A). We found the optimum
dopant concentration to be 12%, yielding an average spectral transmittance of 76% for a 1 mm
glass composites (Fig. 2-7-B). Despite the high transmittance values for the glass composite, this
material also tends to diffuse light resulting in a hazy appearance (Fig. 2-C). The material appeared
to have the lowest haziness for the optimal amount of dopant (Fig. 2-7-D). Although even 5% of
dopant yielded a reasonably high average transmittance, the sample possessed an unsatisfactorily
high haze factor of about 90% for almost the whole visible light spectrum. The haze factor for the
composite with 12% of dopant, however, is not constant for the whole visible light spectrum and
increases from about 10% for wavelengths greater than 500 nm to about 90% at the low end of the

visible spectrum.
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Figure 2-7. Glass composite doped with Phenanthrene is highly transparent, but hazy. (A)
Transmittance values for Imm thick samples and different phenanthrene weight percentages. (B)
Haze factor values for 1mm thick composites and different dopant weight percentages. (C)
PMMA refractive index increases linearly by increasing phenanthrene weight percentage. (D)
Average transmittance values in terms of dopant weight percentage. 12% appears to be the
optimum dopant amount. (E) Comparison of transmittance and haze factor for the 12% glass
composite, doped PMMA (12%), soda-lime glass, bio-inspired transparent composite (14), and
laser-engraved laminated glass [17]. Although the transmittance of our glass composite is similar
to the soda-lime glass, its haze factor is higher by a factor of 20. Our glass composite, however,
IS superior to its bio-inspired rivals both in transmittance and haze factor. (F) Haze factor values
for 1mm thick composites and different dopant weight percentages. 12 wt% of dopant yields the
lowest haze factor value. Data point and error bars demonstrate the mean value and the standard

deviation respectively.
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2.5.4 Mechanical and fracture characterization supplementary results

Table 2-1. Strength, rupture strain, and flexural modulus values for composite with no surface
functionalization and centrifuging, surface-functionalized and centrifuged, and PMMA samples.

Strength Rupture strain Flexural modulus
[MPa] [%] [GPa]

No surface functionalization

o 56.17 £4.30 3.37+0.14 2.46 +0.31
and centrifuging
Surface-functionalizing and no 112 +15.21 2.77+0.88 4.77 £0.75
centrifuging
Surface-functionalized,
centrifuged (2000g) 140.01 + 12.62 3.05+0.31 7.27 +0.77
PMMA 101 + 2.85 6.82 £ 0.39 1.41+0.42
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Figure 2-8. Effect of centrifugation on rupture strain of the composite. Centrifuging appears to
have insignificant effect on the composite’s rupture strain.
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Figure 2-9. Nacreous glass composite outperforms normal, tempered and laminated glass under
fracture. (A) Crack initiation fracture toughness vs final strength for normal annealed soda-lime
[28], tempered [2], laminated [3], bio-inspired transparent composite [14], and our composite
glass (2000g). The composite demonstrated here outperforms other state of the art glasses in both
fracture toughness and final strength. (B) WOF versus final strength for normal annealed [32],
laminated (3), and laser-engraved laminated [17] glasses, as well as the pure PMMA and our
composite glass(2000g). The only glass that exceeds our composite in terms of WOF is Ref. 17,
but it possesses far less strength compared to our composite. Data points and error bars
demonstrate the mean value and the standard deviation respectively.
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Link between chapter 2 and chapter 3

In the previous chapter, we demonstrated an accessible technique for fabricating highly transparent
nacre-inspired glass composites. Our composite successfully mimicked the natural nacre's
microstructure and some of the essential mechanisms that lead to the high fracture toughness of
such materials. Our composite consists of two phases: a soft connective one and a hard tablet
phase. This gives us the great opportunity of improving or adjusting the composite to a specific
need by modifying one of the building blocks. While there is little to change or modify with the
glass flakes, there are numerous options for modifying the soft phase. As optical clarity and the
simple fabrication method are two of the crucial elements of previous work, that would be more
beneficial to develop a PMMA-based polymer with tunable mechanical and physical properties.
In the next chapter, we will present a class of PMMA-based polymers with improved mechanical
properties, fracture toughness, and impact resistance. Such a polymeric material would be an
excellent candidate to be incorporated into our transparent glass composite for tuning the

mechanics of nacreous material.
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Chapter 3

Poly(methyl methacrylate)-based polymers with improved
toughness and impact resistance and tunable mechanical

properties
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3.1 Abstract

Polymethyl methacrylate (PMMA) is a thermoplastic with a vast range of applications from
glazing to biomedical purposes due to its excellent optical clarity, strength, and stiffness. The
fabrication process (free radical polymerization) is straightforward, making it simple for bulk
production. Although PMMA is brittle, there have been many studies improving its toughness and
impact resistance. One disadvantage with the proposed techniques is the sacrifice of mechanical
properties or fabrication simplicity to improve PMMA's toughness. Here, we propose a simple
method to increase PMMA's fracture toughness and impact resistance without sacrificing
mechanical properties, and with little modification to its simple fabrication method. With
copolymerizing with acrylonitrile (AN), we were able to enhance PMMA's fracture toughness and
impact resistance by 30% and 40%, respectively. The strength values also remained constant for
lower concentrations of AN. By involving 1,4 butanediol dimethacrylate (BUT) as the crosslinking
agent, the loss in flexural modulus from copolymerizing with AN was compensated, as well as the
vulnerability against solvents was also improved tremendously. PMMA-based polymer
comprising 10 mol% of AN and 10mol% of BUT has more than seven times less weight change

than the neat PMMA when exposed to acetone at room temperature.
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3.2 Introduction

Polymethyl methacrylate (PMMA) is a transparent amorphous thermoplastic that has been widely
used in different applications, from structural components to biomedical applications since its
discovery in 1930. The reason for this wide range of applications is the simple fabrication
processes and relatively high levels of stiffness and strength. It also possesses high optical clarity
that make it a suitable alternative to structural glass in many applications. Being biocompatible,
PMMA has also been used as a biomaterial in denture applications. Bulk free radical
polymerization is one of the widely used techniques to make PMMA, along with many others,
such as radical/anionic solution, suspension, and emulsion methods. In this technique, free radicals
are generated by incorporating a suitable initiator molecule in proximity to heat/radiation. The
PMMA chains are then formed across the double bonds in MMA monomer and grown by the
successive addition of MMA monomers to the initial molecule.

Although PMMA is considered to be brittle, it has been extensively studied to improve its
toughness and impact resistance. Incorporating micro- and nano-fillers into the PMMA matrix is
one of the approaches to enhance the mechanical properties of PMMA. Rubber toughened PMMA
is one of the most widely investigated filled PMMA composites. Rubber particles improve the
fracture toughness of the PMMA matrix via cavitation and shear yielding mechanisms [1]. Despite
the successful improvement of toughness and impact resistance, this approach entails a decrease
in strength and stiffness[2][3]. Furthermore, care must be taken when making the rubber particles
to prevent refractive index mismatch between matrix and filler to avoid transparency loss[2].
Effect of incorporation of many other micro- and nano- fillers into PMMA matrix, has been
studied, such as carbon nanotubes[4][5] and nanofibers[6][7], graphene[8], graphene-oxide[9],

alumina nanoparticles[10], polyhedral oligomeric silsesquioxanes nanocages[11], and Si-CaO
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nano-particles[12],. The effect of adding these fillers to PMMA is not always beneficial: it varies
from a neutral or even negative impact on mechanical properties [6][7][9]; improvement to one
aspect of the mechanical properties while compromising the rest of them[10]; and the enhanced
performance of PMMA under mechanical loading [4][5][12][11]. The latter, however, usually
sacrifice the simplicity, the scalability of the fabrication process, or the optical transparency of the
material.

Another way of modifying the polymeric materials is through copolymerization, involving at least
two monomers in the polymerization process. Butyl acrylate (BA) [13], ethylene-vinyl acetate
(EVA) [2], Dimethylsiloxane (DMS) [14], and Phenyl Maleimide[15] are some examples of
monomers that have been reported to improve the mechanical properties of PMMA upon
copolymerization. Like filled PMMA, copolymerization of MMA with other monomers does not
necessarily lead to a mechanically superior material. For example, PDMS-PMMA copolymer is
less strong and stiff compared to the neat PMMA[14]. Another similar example is PMMA/ N-
Phenyl Maleimide, where increasing the softening temperature and modulus of the material leads
to a less strong yet more ductile polymer[15]. In many examples, however, some aspects of the
material are improved by compromising some other material properties. PMMA and PBA
copolymers, for instance, behave like elastomers and have a very high elongation at break, but this
is achieved only by compromising the strength and stiffness[13] [16] [17]. PMMA/EVA grafted
copolymer is another example where impact resistance and fracture energy is enhanced at the cost
of strength and stiffness[2].

Copolymerization interconnects the PMMA chains, making a polymeric interlinked network. Such
a process is called crosslinking, often achieved by using monomers with two end-functional vinyl

groups. The crosslinking of PMMA has been reported to have a positive effect on chemical and

67



physical properties such as material’s thermal stability[18] and solvent resistance[19]. However,
its impact on the mechanical properties of the PMMA has been mostly negative. Butadiene acrylate
as a crosslinker has no effect on the impact resistance of denture PMMA[20]. Ethylene glycol
dimethacrylate (EGDM) and triethylene glycol dimethacrylate (TGDM) are two known
crosslinking agents for the PMMA, the former has little to a negative effect on the strength and
modulus of the PMMA, and the latter slightly improves the modulus while its effect on the strength
is similar to TGDM[21]. Ethylene dimethacrylate (EDMA\) also plays a similar role as EGDM in
improving the mechanical properties of the PMMA[22].

Here, we employ the straightforward and simple method of free radical polymerization to make a
crosslinked copolymer of PMMA in bulk, with improved fracture toughness and impact resistance,
while retaining the strength, modulus and transparency. Acrylonitrile (AN) and 1,4 butanediol
dimethacrylate (BUT) are used as the components for copolymerization and crosslinking,
respectively. PMMA/AN copolymer and crosslinked PMMA with BUT have been synthesized
and reported before, but to the best of our knowledge, no comprehensive study of their effect on
mechanical properties, including fracture and impact resistance of individual components or their
combination has been reported. The primary goal of using AN is to allow plastic deformation in
brittle PMMA and hence increase the ductility, while BUT is utilized to crosslink the network and

improve the modulus and chemical resistance of the polymeric matrix.

3.3 Materials and methods

Methyl methacrylate, 1,4 butanediol dimethacrylate (95%), acrylonitrile (99%), 2,2’-Azobis(2-
methylpropionitrile) (AIBN), and inhibitor remover column were purchased from Sigma

(Ontario, CA).
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3.3.1 Copolymerization and crosslinking of PMMA

Inhibitors were removed from the monomers by passing them through the inhibitor removing
columns. For the PMMA/Acrylonitrile (PA) copolymers, different molar percentages of the AN
was added to the MMA along with 0.15 wt% AIBN as the polymerization initiator. MMA, BUT
and 0.15 wt% AIBN were used for the crosslinked PMMA (PBDM). In both cases, the mixture
was transferred to a mold consisting of two glass plates and a 3D-printed part in between, heated
at 50°C for 12 hours, 60°C for 2 hours, and finally 75°C for 2 hours. For the crosslinked
copolymer, MMA/AN/AIBN was first heated at 60°C for 2 hours in a glass flask. The mixture
then was cooled down to room temperature and the BUT was added (PABDM). The system was
then transferred to the mold and the same steps explained for PA copolymer was repeated.

Different 3D-printing shapes were used to prepare samples for tensile, fracture and impact tests.

3.3.2 Tensile test

Dumbbell-shaped samples were cast according to the ASTM standard D 1708. Tests were
performed using a universal testing machine (Admet, eXpert 5000, MA US). Samples (5-7
samples for each data point) were put under load with a displacement rate of 0.5mm/min. Yield
and rupture strengths and strains were calculated from the tensile test data and according to the

ASTM standard.

3.3.3 Three-point bending (3PB) test

3PB tests were performed using a universal testing machine (Admet, eXpert 5000, MA US).
Cubic samples (5-7 samples for each data point) with dimensions of 50x12x1.5 mm were
prepared based on standard ASTM D79. Support span and displacement rate were 16 mm and 1

um/sec respectively.
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3.3.4 Single-edge notched beam (SENB) test

Fracture toughness of the polymers was evaluated using the SENB test. Cubic samples (5-7
samples for each data point) with dimensions of 25x3.9x1.8mm were prepared, and a notch was
created using a 450 um diamond saw. The initial crack (40 um in tip radius) then created on the
tip of the notch using a thin blade covered with diamond paste. The samples were then used in a
3-point bending setup with a displacement rate of 1 um/s. Tests were performed on a universal
testing machine (Admet, eXpert 5000, MA US).

The work of fracture (WOF) was calculated as a nonlinear measure of fracture toughness. WOF
is defined as the total energy spent to create one unit of fracture surface area [23] and calculated

as follows

WOF = 30—

Where U is the area under the load-displacement curve in SENB test, and W and a are the width

and initial crack length of the SENB sample respectively.

3.3.5 Weight-drop impact test

Impact resistance of the glass composites was evaluated using a weight-drop impact test method
according to the standard ASTM F3007. The tests were performed using a drop tower impact
system (Instron, CEAST 9310). An impacting tool (round tip with a diameter of 5mm) and a 400
gr drop mass were installed on the machine. The velocity of the impact was 2.07 m/s. Circular
samples (5-7 samples for each data point) with (25mm in diameter and approximately 1.6 mm
thick) were placed under the machine while fully supported. Force-displacement curved were

derived from raw data, and the impact energy was evaluated by calculating the area under force-
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displacement curves. The energy values were normalized by the thickness of the samples to

make up for the effect of sample thickness variation.

3.3.6 Evaluation of solvent resistance

The material's solvent resistance was evaluated by exposing the polymeric samples to acetone
and toluene for 24 hours at room temperature and 50°C. Samples' weight were measured before

and after the process, and the weight change was recorded as a measure of solvent resistance.

3.4 Results and Discussions

The schematic structure of neat, copolymerized with AN (PA), BUT-crosslinked PMMA

(PBDM), and crosslinked P(MMA-co-AN) (PABDM) are illustrated in Fig. 3-1.

-7 P(MMA-co-AN) 2

Figure 3-1. Chemical structure of polymers. A) Neat PMMA. B) PMMA copolymerized with
acrylonitrile (PA polymer). C)PMMA crosslinked with 1,4 butanediol dimethacrylate (PBDM
polymer). D) PA polymer crosslinked with 1,4 butanediol dimethacrylate (PABDM polymer).
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Tensile, fracture, and impact tests were performed on 19 sets of samples, 5 samples each, with
different molar concentrations of AN, BUT, and both. The details of the concentrations in
samples are presented in Table 3-1.

Table 3-1. Monomer concentrations in polymeric samples

AN molar percentage (%o) BUT molar percentage (%)

PA-N (N=1, 2, 5, 10, 20) 1,2,5,10

PBDM-N (N=1, 2, 5, 10, 20) 1,2,5,10

PABDM-N-M 1 1,5,10

(N=1,5,10 & M=1,5,10) 5 1,5,10
10 1,5,10

3.5 Optical clarity and solvent resistance

Copolymerization and crosslinking did not have an adverse effect on the transparency of the
PMMA, and final products showed high levels of optical clarity for all the AN and BUT
concentrations (Fig. 3-2-A). In terms of solvent resistance, PA polymers appeared to be the most
vulnerable ones when exposed to solvents. Generally, the uncrosslinked polymers experience a
two-step process when exposed to solvents, during the first of which the solvent diffuses into the
polymer network and cause polymer swelling. It is after this stage that the dissolution process
starts. In the case of PA polymers, exposure to acetone for 24 hours, either at room temperature
or 50°C, dissolved a significant part of the polymer and left only a small portion of a soft gel-like
polymeric network. We observed the same results when PA polymers were exposed to toluene at

50°C, but toluene at room temperature had a negligible effect on the PA polymers. For instance,
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only 2 and 15 percent of weight loss was observed for PA-5 and PA-10, respectively. (Fig. 3-2-
B).

In contrast, crosslinked PMMAs, either PBDM or PABDM, showed a similar swelling pattern to
neat PMMA in solvents' vicinity. The degree of swelling, however, was significantly lower for
crosslinked samples. For instance, when exposed to acetone at room temperature, PBDM-5

experienced seven times less weight change than pure PMMA.
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Figure 3-2. Optical transparency and solvent resistance of polymers. A) All synthesized
polymers showed excellent optical clarity without any noticeable difference with PMMA. B)
Unlike PA polymers that performed poorly when exposed to a solvent, the rest of polymers
showed better solvent resistance that neat PMMA. The effect of toluene at room temperature,
however, appeared to negligible even on PA polymers.

3.6 Mechanical properties

Copolymerization of PMMA with AN produced a material with a very distinct stress-strain profile from
PMMA. Unlike PMMA that usually experiences rupture shortly after yielding, PA polymers underwent a
drop in load-bearing capabilities and a relatively large deformation until rupture (Fig. 3-3-A). In other
words, copolymerization of PMMA with AN allowed for a significant plastic deformation, and hence

energy absorption, in the material after yielding. Another notable difference between the two polymers
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was the formation of white regions in PA after yielding. These stress-whitened areas spread more as the
extension continued in the material. Stress whitening, was also reported in the case of PMMA/EVA[2],
and could be attributed to the formation of micro-voids and fibrils in the material, resulting in light
diffraction. This region, also known as the craze area, has a significant contribution to the PA polymers'
high toughness as more energy will be needed for formed micro-cracks to propagate in this area. PBDM
polymers, on the other hand, exhibited a very similar behavior to PMMA under tensile loading, and for
most of the samples, the difference between yield and rupture strains was insignificant. PABDM
polymers, as was expected, showed a behavior in between the PA and PBDM polymers (Fig. 3-3-B). In
general, the lower the concentration of crosslinking agent, the larger was the plastic region and amount of
strain at rupture. The size and whiteness intensity of the stress-whitened area increased as the
concentration of AN increased in PA polymers (Fig. 3-3-C). On the contrary, no such noticeable white
area was observed for crosslinked polymers, even for the PABDM ones with high concentrations of AN

(Fig. 3-3-D).
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Figure 3-3. PA and PBDM show different behavior under tensile loading. A) PA polymers
experience a huge plastic deformation after yielding, while PBDMS polymers are similar to
PMMA and break shortly after yielding. B) PABDM polymers’ stress-strain profile could be
similar to PA or PBDM depending on the proportion of the chemical components. C) PA
polymers experience stress whitening and craze after yielding. D) No stress-whitening was
observed in PBDMS and even PABDM polymers with high AN content.

Focusing on the mechanical aspects of each individual polymer, PMMA’s yield strength could
be retained by using small portions of AN (in PA-1 and PA-2 for example). However, the
strength values decline as the contribution of AN in the polymer increases (Fig. 3-4-A&B and
Fig. 3-8-A). Retaining the strength values for low AN percentages is of great importance when

considering the stresses and strains at the same time (Fig. 3-4-C&D and Fig. 3-8-B).
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Figure 3-4. Mechanical properties of polymers from tensile testing. A) small molar percentages
of AN almost retain yield/rupture strength, while similar to PBDM polymers, higher molar
percentages of AN have a negative effect on strength values. PABDM polymers mostly show an
improvement in strength values for higher BUT concentrations compared to the corresponding
PA polymer. B) PA polymers undergo a huge plastic deformation and hence experience a
considerable rupture strain. BUT crosslinker, on the contrary, does not affect the yield/rupture
strain. All PABDM polymers with lower proportions of BUT showed high extensions at failure.
However, increasing the BUT molar percentage diminishes the rupture strain.

The addition of AN did not weaken the material and made it tougher by absorbing a large amount

of energy after the yield point. For instance, we observed a two-fold increase in rupture strain and

almost no change in the yield strain for PA-2. No improvement was observed in PBDM's strength

and yield/rupture strain values compared to neat PMMA. Strength values in general declined, and

the difference between the yield and rupture strengths also decreased as the BUT molar percentage
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increased. This implied that the polymer's ductility diminished, and a more brittle material was
obtained as the contribution of BUT was increased. The effect of crosslinking PA polymers on
strength and critical strain values was positive in general. This effect was pronounced for the
polymers with higher molar percentages of AN and lower concentrations of BUT, where it yielded
a stronger material with high elongation at break.

While incorporating a crosslinking agent in PA polymer might seem redundant, the usefulness of
this approach comes to light when considering the positive effect of BUT on the flexural modulus
of the polymer. In general, PA polymers possessed inferior modulus values to pure PMMA, and
the decline in modulus values increased as the AN concentration increased (Fig. 3-5 and Fig. 3-9).
In contrast, we observed an increase in modulus values for PBDM polymers, a 20% increase in
PBDM-10, for instance. The improvement in modulus due to crosslinking with BUT was observed
for PABDM polymers as well, and incorporating crosslinking agent compensated the adverse
effect of AN on modulus. For example, PABDM-10-1 has a 15% higher flexural modulus than
PMMA, and PABDM-1-5 and PABDM-1-10 polymers have similar flexural modulus values to
the pure PMMA (Fig. 3-5 and Fig. 3-9). One other reason for using crosslinking agents is their
positive impact on the polymer's chemical resistance that was discussed in detail in the previous

section.
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AN on modulus, and hence, PABDM polymers possess higher (or similar) modulus values

compared to PA and PMMA polymers.

3.7 Fracture toughness

Copolymerization with AN and crosslinking with BUT appeared to have opposing effects on the
performance of the final polymer before fracture. Only 1 mol% of AN increases the WOF by about
15% (Fig. 3-6-A and Fig. 3-10). This increase could go up to about 30% when using higher
proportions of AN (10 mol%, for example). The increase of fracture toughness by involving AN

in polymerization was expected because, as discussed in the previous section, PA polymers absorb
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energy under tensile loading. On the other hand, crosslinking with BUT appears to have little to
negative effect on the fracture toughness of PMMA. WOF generally decreases as the crosslinker
mol% increases in PABDM. However, for moderate concentrations of BUT we observed an
increase in WOF compared to the corresponding PA polymer. As discussed in the previous section,
another reason that a crosslinked polymer is preferred over the copolymerized one (PA polymers)

is the positive impact of crosslinking agent on the material's modulus and chemical resistance.
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Figure 3-6. Effect of copolymerization and crosslinking on PMMA’s fracture toughness. PA
fracture toughness increases as the AN concentration increases in the polymer. Crosslinking,
however, appeared to have an adverse effect on the fracture toughness. High AN content, along
with low crosslinking agent concentrations, yielded a PABDM polymer with higher toughness
than PA counterparts.

3.8 Impact resistance
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All the PA polymers showed a modest improvement (from 25% for AN1 to about 40% for AN10) in impact
resistance (Fig. 3-7-A and Fig. 3-11). Crosslinking with BUT, however, had an adverse effect on the impact
resistance of PMMA and all the PBDM polymers showed an inferior performance in absorbing impact
energy to the pure PMMA. For PABDM polymers, we observed the exact same trend as the one in fracture
toughness section; although increasing the crosslinking agent would generally decrease the impact
resistance of the material, moderate concentrations of BUT (for example 1 mol.%) lead to an increase in
the impact energy compared to the corresponding PA polymer. For instance, PABDM-1-1 absorbed almost
15% more impact energy than PA-1 polymer. Images from a high-speed camera reveal another difference
between PA and PBDM polymers. While there is no significant difference between the absorbed energy in
PA and PBDM polymers, the former, similarly as PMMA, turns into fewer pieces after breaking (Fig. 3-7-
B left and middle). PABDM and PBDM polymers, on the other hand, are alike in breaking patterns under

impact loads (Fig. 3-7-B right).
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Figure 3-7. Performance of PMMA-based polymers under impact loading. A) PA impact
resistance generally increases by increasing the AN content. The impact energy could be further
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PA polymers (middle) turn to fewer and bigger pieces when breaking under impact loads,
compared to PBDM and PABDM (right) polymers, which turn to smaller and more fragments

with the same loading and boundary conditions.
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3.9 Conclusions

Here, we developed transparent PMMA-based polymers with improved chemical resistance,
mechanical properties, fracture toughness, and impact resistance. PA polymers in low AN
concentrations were shown to retain the yield strength with a significantly higher yield and rupture
strains, allowing the material to dissipate more energy under mechanical loads. Copolymerization
with AN also appeared to improve fracture toughness and impact resistance of pure PMMA. PA
polymers, however, suffered from two drawbacks: poor performance when exposed to solvents
and possessing lower flexural modulus compared to PMMA. In contrast, PBDM polymers have
different advantages than PA ones. While PBDM polymers diminished the yield strength, fracture
toughness, and impact resistance of PMMA without having any noticeable effect on PMMA's yield
and rupture strain, they demonstrated a higher flexural modulus, and significantly higher solvent
resistance. On the other hand, PABDM polymers with lower crosslinker concentrations seem to
be the best option to take advantage of the positive aspects of PA and PBDM polymers. PABDM
polymers with only 1mol. % of crosslinker, for instance, outperformed the corresponding PA
polymers in terms of fracture toughness and impact resistance, flexural modulus and chemical
resistance. Such improvements can be realized by adding only a small molar percentage of another
monomer (AN or BUT) to the standard chemical synthesis of PMMA, without modifying the

whole process.
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3.10 Supplementary information

In this section, a more detailed set of data on performance of the polymers under tensile test,

fracture, and impact loading is provided.
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Figure 3-8. Mechanical properties of polymers from tensile testing. A) small molar percentages
of AN could retain yield strength and cause a smaller decline in final strength. PBDM polymers
also possess lower strength values compared to PMMA. PABDM polymers mostly show an
improvement in strength values for higher BUT concentrations. B) PA polymers undergo a huge
plastic deformation and hence experience a considerable rupture strain. BUT crosslinker, on the
contrary, does not affect the yield/rupture strain. All PABDM polymers with lower proportions
of BUT showed high extensions at failure. However, increasing the BUT molar percentage
diminishes the rupture strain. Bar graphs are mean values, and error bars demonstrate standard
deviation.
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2.5

PMMA Modulus

Flexural Modulus (GPa)
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Figure 3-9. Crosslinking improves flexural modulus. PA polymers are inferior to PMMA in
flexural modulus, and the decline in modulus values is more for higher AN concentrations.
PBDM polymers, on the other hand, possess higher modulus compared to PMMA. Crosslinking
with BUT compensates the negative effect of AN on modulus, and hence, PABDM polymers
possess higher (or similar in some cases) modulus values compared to PA and PMMA.. Bar
graphs are mean values, and error bars demonstrate standard deviation.
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Figure 3-10. Effect of copolymerization and crosslinking on PMMA’s fracture toughness. A) PA
polymers appeared to have higher WOF compared to pure PMMA. Crosslinking, however, had a
negative impact on WOF. High AN content, along with low crosslinking agent, yielded a
PABDM polymer with higher toughness than PA counterparts. Data points are mean values and
the error bars are standard deviation.
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Figure 3-11. Performance of PMMA-based polymers under impact loading. Increasing AN
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points are mean values and error bars demonstrate standard deviation.
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Link from chapter 3 to chapter 4

In the previous chapter, we presented a class of polymers based on methyl methacrylate by simply
copolymerization and crosslinking the PMMA. The polymers showed improvements in various
aspects such as chemical resistance, fracture toughness, and impact resistance. The ultimate
motivation for developing such material was to use it as the soft phase in our previously introduced
glass composite. It has been shown in several research works that the soft phase plays a vital role
in the excellent performance of the nacreous materials. The soft phase is believed to be the
component that triggers and activates the extrinsic toughening mechanisms in nacre. Hence, in the
next chapter, we incorporate the PMMA-based polymers into the composite and study the effect

of such modification on the glass composite's mechanics.
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Chapter 4

An impact resistant bio-inspired transparent composite

material with tunable mechanical properties
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4.1 Abstract

Glasses are structural materials with a broad spectrum of applications due to their rigidity and
excellent optical clarity. However, glass has low fracture toughness and impact resistance, thus
limiting its applications. Besides the traditional methods of enhancing glass's toughness, some
researchers have recently sought new pathways toward enhancing impact resistance and toughness
of glass through bio-inspiration. While such methods usually suffer from a trade-off between
toughness, rigidity, and fabrication complexity, we recently proposed a bottom-up methodology
to overcome this problem. Our centrifuge-based methodology outcompeted the regular annealed
glasses and other bio-inspired counterparts in strength, stiffness, and fracture toughness while
possessing high optical transparency levels. Here, we study our composite glass's impact
resistance, showing that our material absorbs more than 5 times more energy than annealed glass
and neat PMMA. We also studied the soft phase's role on the structural properties of the glass
composite by incorporating our previously developed PMMA-based polymers into the composite.
Copolymerizing with acrylonitrile (AN) and crosslinking with 1,4 butanediol dimethacrylate
(BUT), we increased the rupture strain of the composite by 30% while retaining (or in some cases
slightly increasing) the flexural strength and modulus of the material. Employing such an
approach, we also increase the Work of Fracture (WOF) as a measure of fracture toughness by
40%. Using PMMA-based polymers, however, appeared not to affect the impact resistance of the

material.
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4.2 Introduction

Glasses are a class of structural materials with a wide range of applications due to their high levels
of transparency, rigidity, and abundance. Although the theoretical strength of glass, based on the
force needed to separate two atoms, is about 10GPA. This is due to the flaws introduced while
processing and machining [1]. The real strength of glass is usually100 times smaller than in theory.
This, in addition to the low impact resistance and fracture toughness of glass, could greatly limit
their applications.

In the search for addressing the challenges of the low toughness and impact resistance of glass,
researchers have explored an alternative pathway to traditional glass strengthening methods
through bioinspiration- by mimicking the design principles of natural materials that have
experienced millions of years of evolutionary processes and refinements. Nacre, the tough material
comprising the inner layer of mollusk shells, has been considered to be a source of inspiration in
making a bio-mimetic glass structure. Nacre exemplifies how the right combination of soft and
hard material phases in specific configurations can lead to remarkable mechanical properties far
exceeding that of the individual resident materials [2]. While about 95% of its volume is comprised
of brittle minerals (aragonite) and the remaining 5% is formed by biopolymers, the composite is
3000 times tougher than the components[3] and a yield strain of up to 1% of strain. This is a
remarkable improvement relative to the individual ceramic building blocks, and a thousand-fold
increase in elastic modulus of the connective proteins alone[2].

Nacre-inspired glass composites appeared to be promising improvements in mechanical properties
while maintaining high levels of transparency. Techniques of varying complexity have been
proposed to fabricate synthetic materials mimicking nacre[4], [5]. Some of these have focused on

making transparent composites[6]-[8], resulting in thin films with enhanced mechanical and
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optical properties. However, these methods generally suffer from a lack of simplicity and
scalability.

Attempting to extend the application of transparent nacre-inspired material beyond thin films, one
successfully tested bio-inspired strategy for improving impact resistance, and fracture toughness
has been the top-down method of laser-engraving patterns in bulk glass. Barthelat’s group was
able to fabricate glass structures with interlocking jigsaw-shaped 3D arrays[9], laminated glasses
with laser-engraved cross-plied pattern[10], and laminated glasses with tablet-like
architectures[11]. The latter one was a successful effort to mimic the tablet sliding in nacreous
materials. These approaches resulted in increased composite fracture toughness and impact
resistance, however, they had to compromise the final product’s strength and stiffness. The group
improved the stiffness and strength values by decreasing the size of the patterns, however, this
reduces transparency and scalability[11].

Magrini et. al approached the problem by employing a bottom-up strategy to make a nacreous
glass structure[12]. They made a porous scaffold out of glass flakes and infiltrated it with a
polymeric phase. To make the composite transparent, they matched the refractive indexes of the
two phases. Their glass composite outcompeted regular annealed glass in fracture toughness,
however, their composite sacrificed the transparency, which is a crucial element in glass-like
materials.

Our group recently developed a bio-inspired glass composite using a scalable fabrication method
out of glass flakes and PMMA as soft and hard components, respectively, with superior strength
and fracture toughness to annealed and other bio-inspired glasses[13]. Surface functionalization of
glasses created strong bonds between the two phases in the absence of mineral connective bridges.

The method employed centrifugation to impose order in the microstructure, making a brick-and-
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mortar structure, activating some important toughening mechanisms in the material (Fig. 4-1-A
and Fig. 4-1-C). These two simple strategies together yielded a material with high levels of strength
and fracture toughness. Our glass also appeared highly transparent with relatively low haziness
due to matching the refractive indexes of the two building blocks by using a suitable dopant (Fig.
4-1-B).

One appealing feature of organic-inorganic composites in general, and our glass composite
specifically, is the possibility of improving one or more aspects of the material by modifying the
constituents. While there is not much to change about glass flakes, numerous options for polymeric
materials allow us to tune one or more desired properties. Researchers have extensively studied
the soft phase of nacreous structures and the critical role it plays in tuning the final mechanical
properties and the pivotal role it plays in the toughening mechanism [14].Thus, the possibility of
adjusting the soft phase properties without changing the fabrication process of our glass composite
would be intriguing. In this regard, we recently studied the effect of copolymerization and
crosslinking on the mechanical properties of the PMMA[15]. The motivation behind that work
was to tune the mechanical properties of the PMMA without changing the fabrication process
tremendously and simply by involving new components in the original synthesis process.

Here, we first study the impact resistance of our previously developed glass composite and how it
differs from the regular annealed glasses. Then, we evaluate the effect of using different PMMA -
based polymeric material on mechanical properties, fracture toughness, and impact resistance of

the composite.
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Figure 4-1. Our glass composite mimics the structure and toughening mechanisms of natural
nacre. A) Centrifuging imposes order on the structure, and a brick-and-mortar structure is
obtained. B) Due to our index-matching strategy, the glass composite possesses high levels of
transparency, compared to the one without index-matching that is entirely white and hazy. C)
Due to the activation of toughening mechanisms throughout the material, crack deflection is

observed in macroscale.

4.3 Materials and Methods

4.3.1 Materials

Glass flakes (GF001-10, d50 (median particle) diameter =27-32 pum, thickness =0.9-1.3 um,

refractive index = 1.524) were kindly supplied by Glassflake Ltd. Methyl methacrylate (MMA),

1,4 butanediol dimethacrylate (95%) (BDM), acrylonitrile (99%) (AN), 2,2'-Azobis(2-

methylpropionitrile) (AIBN),Phenanthrene (98%), (3-trimethoxysilyl) propyl methacrylate (y-

MPS, 98%), Methanol (ACS, 99%), hydrogen peroxide (30 wt. % in H20), acetone (99.5%) and
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MMA inhibitor remover were acquired from Sigma (ON, Canada). Toluene (reagent grade) and

sulfuric acid (reagent grade) were purchased from Caledon Laboratories Ltd (ON, Canada).

4.3.2 Glass composite fabrication

Detailed glass surface functionalization methods and glass composite fabrication are described
elsewhere[13][15]. In brief, glass flakes were cleaned in the Piranha solution, subsequently washed
in DI water several times, and dried in a vacuum oven. Glass flakes were then surface treated with
a silane (y-MPS). Surface-functionalized glass flakes were then involved in a free radical
polymerization process to grow PMMA monolayer on their surface in a two-step process. First,
the components were added to a mixture of dry toluene and MMA (2:1 volume ratio) under gentle
mechanical stirring at 70°C with an excess amount of AIBN as an initiator to promote growing
PMMA from the glass surface and decelerate the polymerization in bulk MMA. After drying the
flakes, they were used in the primary composite fabrication process, where a mixture of MMA,
AIBN, flakes, and phenanthrene (for refractive index matching) were mixed and heated until a
relatively thick mixture was obtained. The thick syrup was then transferred to the mold for
centrifuging and polymerization processes. For the sake of tuning the composite’s mechanical
properties, the soft phase was copolymerized with AN and (or) crosslinked with BDM.
Copolymerized and crosslinked PMMA polymer was obtained by simply adding the relevant
chemical agents during the polymerization process, while the crosslinking agent was added to the
mixture of MMA and AN after the polymerization started. Details of the process could be found
elsewhere[15]. The copolymerized, crosslinked, and copolymerized/crosslinked final products are
referred to as PA (poly (MMA-co-acrylonitrile), PBDM (PMMA/BDM), and PABDM (poly
(MMA-co-acrylonitrile)/BDM), respectively. All glass composites prepared with PA, PBDM, and

PABDM polymers were centrifuged at 1000g.
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4.3.3 Mechanical, fracture toughness, and impact resistance characterization of the glass

composite

To measure the flexural modulus, flexural strength, and rupture strain of the composites, 3-point
bending tests were performed using a universal testing machine (Admet, eXpert 5000, MA US).
Cubic samples (5-7 samples for each data point) with dimensions of 25x3.2x1.8 mm were
prepared. Support span and displacement rate were 16 mm and 1 um/sec, respectively.

Fracture toughness of the composites was evaluated using Single-Edge Notched Beam (SENB)
test. Cuboid samples (5-7 samples for each data point) with approximate dimensions of
25x3.2x1.8mm were prepared and a notch was created using a 450 um diamond saw. The initial
crack (40 um in tip radius) was created on the tip of the notch using a thin blade covered with
diamond paste. The samples were then used in a 3-point bending set up with a displacement rate
of 1 um/s. The work of fracture (WOF) was calculated as a nonlinear measure of fracture
toughness. WOF is defined as the total energy spent to create one unit of fracture surface area

and calculated as follow [16]

WOF = TR

Where U is the area under the load-displacement curve in SENB test, and W and a are the width
and initial crack length of the SENB sample, respectively.

Impact resistance of the glass composites was evaluated using a weight-drop impact test method
according to the standard ASTM F3007. The tests were performed using a drop tower impact
system (Instron, CEAST 9310). An impacting tool (round tip with a diameter of 5mm) and a 400
gr drop mass were installed on the machine. The velocity of the impact was 2.07 m/s. Circular
glass composites(5-7 samples for each data point) with (25mm in diameter and approximately 1.6

mm thick) were placed under the machine while fully supported. Force-displacement curved were
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derived from raw data, and the impact energy was evaluated by calculating the area under force-
displacement curves. The energy values were normalized by the thickness of the samples to make

up for the effect of sample thickness variation.

4.4 Results and discussion

4.4.1 Impact-resistant nacreous glass composite

We evaluated the impact resistance of the glass composites using a weight-drop test method, where
we calculated the puncture energy due to impact for our samples. Regular annealed borosilicate
glass experienced an explosive failure with a sudden drop in load after reaching its peak in a load-
displacement curve (Fig. 4-2-A and Fig. 4-2-C left). Our glass composite experienced several rises
and drops in load over the course of impact loading, with a 35% larger maximum load than the
annealed glass. Also, the maximum displacement at failure is almost 25 times bigger for our glass
composite than the annealed glass. This leads to a more significant impact energy for the nacreous
glass composite, making it a much more impact-resistant alternative to annealed glass. Due to such
pronounced performance improvement during impact loading, our glass composite outperforms
the annealed glass in its resistance to impact energy. For example, the glass composite centrifuged
with 2000g has a normalized impact energy of almost 34 times larger than regular annealed glass
(Fig. 4-2-B). Comparing our glass composite with the neat PMMA, which is usually considered a
more impact-resistant alternative to regular glass panes, nacreous glass composite outperforms the
PMMA with as much as five times higher impact energy. Centrifugation, a vital element from the
present technique, was proven to have a significant effect on ordering the composite's
microstructure, activating the extrinsic toughening mechanisms, and consequently, the excellent
performance of the material under mechanical and fracture loads. Centrifugation appeared to

significantly affect the glass composite's impact resistance, too, where the impact energy increased
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100% by centrifuging the glass composite at 2000g. One possible reason for such improvement
could be the resulting ordered and staggered microstructure due to the centrifugation process,
extensively discussed in our previous work[13]. Such structure, as discussed elsewhere [11], could
lead to a large-scale shearing of the tablets on top of each other, resisted by the thin inter-layers of
polymer, resulting in absorption of high amounts of energy. The polymeric phase also undergoes
different loading modes, including shear and stretching, causing even more energy dissipation.
We also tested the effect of using various PMMA-based polymers (PA, PBDM, and PABDM) on
the glass composite's impact energy. We did not observe any significant improvement upon testing
the mentioned materials, and only in a few cases, a material as formed using 1000g glass composite
method was obtained. However, this method of improvement may prove useful as using different
polymers could improve the performance of the material under other modes of loading, such as
fracture.

Our glass composite also showed a different pattern of fracture under impact compared to the
annealed glass. We reviewed the failure of glass under impact using a high-speed camera, where
the regular annealed glass experienced an explosive fracture, forming many small pieces as it
shattered (Fig. 4-2-C left). On the contrary, our glass composite experienced a failure similar to
PMMA and broke into fewer pieces, and its failure was not as catastrophic as the annealed glass

(Fig. 4-2-C middle and right).
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Figure 4-2. Nacreous glass composite outperforms annealed glass in impact energy. A) Load-
displacement profiles of annealed glass, PMMA, and nacreous glass. Annealed glass and PMMA
experience a sharp and sudden drop in load after reaching maximum load, while glass composite

goes through numerous variations in load and possesses much larger displacement at the failure
point. B) Centrifugation increases the impact energy. While centrifuging increases the impact
energy by more than 100%, using crosslinked and co-polymerized PMMA does not affect the
impact resistance of the glass composite. Bar graphs demonstrate mean energy values
normalized by samples’ thickness. C) Images of normal glass, PMMA, and composite glass with
2mm of thickness before (top), write after (middle), and after (bottom) impact, while simply
supported. Bar graphs demonstrate mean values and error bars are standard deviation.
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4.4.2 Effect of soft phase on mechanical properties of the glass composite

The effect of copolymerized/crosslinked PMMA on the mechanical properties of the glass
composite was studied. Moderate molar percentages (1 and 2%) of AN were previously
demonstrated [15] to retain the yield strength of PMMA. This is of interest considering the
significant increase in the PMMA’s yield and rupture strain due to the presence of AN. The same
effect on the flexural strength of the glass composite was observed. Using only 1 or 2 mol% of AN
appeared to have an insignificant impact on composite’s rupture strength, while further increasing
the AN percentage appeared to have a negative effect on the strength of the composite (Fig. 4-3-
A). Using PA as the soft phase, however, led to an increase in rupture strain, and in some cases up
to 30%, compared to the glass composite with pure PMMA (Fig. 4-3-B). Unlike AN, crosslinking
the soft phase with BUT yielded a less strong material for all the tested concentrations. The decline
in strength showed a decreasing trend as we increased the crosslinking agent. While the moderate
portions of crosslinking agent did not affect the composite’s rupture strain, increasing the
crosslinker concentration led to a decrease in rupture strain. We previously showed that PA and
PBDM polymers have an opposing effect on the flexural modulus of PMMA [15]. The same effect
was observed for the composite glasses; composites with PA as the soft phase had inferior modulus
to the ones with PMMA, while the glass-PBDM composites demonstrated either no change or a
slight increase in flexural modulus compared to the composites with pure PMMA. (Fig. 4-3-C).
Glass composite with PBDM-10, for instance, possessed a higher flexural modulus of about 10%
compared to PMMA-GC, while lower BUT concentrations such as 1 mol% had a modulus similar
to the glass composite with pure PMMA. To take advantage of the positive aspects of crosslinked
and copolymerized polymers in our composite, PABDM polymers were incorporated into our

composite. However, no significant improvement was observed upon using PABDM polymers as
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the soft phase in our composites and at best, a composite with similar mechanical properties to

1000g GC was obtained.
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Figure 4-3. Effect of PMMA-based polymers on mechanical properties of glass composite. A)
Low percentages of AN, along with PABDM (with moderate percentages of AN and BUT),
appear to have no effect on the composite's strength. PBDM, however, negatively affected the
composite’s strength. B) Rupture strain increases as we increase the AN content in PA polymer.
PBDM and PABDM polymers (in low BUT concentrations) do not have any adverse effect on
the rupture strain. C) While PAs reduce the composite’s flexural modulus, PBDM polymers
slightly enhance the flexural modulus. Bar graphs demonstrate mean values and error bars are
standard deviation.

4.4.3 Effect of different soft phases on fracture properties of the glass composite

Another essential characteristic of the material is fracture toughness. Here we reported the work
of fracture (WOF) as a measure of material resistance against crack growth and fracture. Annealed

glass and PMMA usually go through a rapid crack growth and a catastrophic fracture. However,
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these properties are different for our glass composite due to the extrinsic toughening mechanisms
activated due to the material's brick-and-mortar microstructure. As thoroughly discussed in our
previous work[13], large-scale shearing of tablets and as a result, tablet pull-out, the formation of
ligaments of polymers between tablets, and consequently delamination at the micron scale. While
at a larger scale, multiple changes in the path of crack growth (crack deflection), make the nacreous
glass composite a tougher material compared to neat PMMA or annealed glass. As a result, the
load-deflection curve of a single-edge notched sample also differs from the one for the PMMA
(Fig. 4-4-A). Considering the pivotal role of the soft phase in nacre's toughening mechanisms, we
tested different PMMA-based polymers to study the possibility of improving the glass composite's
fracture toughness. As it was expected from the positive effect of PA polymers on strength and
rupture strain of nacreous glass composite, glass-PA composites possessed a higher WOF
compared to 1000g glass composite (Fig. 4-4-B). Increasing the AN portion in PA polymer yielded
a glass composite with higher work of fracture. The highest value belonged to PA-10 with a WOF
increase of about 35%. PBDM polymers, on the other hand, affected the composite’s WOF
negatively regardless of the concentration of BUT we used. Unlike PA and PBDM polymers, the
effect of using PABDM polymers in our composite was not necessarily positive or negative.
Moderate concentrations of BUT vyielded a material with slightly higher fracture toughness
compared to the corresponding PA/glass composite. However, further increasing the content of

BUT decreased the WOF in the composite.
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Figure 4-4. PA polymers increase the WOF. A) Glass composites experience non-catastrophic
crack growth and fracture. As apparent from the load-deflection profiles, PMMA undergoes a
sudden and rapid crack growth and fracture after reaching maximum load, while glass
composites experience a smooth and slower crack growth till complete failure. B) PA polymers
increase the WOF, and the increase is more significant for higher AN concentrations. PBDM
polymers affect the WOF negatively regardless of the molar percentage of BUT. A notable
increase in WOF was observed when high amounts of AN with a low amount of BUT was used
in PABDM.

4.4.4 Conclusions

In conclusion, our tough and strong nacre-inspired glass composite shows superior performance
under impact loads compared to regular annealed glass. Our glass not only absorbed more energy
under impact, but its failure was also less explosive as it formed larger pieces upon fracture than
traditional glass. This makes our glass composite a suitable alternative to standard glass as it
outcompetes them in all the essential mechanical aspects for which glass's performance matters.
Yet, our material shows acceptable levels of transparency, one critical element of any glass
structure.

We also investigated the possibility of tuning the glass composite's mechanical properties by using

different PMMA-based polymers. Since our simple and straightforward fabrication method is one
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of the main features of this work, we used our previously developed polymers in the fabrication
process, which did not entail any extra complication or change to the whole process.

In general, substituting PMMA with PA increased the rupture strain and fracture toughness, while
had no effect on the strength (when moderate concentrations were used) and impact resistance of
the composite material. PA also appeared to decrease the flexural modulus of the composite. In
contrast, PBDM polymers, except for a minor positive effect on flexural modulus, negatively
affected the performance of the glass composite under fracture, bending, and impact loadings. In
the case of PABDM polymers, they appeared to have an insignificant impact on the composite’s
mechanical properties (strength, rupture strain and impact resistance). However, they improved
the glass composite’s fracture toughness when used with a low concentration of crosslinker.
Having both options of PA and PABDM to improve the mechanics of our material, the latter one
seems to be a better option. Crosslinked PMMA could be extremely useful as, based on the results
presented in [15], it significantly enhances the polymer's resistance against solvents and improves
the polymer’s stiffness. This also shows the enormous potential of adjusting the glass composite's

mechanical, physical, and chemical properties by employing the different soft phases.
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Conclusions
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5.1 Summary of accomplishments

In this thesis, we addressed the problem of general trade-off between mechanics, transparency,
and fabrication scalability in many bio-inspired glass materials, and developed a bio-inspired
glass composite with the following accomplishments and findings:

-Simple and straightforward fabrication method to mimic nacre:

There are numerous fabrication techniques with different levels of complexity that mimic the
different aspects of bio-inspired materials, including nacre, and some of them accomplish the job
through overly complicated methods. We presented a simple technique based on fundamental
physical principles to make a material with a brick-and-mortar structure similar to natural nacre.
Our centrifuged-based technique took advantage of density difference between glass and polymer
to create a compact structure of glass flakes, highly oriented in one direction, with relatively thin
layers of polymer in between. A proper surface functionalization technique created strong bonds
between the two phases and played the integral role of mineral connective bridges in natural nacre.
Overall, our composite not only mimicked the microstructure of the nacre, but it also showed high
levels of fracture toughness that were achieved by activation of toughening mechanisms similar to
those observed in natural nacre.

- Employing index-matching as a strategy to make a transparent structure:

To develop a transparent nacreous composite, either the size of the glass particles should be smaller
than the light wavelength or the refractive indexes (RI) of the two phases should match. The
former condition is not ideal considering the basic size requirements for glass platelets in nacreous
structures. On the other hand, increasing the R1 of the soft phase to the glass's through conventional
ways such as incorporating nanoparticles into the polymer matrix would raise many new

complexities. Hence, we employed a more straightforward yet efficient method for matching the
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Rls of the two phases by adding a dopant to the soft phase. In this way, the polymeric phase's
mechanical properties would remain unchanged, while at the same time, we could considerably
increase the polymer's Rl and match it to the glasses. The index-matching strategy eventually
yielded a composite structure with high levels of transparency, comparable to normal glasses.

-A transparent, strong, tough, and scalable glass composite:

We addressed the general trade-off challenge that bio-inspired glasses have suffered vis-a-vis its
mechanics, transparency, and fabrication scalability. Our glass composite possesses high levels of
optical transparency comparable to regular glass and far beyond its bio-inspired counterparts. It is
also easily scalable through a straightforward fabrication method, and its application is not limited
to thin films. Additionally, it outcompetes the normal glasses in all the essential structural aspects;
it is more than five times tougher, and about 80% stronger than the annealed glass.

-An impact-resistant and safer glass composite:

One of the most critical aspects of glass structures is the resistance to impact loads. Our bio-
inspired glass composite exceeds annealed glass and PMMA’s impact resistance, absorbing more
than 34 and 5 times more energy than glass and PMMA. Also, when it breaks under impact loads,
our glass composite appeared to be much safer than normal annealed glass due to the fact that it
turns to just a few pieces as compared to the normal glass, which experiences an explosive fracture
and turns into dangerous fragments.

-A simple strategy to tune the mechanics of PMMA:

we employed copolymerization and crosslinking techniques to make a new class of PMMA-based
polymeric materials, aiming to modify and tun the mechanical, physical, and chemical properties
of neat PMMA. The main goal was to produce such a material by adhering to the straightforward

synthesis process of PMMA. In this regard, by adding a copolymerization agent (AN) and/or one
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crosslinking agent (BUT), we successfully developed a class of polymers comprising more than
90 mol% of methyl methacrylate, with the possibility of improving polymer's several essential
material properties. Our methodology maintained the transparency of the PMMA and significantly
improved the polymer's chemical resistance. Also, depending on the polymer's composition, up to
several structural aspects of the polymer could be improved. For instance, copolymerization with
only 2 mol% of AN increased the rupture strain, fracture toughness, and impact resistance at the
same time while retaining the material’s strength.

- Adjusting the structural properties of the composite glass by tuning the soft phase:

The soft phase plays a vital role in the performance of the nacreous structures under mechanical
loads. Besides, the polymeric phase is the only component in such materials whose properties
could be tuned. In this regard, we incorporated our PMMA-based polymers into our glass
composite to make a material with tunable structural properties. In this way, we could increase the
glass composite's flexibility, increasing the rupture strain by 30% while retaining the strength and
flexural modulus. Additionally, we could increase our bio-inspired composite's fracture toughness

by as much as 40%.

5.2 Thesis contributions

The contributions of the present work to the study of material science can be summarized as
below:

- Developing a straightforward and scalable methodology based on centrifugation for fabricating
transparent bio-inspired nacreous glass composites.

- Fabrication of a bio-inspired glass composite possessing high levels of optical transparency,

strength, and toughness at the same time.
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- Fabrication of a nacreous glass composite with superior impact resistance compared to annealed
glass and PMMA.

- Studying the effect of centrifugation on the nacreous glass composite’s microstructure (volume
fraction, polymer layer thickness, and glass flake orientation)

- Studying the impact of the centrifugation process on the mechanical properties and fracture
toughness of the glass composite.

- Identification of prevailing extrinsic toughening mechanisms responsible for high levels of
fracture toughness in the glass composite fabricated using the centrifuged-based technique.

- Developing a simple methodology based on copolymerization with Acrylonitrile and crosslinking
with 1,4 Butanediol dimethacrylate in a free radical polymerization process for improving the
mechanical properties of PMMA.

- Improving PMMA’s fracture toughness, impact resistance, and flexural modulus using small
concentrations of copolymerizing and crosslinking agents in a free radical polymerization process.
- Improving PMMA’s chemical resistance as a result of crosslinking the polymer network while
retaining the optical transparency of the material.

- Studying the role of soft phase on mechanical properties of the nacreous glass composite by
incorporating the family of crosslinked and copolymerized PMMA polymers into the composite.
- Improving the glass composite’s fracture toughness and chemical resistance while retaining its
high levels of strength and impact resistance using a crosslinked and copolymerized PMMA as the

soft phase.

5.3 Future work

In this study, we proposed a straightforward methodology for the fabrication of a bio-inspired

nacre-like composite material. We used glass flakes and PMMA as the soft and hard phases,
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respectively. Our fabrication method is based on simple physical principles: it employs
centrifugation to make an ordered and compact structure, and index-matching for the sake of
optical clarity. Our nacreous glass composite outperformed annealed and other bio-inspired glasses
in strength, fracture toughness, and impact resistance. We also demonstrated that the choice of soft
phase is of great importance and can vastly affect the final composite's mechanical, physical, and
chemical properties. Our findings are show promise and great potential in this class of materials.
Based on this, the following suggestions are proposed as future work:

-Seeking other self-assembly methods:

In this study, we employed centrifugation as a means of self-assembly of glass flakes. We
demonstrated that even a moderate centrifugation force could lead to a relatively dense structure
that resembles natural nacre. In this regard, finding other simple methods for making such a
structure could lead to an even more approachable fabrication technique. Self-assembly of the
flakes using sound waves could be the topic of the next study. The goal is to obtain a system which
is comprised of glass flakes and monomer in minimum energy state with sound waves. This could
be achieve either with high-frequency waves found in ultrasonic cleaning baths or low-frequency
waves accessible from traditional speakers could give the system such energy. Another source of
energy for self-assembly of flakes is through vibration. This simple mechanism can be
implemented even with a simple shaker that has the potential to give the system enough energy for
assembling the glass flakes in a brick and mortar manner.

-Role of flake size on optics and mechanics of the composite:

Although index-matching yields a transparent structure, our composite's haziness is relatively high
compared to the normal glass. This is partly due to the many tiny glass particles that are potential

light diffraction sites in the material. In this regard, an effective filtering mechanism to obtain the
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narrowest size distribution would be a first step. Subsequently, studying the effect of different
flake sizes on the optics is of great importance to achieve acceptable levels of transparency. On
the other hand, glass flake size affects the mechanics of the composite as well, and too big flakes
could prevent the activation of extrinsic the glass composite’s toughening mechanisms. Hence, the
optimum flake size should be chosen in a way that the highest optical clarity, mechanical
properties, and the lowest haziness is obtained.

-Smart soft phase, smart glass composite:

Our glass composite is comprised of two phases. Chapter 4 showed that by adjusting the polymeric
phase, we could improve some desired aspects of the glass composite. Considering the potential
of the soft phase, we can seek more than just improved mechanical properties. A wide range of
polymeric materials could be actuated by being exposed to external stimulation sources. For
instance, electrochromic polymers, a class of polymeric material that change color when exposed
to an electric potential, could be a candidate for incorporating into our glass composite to make a
smart glass structure that can change color or turn to a non-transparent structure as desired. The
same concept could be implemented using a thermochromic (change color by heat),
mechanochromic (change color by pressure) or photochromic (change color by light) polymers.
-Lamination, an approach toward a safer glass composite:

Glasses are brittle materials and under impact loads, experience an explosive fracture, forming
many small fragments. Chapter 4 showed that our glass composite is much safer than regular glass
as it only forms a few pieces during failure from impact loads. To further improve the glass
composite's safety, the old yet reliable method of lamination could be employed where glass sheets
and thin layers of polymers are sandwiched into one piece. In the case of fracture, the polymeric

layers hold the glass pieces together and prevent the broken pieces becoming dangerous
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projectiles. This strategy could be used for our glass composite as well. However, this might lead
to a decline in the mechanical properties of the final product. Hence, a study on the effect of
lamination and polymeric layers' choice is necessary to obtain an overall improvement in the glass

composites mechanical properties.
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Chapter 6

Supplementary experimental information
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The journey of my PhD research has been a very challenging and adventurous one, and what is
presented here is only a part of my research activities at Professor Ehrlicher lab. The primary goal
of the project was to self-assemble some plate-like micron-size particles with alayer of
polymer in between to eventually have a transparent, tough, strong nacreous structure. To
accomplish each part of that goal, I tried many different solutions and changed my path several
times. Although the main objective of the project is accomplished, I believe briefly describing the
steps | took to this point would be very beneficial to anyone who wants to continue this work or is
simply interested in this field of study.

| tried several different methods for self-assembly of particles, three of which took more time and
energy. First, the DNA self-assembly; | coated the surface of two groups of particles, i.e. glass
flakes, with two different pre-designed DNA strands through a click chemistry process. The DNA
strands were designed in a way that could hybridize in a proper condition. In other words, | was
trying to self-assemble some micron-sized particles with an excessive layer of nanometer-sized
DNA polymer on the surface. This, of course, raised many problems and questions, including if
the DNA strands are long enough to hybridize despite huge repelling forces between flakes. As a
solution to this concern, | purified some plasmids to obtain longer chains of DNAs for this purpose.
Since we were looking for a simple and scalable technique and considering many problems
regarding the DNA assembly technique, | decided to change the path. The next important
technique was the freeze-casting method. Freeze casting is a great technique to assemble
ceramic/glass particles in a lamellar way, make a brick-and-mortar structure, and obtain high levels
of toughness and strength. Despite successful implementation of the technique and even making
some structures with pre-designed local anisotropy, attempts to make the samples transparent were

not successful. This, I believe, was due to the existence of many pocket holes and bridges between
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tablets, created in the sintering process, that acted as a light scattering source. By adding the index-
matched polymer to the freeze-cast sample, we could at best make a translucent structure. Another
method | tried was to orient and assemble the glass flakes using the magnetic field. For that, |
coated the surface of the glass flakes with proper magnetically sensitive nanoparticles and exposed
a solution of flakes to a weak magnetic field. In this way, | could successfully orient the flakes in
one direction and assemble them under gravity. This process, however, raised many new problems
such as, how to add the polymeric phase to the system. There were also some concerns about the
adverse effect of nanoparticles on the transparency of the final product.

Before starting to use PMMA as the soft phase in our composite, | spent a great amount of time
using silicones (PDMS) as the soft phase. Despite having some great properties such as
transparency, flexibility, and toughness, some problems made me look for other options such as
PMMA. Firstly, PDMS's inertness made it harder for chemical processes such as nanoparticle
addition. Also, unlike the PMMA, there was no dopant for silicones. Also, in absence of mineral
bridges in our material, the soft phase should have some high levels of strength and contribute
more to the strength and integrity of the whole structure. But the strength of silicones, because of
their chemical structure, could go up to only 10 MPa. Another interesting goal we pursuit was to
induce some weak and secondary interactions in the silicone network to induce huge deformations
while retaining the strength of the structure. Despite some successful attempts, we never used that
network in our glass composite due to the inherent problems with PDMS was mentioned earlier.
Another challenging task was to mix two phases and obtain a transparent structure, where our
strategy was based on matching the refractive indexes of the two phases. While there is nothing
much we can do about glass flake’s RI, we could tune the RI of the polymeric phase. The first

attempt, for both silicones and PMMA, was to incorporate some nanoparticles into the polymeric
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network. Out of many options and based on the requirements of the project, I chose the simple
addition method, where the surface-treated nanoparticles were added to and dispersed in the
polymeric phase. | synthesized titanium oxide and zirconium oxide nanoparticles and successfully
increased the RI of silicones and PMMA. But the problem was the very hard and time-consuming
process of making nanoparticles and surface treating them, where a simple change in humidity of
the lab would make all the nanoparticles agglomerate. The other problem was the need for a high
concentration of nanoparticles in my polymer to increase its RI to one of the glass, which added
greatly to the complexity of the whole process. Due to all of the mentioned reasons, we eventually
came up with the idea of using the dopants for increasing the RI.

| also spend some time finding the best way of surface treating the glass flakes with MPS molecule.
In addition to the method presented in this thesis in chapter 2, I tried a more sophisticated technique
named Atom Transfer Radical Polymerization (ATRP). Unlike free radical polymerization, in
which there is no control over the formation and growth of the polymeric chains, in ATRP the
chain growth is controlled and can be started from a target surface (glass flake surface in our case).
After going through the complicated ATRP chemistry and growing PMMA chains from the surface
of the glass flakes, I did not see any change in terms of mechanical properties of the glass

composite and hence, | opted to use the conventional free radical polymerization process.
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