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ABSTRACT

PROCESSING AND CHARACTERIZATION OF BRICK-AND-MORTAR
STRUCTURED BULK BIO-INSPIRED COMPOSITES

Giirbiiz, Selen Nimet
Ph.D., Department of Metallurgical and Materials Engineering
Supervisor: Assoc. Prof. Dr. Arcan F. Dericioglu

August 2013, 146 pages

The aim of this study was to fabricate inorganic-organic composites with an architecture
resembling to natural nacre using a novel hybrid conventional method called Hot-Press
Assisted Slip Casting (HASC). Alumina platelets, glass platelets and glass flakes with
different aspect ratios were used as two-dimensional inorganic fillers to reinforce epoxy
matrix. Correlation between processing parameters, inorganic content, orientation of the
two-dimensional reinforcements and mechanical property enhancement of the fabricated
composites was examined. In order to investigate the effect of interfacial compatibility and
adhesion on the mechanical properties of the fabricated composites, reinforcement surfaces
were modified with silane coupling agents. As received and functionalized reinforcement
surfaces were studied by x-ray photoelectron spectroscopy to confirm the adsorption of
silane  molecules. Fabricated bio-inspired bulk Ilamellar composite materials were
characterized in terms of their microstructural architecture and mechanical properties.

The results obtained indicated that HASC processing is an easy, fast and effective pathway
to fabricate bulk inorganic-organic composites exhibiting nacre-like brick-and-mortar
architecture. HASC processed composites reinforced by either alumina platelets or glass
flakes exhibited enhanced mechanical performance as compared to neat epoxy and
composites fabricated by simple mixing, as a result of their nacre-like architecture with
well aligned reinforcements. Functionalization of the reinforcement surfaces by silane
coupling agents improved the compatibility and adhesion between the reinforcements and
the matrix resulting in further enhancement of mechanical properties of bulk lamellar
composites fabricated by HASC process. Experimental investigations also revealed the fact
that high aspect ratio reinforcements are more effective in reinforcing the epoxy matrix.

Keywords: Bio-inspired composites, Hot-press assisted slip casting, Artificial nacre, Silane
coupling
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BIYOLOJIK MALZEMELERDEN ESINLENILMIS TUGLA-VE-HARC YAPILI
HACIMLI KOMPOZITLERIN URETIMI VE KARAKTERIZASYONU

Giirbiiz, Selen Nimet
Doktora, Metalurji ve Malzeme Miihendisligi Boliimii
Tez Yoneticisi: Dog. Dr. Arcan F. Dericioglu

Agustos 2013, 146 sayfa

Bu ¢alisma kapsaminda, yeni gelistirilen ve “Sicak-pres Destekli Slip Dokiim (SDSD)” ad1
verilen hibrit konvansiyonel {iretim yontemi kullanilarak igyapt mimarisi itibariyle dogal
sedefe benzeyen hacimli inorganik-organik kompozit malzemelerin iiretimi amaglanmustir.
Bu kapsamda, epoksi matris malzemesini destekleyici malzeme olarak iki boyutlu alumina
plakalar ile farkli en-boy oranina sahip cam plakalar ve cam pullar kullanilmistir. Proses
parametreleri, inorganik miktari, iki boyutlu inorganik destek malzemesinin dizilimi ile
elde edilen nihai mekanik o6zellikler arasindaki bagmti incelenmistir. Araylizey
ozelliklerinin nihai kompozit malzemenin mekanik 06zellikleri {izerindeki etkisinin
incelenebilmesi i¢in destek malzeme yiizeyleri silan baglama ajanlariyla modifiye
edilmistir. Islem gérmemis ve modifiye edilmis destek malzeme yiizeyleri X-Isinlari
Fotoelektron Spektroskopisi yontemi ile karakterize edilerek silan ajan malzemesinin
yiizeye tutunup tutunmadigi arastirnlmistir. Uretilen biyo-esinlenilmis hacimli kompozit
malzemelerin igyap:t mimarileri ve mekanik 6zellikleri karakterize edilmistir.

Elde edilen sonuglar, yeni gelistirilen SDSD ydnteminin sedef benzeri tugla-ve-harg igyapi
mimarisine sahip inorganik-organik hacimli kompozit malzemelerin iretiminde
kullanilabilecek kolay, hizli ve efektif bir liretim yontemi oldugunu gostermistir. SDSD
yontemi kullanilarak firetilen, aliiminyum oksit plakalar ve cam pullar ile desteklenen
kompozit malzemelerin sahip olduklari igyapt mimarileri itibariyle monolitik epoksi
malzemesi ve basit karistirma yontemi ile iiretilmis kompozit malzemelere gore daha iyi
mekanik performans gosterdigi saptanmistir. Silan baglama ajanlari ile modifikasyon
isleminin destek malzemesi ile matris arasindaki uyumlulugu ve baglanmayi arttirdigi, buna
bagli olarak da SDSD yo6ntemi ile iiretilen hacimli kompozit malzemelerin mekanik
ozelliklerinde iyilesme sagladig1 goriilmiistiir. Ayrica, deneysel arastirma sonuglari yiiksek
en-boy oranina sahip inorganik pullarin epoksi matris malzemesini desteklemede daha
efektif oldugunu gostermistir.

Anahtar Kelimeler: Biyo-esinlenmis kompozitler, Sicak-pres destekli slip dokiim, Yapay
sedef, Silan baglama
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CHAPTER 1

INTRODUCTION

The evolution of earth for billions of years has led to formation of numerous natural
materials with complex structures. The properties of these materials are outstanding and, in
many cases, they still surpass artificial materials in terms of their functional and mechanical
characteristics. Spider silks, bone, nacre (the mother-of-pearl), sponge spicule, crab
exoskeletons are some examples to such natural materials [1-5]. Dragline spider silk, for
instance, exhibits unique combination of mechanical properties such as strength and
toughness as well as wetting-induced supercontraction along with torsional shape memory,
whereas spider capture silk possess high strength, elasticity and stickiness beside the ability
of water collection from moist air [5, 6]. Sponge spicule is another example of natural
materials. Besides revealing a unique combination of mechanical properties such as
strength, stiffness, resilience and toughness, sponge spicules have remarkable fiber-optical
properties similar to those of commercial telecommunication fibers. However, these fibers
are tougher than artificial fiber materials [7, 8].

At this point arising question is how these magnificent natural materials possess
outstanding mechanical performance along with the multifunctionality despite their weak
building blocks. For decades, several research studies have been devoted to answer this
question. Experimental investigations have revealed that the complex hierarchical structural
arrangement extending from nano-, micro- to macro-scale is the main reason of this
extraordinary combination of properties [1-5, 9].

It is clear that comprehensive understanding of the formation of these natural materials and
exploration of the complexity, multifunctionality and multi-scale nature of structure-
property relationship can to provide new insights for the design of next generation
engineering materials. For this reason, there is still a considerable effort to fully interpret
the design concepts which are optimized through the evolution of the earth and to adapt
these intricate hierarchical structures to synthetic engineering materials [9-12]. In this
context, designing and synthesizing materials taking inspiration from the architectures of
natural materials has become a new and popular area of science usually referred as “bio-
inspired materials science.”

Nacre, the mother-of-pearl, being one of the most intriguing natural materials, is the source
of inspiration of the current study. Nacre, consisting of 95 vol% inorganic platelets
(aragonite) and 5 vol% organic biopolymer, is arranged in a so-called “brick-and-mortar”
architecture. Despite its high brittle inorganic content, this fascinating natural material
reveals enhanced mechanical characteristics including unigue toughness and mechanical



strength combination [13-15]. This extraordinary combination of mechanical properties
makes nacre the “bio-mimetic model” and the source of inspiration in many studies. Beside
its extraordinary mechanical performance, due to its lamellar structure nacre appears
iridescent exhibiting structural colors similar to opal and other natural photonic crystals
such as peacock feathers and butterfly wings [5].

Many studies have been devoted to understand the structure-property relationship and to
explore the underlying design principles found in nacre. Although, the main reason
underlying this distinct combination of strength, stiffness and toughness is thought to be the
micro-scale ‘“brick-and-mortar” architecture spanning over several length scales, the
experimental investigations also revealed that there exist nano- and micro-scale intriguing
interfacial features each of which is suggested to undertake a task and operate
synergistically leading to unique combination of mechanical properties [16-22].

Even though the investigations explicitly pointed out the multi-scale complex architecture
of nacre as the reason of its outstanding mechanical performance, replication of this multi-
scale hierarchical structure and all key features of nacre is a difficult task using the current
technology [13]. For that reason, the bio-inspiration studies mainly focused on mimicking
the micro-scale “brick-and-mortar” structure of nacre [23, 24].

Layer-by-layer assembly is the most widely used technique to fabricate composites with
nacre-mimetic “brick-and-mortar” structure [12, 25-28]. Even though, nacre-like
composites with brick-and-mortar structure are achieved successfully, this technique is a
time consuming, multi-step and highly laborious methodogy as it requires repeating
deposition, washing and drying cycles [29]. Furthermore, this technique can only be used to
fabricate thin films with limited thicknesses [30]. Vacuum filtration-induced self-assembly
(or paper-making process) [31-33] or water evaporation-induced self-assembly (or solution
casting) [34-36] and tape casting (doctor-blading) [37-39] are alternative one-step,
relatively simple, fast and scalable methodologies which can also be used to fabricate
nacre-mimetic thin films. Electrophoretic deposition [40, 41], ion-beam sputtering [42],
centrifugal deposition [43] etc. are other techniques employed to produce nacre-like bio-
inspired free standing films and coatings. Although all of these processes are effective in
fabricating strong and though bio-inspired self-standing films or coatings exhibiting
hierarchical architectures, they cannot be used to fabricate nacre-like bulk composites that
can be used in structural engineering applications.

In recent years, ice-templating or so-called freeze casting method [11, 44, 45], gel casting
and hot-pressing [46, 47] as well as various flake powder metallurgy routes [48-50] and
magnetic alignment [51] have been proposed to fabricate nacre-mimetic bulk composites.
Although, all of these proposed techniques are relatively simple, most of them are multi-
step and time-consuming processes. Consequently, there is still need for a simple, one-step,
easily scalable, time and man-power efficient processing strategy which enables the
fabrication of bulk composites reinforced by well-aligned 2D reinforcements in high
volume fractions that can be used in large scale components.



Therefore, the aim of the current study was to fabricate bulk polymer matrix composites
reinforced by aligned inorganic flakes that possess microstructural architectures inspired by
the natural composite, nacre, using a newly proposed technique called “Hot-press Assisted
Slip Casting (HASC)”. This one-step novel technique combines two conventional
processing methods; hot-pressing and slip-casting, to achieve hierarchical arrangement of
the platelets in a polymer matrix and to enhance the volume fraction of the inorganic
reinforcement in the resulting composite. In this technique applied pressure forces the
liquid resin to flow out through a porous plaster, which functions as a filter, during which
the alignment of two-dimensional (2D) inorganic reinforcements with their basal surfaces
perpendicular to the hot-pressing direction is achieved.

As 2D inorganic reinforcements, alumina platelets along with glass platelets and flakes
with different aspect ratios were used in order to investigate the effect of using different
inorganic reinforcements and different aspect ratios on the mechanical properties of the
hierarchically arranged composites with epoxy matrix. The effect of applied HASC
processing pressures on the alignment of the reinforcements and total inorganic content
were investigated.

To achieve interfacial compatibility along with improved adhesion and to reveal the effect
of interfacial strength on the mechanical performance of the fabricated composites, the
surfaces of the inorganic reinforcements were treated with organofunctional silanes having
epoxy compatible functional groups to impart an optimized interfacial bonding between the
matrix and the inorganic reinforcements. For the functionalization of the alumina platelet
surfaces two different organofunctional silanes having epoxy- and amino-functionality,
namely y-glycidoxypropyltrimethoxysilane (GPS) and y-aminopropyltriethoxysilane (APS),
respectively, were used. On the basis of the experimental findings, organofunctional silane
having amino-functionality, y-aminopropyltriethoxysilane (APS), which gave the optimum
result, was used to functionalize the glass reinforcements.

This thesis comprises six chapters. Brief information about natural materials, especially
nacre which is the source of inspiration of this study, is mentioned in Chapter 2.
Mechanical property-structure relationship and underlying design principles along with
efforts made to fabricate nacre-like artificial composites are also discussed in this chapter.
Chapter 3 includes the details of the HASC processing pathway used for the fabrication of
inorganic-organic nacre-like bulk composites, surface functionalization procedures
employed along with the characterization studies performed. Chapter 4 covers the
experimental results achieved and discussions of the experimental findings such as the
effect of processing parameters and the interfacial strength on the final mechanical
performance of the fabricated bulk nacre-mimetic composites. In the following chapter,
Chapter 5, the concluding remarks, obtained during the study, are summarized. Finally, in
Chapter 6, recommendations for future work are discussed.






CHAPTER 2

LITERATURE REVIEW

Natural materials with their all amazing intriguing features and structural design along with
the resultant mechanical performance attracts special interest and inspires the scientists and
engineers for decades. Nacre is one of such extraordinary natural material and the source of
inspiration of this study. In contravention of its weak constituents, this natural material
exhibits high strength, stiffness, toughness together with the lightweight as a result of its
multi-scale hierarchical architecture.

In this context, mechanical property-structure relationship and the design principles lying
underneath along with efforts that have been made to fabricate nacre-like artificial
composites will be discussed in this chapter. Furthermore, brief information about
organofunctional silane coupling agents, used to achieve compatibility and interfacial
adhesion by acting as chemical bridges at the interface between two dissimilar materials
such as inorganic reinforcement and organic matrix, will also be given.

2.1 Natural Composites

With the emerging technology, the need for engineering materials, exhibiting high specific
strength and stiffness along with high flaw tolerances, is continuously increasing. It is well
known that the combination of these technology driven material properties can only be
satisfied by composite materials with an appropriate structural design. However, selecting
suitable constituents, deciding their size and morphology, optimizing the relative volume
fractions of the constituents and anchoring these constituents by an appropriate architecture
as well as tailoring the interface are not quite simple tasks [52, 53]. Despite its limited
chemical resources, nature solve all these issues long time ago by optimizing its design
concepts and organizing the structure in several length scales in a controlled manner [9].

Nacre, bone, sponge spicules, crab exoskeletons and spider silk are some examples of
natural materials. Regardless of their weak and brittle constituents, these materials possess
outstanding mechanical performance originated from their well-defined multi-scale
hierarchical structural design [1-4]. In these materials, the intricate nano- and micro-scale
structural arrangements, extending in several length scales, lead to multiple toughening and
strengthening mechanisms acting together consistently resulting in macro-scale mechanical
performance [4, 54].



The adaptation of these natural hierarchical structures to synthetic engineering materials
requires the comprehensive understanding of the underlying design principles leading to
extraordinary performance and multifunctionality [9]. For this reason, there has been an
enormous effort to understand the formation of these natural materials, to explore the
complexity, multifunctionality and multi-scale nature of structure-property relationship and
to mimic their intricate structure to design lightweight, strong, stiff and tough synthetic
materials for future engineering applications. Although significant advances have been
achieved in exploring the mechanical response-structure relationship, mimicking the
multilevel architecture of artificial composites still remains as a challenging goal since
hierarchically complicated multi-scale structural organizations makes it difficult to replicate
them synthetically [10-13].

Nacre, the mother-of-pearl, is one of the most inspiring natural materials. Despite its high
brittle inorganic content, nacre is tough, strong and stiff [13]. The work of fracture of nacre
is 3000 times higher than its inorganic constituent [15]. Its hierarchical arrangements in
nano- and micro-scale enable high inelastic strains leading to elimination of stress
concentrations and catastrophic failure making the nacre notch insensitive [16, 17].

This extraordinary combination of mechanical properties makes nacre “bio-mimetic model”
and the source of inspiration in many studies and also in this study. In the following sub-
sections, the multilevel structure-property relationship and the efforts to mimic the structure
of this material will be mentioned briefly.

2.1.1 Nacre (Mother of Pearl)

2.1.1.1 Structure

Nacre is the inner lustrous layer of many mollusk seashells. Its structure consists of
hierarchically organized polygonal aragonite (CaCQOj) platelets, separated and bonded by
organic phase. The inorganic content of the nacre is 95 vol% which is higher than the
organic content ever achieved by synthetic composites. The remaining 5 vol% consists of
biomolecules (B-chitin, silk-like proteins and acidic glycoproteins) [14, 15, 55].

Nacre is formed through a very slow process, called biomineralization, involving the
selective identification and absorption of mineral elements and organic matters from the
local environment and their deposition into hierarchically ordered structure [43, 56]. During
this process, nucleation and growth and hence, size, morphology and the distribution of the
aragonite platelets is controlled by the constituents of thin organic layer in such a manner
that the final structure resembles to brick-and-mortar structure in micro-scale [15, 55, 57].
This brick-and mortar structure (Figure 2.1.b), spanning multiple length scales, consists of
highly oriented layer arrangement of aragonite platelets (bricks) separated and glued by 5-
20 nm organic layer (mortar). The diameter and thickness of polygonal shaped aragonite
platelets are 5-8 um and 0.2-0.5 pum, respectively [14, 55, 57, 58].



Although this brick-and-mortar structure of nacre is thought to be the main reason of high
mechanical performance; it is not only the fascinating structural aspect that nacre has.
Detailed structural investigations reveal that there exist nano- and micro-scale intriguing
features; surface waviness of aragonite platelets, platelet interlocks, mineral bridges and
nano scale mineral islands called nanoasperities, each of which suggested to play a crucial
role in the mechanical performance of nacre [16-22, 56].

An interesting feature of the nacre is the surface waviness of the aragonite platelets [22]. It
has been reported that the amplitudes of surface roughness can reach significant values as
compared with the thickness of the aragonite platelets [22]. Despite this noteworthy surface
roughness, the platelets of adjacent layers integrate perfectly (Figure 2.1.d) [59].

In lower scale, there exist mineral bridges (Figure 2.1.e) and nanoasperities (Figure 2.1.f)
on the surface of the aragonite platelets. Mineral bridges are extending through the holes in
the organic layer and connecting the platelets at adjacent layers. These randomly arranged
bridges are more or less circular in shape with a diameter of 36-54 nm and a thickness equal
to the thickness of the organic layer between the platelets [20, 60]. It has been suggested
that because of this mineral bridges, the organic layer separating the aragonite platelet
layers should not be considered as monolithic instead should be considered as fiber
reinforced composite, especially in modeling the fracture behavior of nacre [19]. The
diameter and the height of the nanoasperities found on the surface of the platelets are 30-
100 nmand 10 nm, respectively [16, 17].

Another remarkable fact is that each aragonite platelet is not monolithic but composed of
cobble-like polygonal nanometer-sized grains separated by a very thin organic layer
framework (Figure 2.1.g). The crystal orientation of these coherent nanograins, with an
average size of 32 nm, is all same [59, 61].

Beside all these features, the organic constituent of nacre, itself, comprised of layered
structure with p-chitin core layer sandwiched between two protein layers (Figure 2.2) [59,
62]. The outer protein layers controls the nucleation and growth of the inorganic
constituent, aragonite platelets. The structure of the proteins in these outer layers, such as
Lustrin A, is highly modular consisting of multidomains with folded modules connected in
series [63, 64]. Core layer involves B-chitin fibers that impart mechanical and the chemical
stability to the organic matrix of nacre [65].



Figure 2.1 Multi-scale hierarchical structure of nacre (a) Inner nacreous layer of a red
abalone shell [22], (b) SEM images showing (b) fracture surface of nacre, demonstrating a
brick and mortar structure [58], (c) aragonite platelet interlocks [60], TEM images showing
(d) tablet waviness [22], (e) nanoasperities [17], (f) tablet mineral bridges [56], and (g)
AFM image showing the nanograins inside the aragonite platelet [66].



Figure 2.2 (a) Schematic representation of organic layer consisting of p-chitin core layer
sandwiched between two protein layers [62], (b) demineralized shell revealing randomly
oriented chitin fibrils from intertile layers [67].

2.1.1.2 Structure-Property Relationship

Up to date, an intensive research has been devoted to explore the mechanical properties and
their relationships with multi-scale hierarchical arrangements found in nacre [15, 17, 20,
63, 68-73]. Jackson et al. [15] investigated the strength, stiffness and toughness of nacre
from the bivalve mollusk, Pinctada and reported the tensile strength—flexural young
modulus values of 170 MPa-70 GPa and 140 MPa-60 GPa, for dry and wet nacre,
respectively. The work of fracture values of dry and wet nacre were 464 and 1240 J/m?,
respectively, for a span-to-depth ratio of 4. Sarikaya et al. determined fracture strength and
fracture toughness of abalone nacre as 185+20 MPa and 8 + 3 MPa m*?, respectively [69].
Wang et al. investigated the flexural properties of abalone and pearl oyster nacre [17]. The
reported values for flexural strength and modulus were 223 MPa - 69 GPa and 227 MPa -
77 GPa for abalone nacre and pearl oyster nacre, respectively. It is certainly clear that
despite its high fraction of brittle inorganic content, nacre shows high toughness along with
high strength and stiffness. The underlying reason for the unusual combination of these
mechanical properties along with the lightweight is the nacre’s multilevel structural design
which was optimized with the evolution of the earth to a level that can not be tailored in
artificial composites [14, 15, 58].



As a consequence of its design concepts, such as the strength and aspect ratio of the
aragonite platelets, the interfacial strength along with the hierarchical arrangement of the
constituents, the failure of nacre is governed by platelet pull-out mode (Figure 2.3.a)
leading to both high toughness and strength [29]. During fracture, cracks extend through
the relatively weak organic layer between the aragonite platelet layers and deflect around
the highly oriented platelet edges resulting in a change in the stress state at the crack tip and
hence, an increase in the resistance to crack growth [71, 74] . The crack deflection along
with the platelet pull-out leads to a tortuous crack path and increase in the energy
absorption resulting in high work of fracture. The interfacial adhesion between the organic
layer and aragonite platelets also contributes to toughening by bridging the delaminating
two adjacent aragonite platelet layers (Figure 2.3.a) preventing unstable crack growth [15,
70, 71, 75]. Therefore, in earlier studies, micro-scale brick-and-mortar structure driven
toughening mechanisms such as crack deflection, platelet pull-out and organic matrix
bridging (Figure 2.3.b) were reported as the main reasons for high toughness of nacre [15,
68, 70, 71, 73].

However, suggested brick-and-mortar architecture related toughening mechanisms are not
adequate to explain the extraordinary toughness amplification in nacre [29, 63]. Further
researches in this area reveal that several other toughening mechanisms, mostly driven by
the interfacial architecture, are also operative contributing towards the toughness of nacre
along with the above mentioned mechanisms. Some of these mechanisms are; interlocking
of aragonite platelets, multiple cracking, viscoplastic deformation of the inorganic phase
and unfolding of the domains in chain-molecules and breaking of cross-links, sliding of the
platelets, breakage of the mineral bridges, plastic deformation of individual tile, organic
bridging between the nano grains of the aragonite platelets etc. [29, 58, 76, 77].

(b)

Figure 2.3 SEM images showing (a) tortuous crack path and platelet pull-out [78] and (b)
fibrils of the organic matrix bridging a delamination crack. Note the large extension and
‘splayed-out’ anchorage points [15].
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Figure 2.4 shows a typical stress-strain curve of nacre under tension indicating that dry
nacre exhibits elastic deformation and fractures catastrophically whereas, the deformation
behavior of the fresh nacre is associated with high inelastic strains [13]. The difference
between the mechanical response of dry and wet nacre is arisen as a result of the hydration
state of the organic phase. The organic phase between the aragonite platelets controls the
shear stresses at the interface and hence, the behavior of the organic layer during sliding of
the platelets. In dry nacre, dehydration of the organic phase lead to a stiff layer resulting in
a strong but brittle material, similar to its constituent pure aragonite [14, 15, 22, 77].
Similar to wet nacre, fracture is governed by platelet pull-out in dry nacre, however,
organic matrix bridging, one of the main toughening mechanisms in hydrated nacre, is not
operative as a result of brittleness of the organic phase. This situation explains the lower
toughness values of dry nacre and also the key function of the organic phase on the ductility
and the toughness [15, 74].
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Figure 2.4 Stress—strain curves of pure aragonite along with dry and hydrated nacre from
red abalone shell in tension (along the tablets), (b) Schematic view of the micro-scale
mechanical behavior of nacre under tension (arrows indicate the loading direction) [13]

As mentioned before, in hydrated nacre, the micro- and nano-scale hierarchical structures
enable large inelastic deformations after a linear elastic region [16, 17]. In elastic region,
organic layer between aragonite platelet layers and mineral bridges withstand loads until
they rupture. When the shear strength of the interfaces reached, aragonite platelets begin to
slide on each other leading to local deformation [4, 59, 79]. At these locally deformed
regions, the interfacial structural features resists for further sliding of the platelets leading
strain hardening phenomena. At this stage, new platelet sliding regions that are
energetically more favorable are activated and the deformation spans large volumes of
structure [59]. The spreading of the sliding action and hence, inelastic deformation over
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large volumes prevents localized deformations which can result in premature failure of the
nacre [80]. The sliding of the platelets leads to separations at the platelet terminations and
results in formation of dilatation bands (Figure 2.5.a and Figure 2.5.b) [16, 17]. The
formation of these dilatation bands continues until all potential sites are saturated after
which nacre fails under the mode of platelet pull-out [59].

Figure 2.5 SEM images showing the dilatation bands for (a) abalone nacre and (b) pearl-
oyster nacre. (Direction of tensile stress is indicated by black arrow) [17].

Several mechanisms have been proposed as the origin of the local strain hardening
observed in nacre; biopolymer stretching [81], interlocking of the surface asperities [16,
17], relocking of the broken mineral bridges [21] and surface waviness of the aragonite
platelets [22]. Schematic of these mechanisms can be seen in Figure 2.6. The interposing
arrangements of the nanoasperities found on the surface of the platelets [16, 17] (Figure
2.6.a) and fractured mineral bridges [21] are supposed to resist the interfacial sliding of the
platelets acting as a barrier leading to initial strain hardening. However, because of the
large experimentally observed sliding distances and the increase in the sliding resistance
with the progress of the sliding, none of these mechanisms along with the biopolymer
stretching, strain hardening of which is limited, can be responsible for the whole strain
hardening phenomena although they may contribute to hardening and impart shear strength
[21, 22, 59, 77]. Barthelat et al. have addressed the local hardening phenomena to dovetail
like micro-scale surface waviness of the aragonite platelets which can impose resistance to
platelet sliding and pull-out over micrometer length scales [22]. Furthermore, dovetail
geometry of the platelets can also lead to progressive locking resulting in an increase in the
required load for pulling out the platelets [77, 80].
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Figure 2.6 Schematics of the proposed nano-scale mechanisms controlling the shearing of
the aragonite platelet interfaces: (a) biopolymer stretching, (b) interlocking of
nanoasperities, (c) relocking of the fractured mineral bridges [21], (d) locking generated by
surface waviness [22].

Platelet sliding induced large inelastic deformation has been also suggested a prominent
toughening mechanism and the main reason for the robustness of nacre [17, 22, 59, 79].
Fracture experiments indicate the generation of white “process zone” associated with
inelastic deformation in regions of high stress concentration, e.g. at crack tips [59, 75, 82].
The size of this process zone progressively increases with the increase in load until the
crack starts to propagate (Figure 2.7) [4, 80, 82]. Generation of inelastic deformation at the
crack tip leads to stress redistribution and energy dissipation required for crack propagation
[17, 22,59, 79].
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Figure 2.7 Polished notched sample under increasing load showing initial frame (zero
load), stationary crack along with the increase in inelastic zone and propagation of the crack
leaving a wake of inelastic deformations [4].

During sliding of the platelets, the ligaments of the organic layer preserve the integrity of
the structure and allow the dilatation bands to evolve in steady state [16, 17, 81]. Sequential
unfolding of the modular structure dissipates energy contributing toughness of the nacre
[58, 76]. The required forces for unfolding and detachment of the proteins in the organic
layer increase in the proximity of mineral bridges leading to an increase in the energy
dissipation during pulling off the aragonite platelets [63, 72]. Beside, strengthening of the
organic layer, these bridges aid two main toughening mechanisms; crack deflection and
platelet pull-out by arresting the crack tip and avoiding its extensive growth and hence
leading to crack deflection [19, 74].

Plastic deformation and rotation of the nanograins of the individual platelet contributes the
toughening of nacre by redistributing the stress around strain concentration sites, and,
consequently, blunting the crack tip [58, 83]. It has been reported that aragonite platelets
are somewhat ductile in nature and along with the crack deflection, platelet sliding and the
organic adhesive interlayer, the deformation of nanograins lead to 1000-fold increase in
toughness with respect to that of its constituents [61]. Furthermore, progressive failure of
interlocks is also suggested to be another feature that contributing to high toughness of
nacre by guiding the fracture path and limiting the catastrophic failure [55, 60].
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2.2 Bio-inspired Nacre-like Composites

As aforementioned, nacre is a complex material consisting of intricate nano- and micro-
scale structural features, each of which undertake a task and operate synergistically leading
to unique combination of mechanical properties such as high strength and stiffness along
with the high toughness. As mentioned in the previous section, structural arrangement-
mechanical performance relationship has been the focus of an intense research to explore
the underlying design principles found in nacre. The advances achieved guide the bio-
inspiration studies and provide new insights for the design of next generation composite
materials. However, replication of the multi-scale hierarchical structure and key features of
nacre is a difficult task using the current technology [13]. Therefore, up to date, the bio-
inspiration studies mainly focused on mimicking the micro-scale ‘“brick-and-mortar”
structure of nacre [23, 24].

In the following sub-sections, the design principle lying underneath the micro-scale
hierarchical architecture and the techniques used to fabricate composite materials with a
brick-and-mortar structure will be mentioned briefly.

2.2.1. Design Concepts

The relationship between brick-and-mortar structure of nacre and the resultant mechanical
properties is best described by the simple shear lag model [15]. According to this model,
stress is transferred to discontinuous inorganic reinforcements via shear stresses developed
at the reinforcement-matrix interface [15, 84]. For flake or platelet reinforcements,
assuming that they are aligned parallel to their principal plane, this holds for all directions
in the plane of the 2D reinforcements [84]. The tensile stress, being zero at the ends of the
reinforcements, builds up until maximum is achieved at the center of the reinforcement [15,
85].

Based on this model, the aspect ratio of the platelets plays a crucial role in determining the
fracture mode and the strength of nacre. If aspect ratio of a platelet is higher than a critical
value (a>o), the stress transferred from matrix to reinforcements increases with the
increase in the shear stress transfer lengths and exceeds the fracture strength of platelets
leading to a failure mode of platelet fracture. On the other hand, if the aspect ratio of the
platelets is lower than the critical aspect ratio, the failure mode is governed by platelet-pull
out mode (either matrix failure or interface failure) [15, 84, 85]. To achieve effective stress
transfer from matrix to reinforcements, aspect ratio should be as high as possible but lower
than a critical value (o).

In the case of platelet fracture mode (Figure 2.8.a), failure is catastrophic leading to higher
strengths but lower fracture energies. On the other hand, platelet pull-out mode (Figure
2.8.b) leads to lower strengths, as the strength potential of the incorporated reinforcement
can not be fully utilized, but higher fracture energies due to the fact that the toughening
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mechanisms such as platelet pull-out and matrix plastic flow can be operative before the
complete failure of the composite [12, 84-86].

The critical aspect ratio of the 2D reinforcements, such as platelets or flakes, is defined as
[84-86];

) 2.1)

where 7 is either interface or matrix shear strength and o, is the platelet strength.

o > o, : Platelet Fracture

Figure 2.8 Fracture mechanisms for bio-inspired organic—inorganic composites with
different platelet aspect ratio: (a) platelet fracture mode (o > a.); (b) platelet pull-out mode
(o <o) [12].

As mentioned in previous section, as a consequence of its design concepts, nacre exhibits
unusual combination of mechanical properties such as high strength, stiffness and
toughness. Experimental investigations and the theoretical modeling results indicate that
the design aspects that are the thickness and the aspect ratio of the inorganic building
blocks, hierarchical arrangement of the constituents along with the interfacial strength are
optimized such that the failure is governed by platelet pull-out mode leading to both high
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strength and toughness [15, 29]. The aspect ratio of the aragonite platelets («=8-10) is
found to be slightly below the critical aspect ratio (maximum allowable oc=12) so that
maximum strength is attained without causing catastrophic failure [12, 15, 87].

As compared to the resources that nature has, scientists and engineers have a wider
opportunity in selection of constituents in the design of artificial composites. From
Equation 2.1, it is clear that the use of high strength synthetic reinforcement enables higher
critical aspect ratio values (o) and hence, allows the use of higher aspect ratio
reinforcements (o). Therefore, by using high strength platelets it is possible to fabricate
artificial composites reinforced by higher aspect ratio platelets that enable more efficient
stress transfer without causing catastrophic failure [12]. The overlap between the platelets
also increases with the increase in the aspect ratio which also leads to an increase in the
stress transferred from the matrix to the platelets [22, 87].

In terms of toughness, the aspect ratio of platelets also plays a crucial role. Assuming that
the composite failure is governed by platelet pull-out mode as in the case of nacre,
reinforcing the composite with high aspect ratio platelets lead to an increase in toughness.
The increase in the aspect ratio will lead to an increase in the work of fracture values by
increasing the total pull-out work [15]. With the increase in the platelet aspect ratio, the
extent of crack deflection also increases leading to a more tortuous crack path and hence,
increase in the absorbed energy. Furthermore, Bekah et al. [87] have indicated that in nacre
as the crack extends, the pulled-out platelets generates closure tractions on the crack faces
as in the case of fiber bridging. Therefore, the increase in the aspect ratio leads to an
increase in toughness. High aspect ratio, lower platelet thickness and high inorganic content
have also positive effect on process zone toughening and hence, lead to an increase in the
overall toughness [87].

To sum up, by taking into consideration the design aspects found in nacre that have been
deduced from the mechanical response-structure relationship, the following design rules
should be applied to achieve both high strength, stiffness and toughness [13, 15, 22, 29, 87,
88];

The hierarchical brick-and-mortar structure should be achieved.

— To increase the overall stiffness, the composite should be reinforced by stiffer fillers.
Furthermore, the stiffness of the interface between platelets and the matrix also
contributes to the overall stiffness.

— The inorganic content should be as high as possible for high strength, stiffness and
toughness.

— The thickness of the platelets should be low but aspect ratio of the platelets should be

as high as possible but lower than the critical value to eliminate brittle fracture and
favor the platelet pull-out failure mode.
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— High interface adhesion and shear strength must be needed. However, the interface
strength should be weaker than the strength of the platelets.

— The platelets should be wrapped with soft organic phase capable of withstanding
large strains.

— In micro- or nano-scale, the strain hardening should occur to spread the platelet
sliding throughout the material.

Beside the above mentioned design guidelines, there are also some other important factors
that should be taken into consideration in fabrication of artificial nacre-like hierarchical
composites. For instance, processing damages, such as fracture of the platelets, lead to a
decrease in the strength and stiffness of the composite [84, 89, 90]. Especially, high aspect
ratio platelets are more sensitive to fracture [90].

In addition to fracture of the platelets, voids and pores should also be avoided as they act as
stress concentration and crack initiation sites [26, 47, 90]. Furthermore, platelet cluster in
which platelets were stacked should also be avoided due to the fact that platelet clusters
lead to decrease in strength either by leading to decrease in the effective stress transfer or
by acting as potential sites for stress concentration [30, 31, 91-94].

Han et al. and Bonderer et al. designed a composite system based on shear lag model which
is successfully applied to describe the strength of nacre [26, 86]. Han et al. [86] fabricated
polyvinylalcohol (PVA) matrix composite films by using high strength layered double
hydroxide (LDH) platelets with two different aspect ratios (o); smaller and larger than the
calculated critical aspect ratio («=40), to investigate the effect of aspect ratio on final
mechanical properties. The results indicated that reinforcing the PVA with LDH
nanoplatelets having an aspect ratio of a< a, lead to fracture mode of platelet pull-out, and
hence, the fabricated composite film exhibited high strength, stiffness and toughness. On
the other hand, nanocomposite films reinforced by LDH nanosheets with a>>a, resulted in
relatively higher strength and stiffness but the fracture governed by platelet fracture mode
leading to catastrophic failure.

Similarly, Bonderer et al. [26] have fabricated alumina platelet reinforced chitosan and
polyimide composite films by applying design concepts which was based on shear lag
model. To fabricate a tough and strong composite, ductile polymer matrix was reinforced
by 200 nm thick surface modified high strength alumina platelets with an aspect ratio of ~
40 which is lower than the critical aspect ratio (a,=50). The results of this study indicated
that although the tensile strength increased with incorporation of alumina platelets, beyond
a certain value, further increase in the volume content of inorganic reinforcement lead to a
decrease in strength (Figure 2.9.a). This decrease was attributed to the increase in the
fraction of the pores along with the misalignment (Figure 2.9.b). Another important finding
in this study is the effect of interfacial strength on both toughness and strength. Although
the fracture was governed by platelet pull-out mode, strong interfacial adhesion between the
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inorganic reinforcements and the matrix favored the matrix cracking rather than interface
failure leading to an increase in mechanical performance in terms of both toughness and
strength.

The experimental findings achieved in these studies have clearly demonstrated that by
selecting appropriate constituents, optimizing the relative volume fractions of the
constituents and anchoring these constituents by an appropriate architecture and by tailoring
the interface to achieve strong interfacial interactions, it is possible to design a composite
material the properties of which surpass the mechanical properties of nacre [26, 86].
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Figure 2.9 (a) Tensile stress vs. strain curve of polyimide matrix composite film and (b)
TEM image of polyimide matrix composite films reinforced by TEM images of polyimide
matrix composite films reinforced by 42 vol% surface modified alumina platelets [26].

2.2.2. Synthetic Pathways for the Fabrication of Nacre-like Structures

As mentioned before, up-to-date, bio-inspiration studies are mostly focused on the
replication of micro scale brick-and-mortar structure of nacre. In this manner, the main
effort was expended to find efficient, cost effective new pathways that control the structure
in micro-scale in order to fabricate composite materials with hierarchically arranged
structures [95].

Various methodologies have been employed to fabricate nacre-like bio-inspired

composites. Figure 2.10 summarizes the techniques used to fabricate composites with a
nacre-like hierarchical architecture.
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Synthetic Pathways to Fabricate Nacre-like Bioinspired Composites

v v
Bulk Composites Coatings or Free Standing Films
Ice Templating (Freeze Casting) Layer-by-layer assembly
Gel Casting and Hot-pressing Vacuum filtration induced self
assembly
Magnetic Alignment
Evaporation induced self assembly
Other Methods such as flake

powder metallurgy routes

Tape Casting (Doctor Blading)

Other Methods such as
electrophoretic deposition,
centrifugal deposition etc.

Figure 2.10 Synthetic pathways to fabricate nacre-like bulk composites, free-standing films
and coatings.

Layer-by-layer assembly, being a convenient technique, is used to fabricate organic-organic
or inorganic-organic composites either in the form of coating or free standing films. In this
method, layered structure is achieved by sequential adsorption of building blocks by
immersing the substrate into two dilute solutions (Figure 2.11.a) [96-99]. The driving
forces for the deposition of individual layer can be electrostatic interaction, hydrogen
bonding, charge transfer or hydrophobic interaction [29, 97]. Precise and nanometer-scale
control over the structure makes this method suitable for the fabrication of hierarchically
arranged structures [29, 96, 98, 99]. Along with these, its capability of incorporating high
loading of inorganic fillers makes this method appropriate for the replication of brick-and-
mortar structure of nacre [29].
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Figure 2.11 Layer-by-layer assembly via (a) dip coating, (b) spin coating and (c) spray
deposition [100].

Beside all advantages, LBL assembly by dip coating is an inherently laborious and time-
consuming method as it requires repeating dipping, washing and drying cycles to achieve
practical film thickness [29]. Figure 2.12 shows SEM image indicating the thickness of
MTM-PVA nanocomposite film after 300 bilayer deposition by dip coating [30].

Layer by layer assembly via spin coating (Figure 2.11.b) is a faster process as compared to
dip coating [25]. It was reported that assembly of a 300 nm thick 100-bilayer Laponite clay-
poly(diallyldimethylammonium)chloride film can be deposited in less than 1 h which is 20
times faster than conventional dip-coating process [25]. For this reason, in recent years,
LBL assembly via spin coating method has also been used either with or without LBL
assembly via dip coating method to fabricate inorganic-organic nacre-like composites [12,
26, 27]. Beside spin coating and dip coating, spray deposition method is also used to
fabricate LBL assembled nacre-like composites (Figure 2.11.c) [28].
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Figure 2.12 SEM images of a 300-bilayer, free-standing PVA/MTM nanocomposite; (a)
cross section indicating the thickness of the film, (b) closer view showing the structure [30].

Alternative methodologies to LBL assembly for the replication of the brick-and-mortar
structure of nacre are based on simple, fast and scalable one-step green pathways such as
vacuum filtration-induced self-assembly (or paper-making process) [31-33, 101] or water
evaporation-induced self-assembly (or solution casting) [34-36, 102-104] and tape casting
(doctor -lading) [37-39, 105]. Although LBL assembly method provides precise control
over the structure, these simple, relatively fast, scalable one — step techniques offer the
advantage of processing thick and large-area composite films [106]. In evaporation induced
self-assembly method, dispersion of inorganic filler and polymer are directly cast into a
mould and the evaporation of the solvent give rise to hierarchical self-assembly of
inorganic and organic constituents [34-36, 102] whereas in vacuum filtering-induced self-
assembly, similar to traditional paper-making, alignment is directed by flow of the solvent
during vacuum filtration [32, 101].

Tape casting or doctor-blading is another technique used to fabricate hierarchically ordered
composite structures. In this technique, a viscous solution poured onto a substrate is spread
with a blade having a predetermined slit height. Large area films or continuous coating with
a uniform thickness can be produced with this method [107]. The orientation of micro- or
nano-platelets is achieved by the shear forces acting and self-ordering of the high aspect
ratio platelets [39, 107]. As compared to LBL method, this process is more efficient in
fabrication of nacre-like composite films because of the fact that film thicknesses of 1-2 um
can be obtained in only one step [39]. At high inorganic platelet contents, in order to
maintain the viscosity of the suspension in a desired level and to obtain a homogeneous
dispersion, an additional solvent has to be added. In this case, the drying of the tape cast
film is a critical step as too fast and uncontrolled drying can cause blisters, which act as
defects and deteriorate the properties of the cast films [39].
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For all these approaches, the most crucial point is to obtain homogeneous and stable
dispersions. Otherwise, especially at high inorganic contents, premature aggregation,
coagulation and phase separation may occur which leads to a decrease in the performance
of the composite film [105].

In recent years, a new approach has been developed such that the surfaces of the 2D fillers
were coated with organic layer. These core-shell hybrid building blocks then either by self-
assembly techniques such as vacuum filtration and evaporation induced self-assembly
techniques or by tape casting [104, 106-108]. Figure 2.13 shows the schematics of the
strategy used for the fabrication of hierarchically arranged clay-polymer composite film.
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Figure 2.13 Multilevel self-assembly for the production of nacre-mimetic brick and mortar
structure by core/shell hard/soft building blocks consisting of hard inorganic clay cores and
soft polymer coatings [107, 108].

Well aligned nacre-like self-standing films of layered double hydroxides [109],
montmorillonite [110-112] and graphene oxide [113, 114] can also be prepared either by
vacuum or evaporation induced self-assembly techniques. These films have the potential of
use in composite fabrication as layered reinforcement preforms [112]. In a recent study
[114], highly aligned graphene oxide (GO) preforms (Figure 2.14.a), assembled by vacuum
assisted filtration of aqueous exfoliated GO solution and subsequently dried. In order to
fabricate composite film, produced preform was immersed in a 10,12-pentacosadiyn-1-ol
(PCDO) solution and cross-linked under UV radiation (Figure 2.14.b and Figure 2.14.c). A
reduction step was also carried out by immersing the GO and GO-PCDO films to
hydroiodic acid (HI) solution in order to remove oxygen containing groups. Despite their
low organic content, ~ 6.5 wt.%, the resultant nacre-like composite films exhibited high
tensile strength along with outstanding toughness (Figure 2.14.d) superior than that of the
nacre.
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Figure 2.14 (a) and (c) SEM images of self-standing GO and GO-PCDO films, (b) image
of GO-PCDO composite film (d) Stress-strain curves of GO and rGO films along with GO-
PCDO and rGO-PCDO composites [114].

Although, the versatility of above mentioned method enables the fabrication of nacre-like
polymer composites reinforced by various 2D building blocks, studies mainly focused on
clay [25, 30, 101, 107, 115-117] [35, 102] [39, 105], layered double hydroxide (LDH) [27,
86, 118] and graphene oxide [31, 32, 36, 103] [104] reinforced composite films. Clay and
LDH reinforced transparent and flexible composite films show enhanced mechanical
properties with respect to their neat organic counterparts and further cross linking of these
flexible free standing films with either glutaraldehyde (GA) or metal cations M™ leads to
considerable increase in strength to a level that even exceeds the strength of nacre [30, 86,
116]. These highly oriented films can be used in high performance flexible packaging of
oxygen sensitive devices, lightweight transportation bodies and functional barrier coatings
etc. [36, 39, 102, 105]. Whereas, high performance biocompatible composites reinforced by
well-aligned graphene oxide (GP) or reduced graphene oxide (r-GO) platelets reinforced
are potential candidates for biotechnology applications, such as drug delivery, cell culture,
biosensors and electroactive substrates/scaffolds for tissue engineering [32, 103, 104].

Using LBL assembly and self-assembly methodologies, nacre-mimetic thin nanocomposite
layered films were also successfully fabricated [119-122]. Figure 2.15 shows TEM images
of titania (TiO,)-polyelectrolyte and zirconia (ZrO,)-organic layered nacre mimetic films.
These LBL assembled films possessed better mechanical properties with respect to their
bulk inorganic counterparts [121, 122].
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Electrophoretic deposition [40, 41], ion-beam sputtering [42], centrifugal deposition [43]
etc. are other techniques employed to produce nacre-like bio-inspired free standing films
and coatings.
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Figure 2.15 TEM images of (a) TiO,-organic [121] and (b) ZrO, - organic [122] nacre-like
layered film structure on silicon substrates.

Although all above mentioned methodologies are effective in fabrication of strong and
though bio-inspired self-standing films or coatings exhibiting hierarchical architectures,
they can not be used to fabricate nacre-like bulk composites that can be used in structural
engineering applications. Ice-templating or so-called freeze casting method, first suggested
by Deville et al. in 2006 [123], has been used to fabricate bulk porous ceramic scaffolds.
These freeze cast ceramic scaffolds than infiltrated by a softer organic or inorganic
constituent produce layered nacre-like bulk composites [11, 44, 123, 124].

The basic principle underlying this method is similar with the sea ice formation. The
impurities in sea water are expelled from the forming ice during its formation and
entrapped in the space between crystals. Using this principle, porous ceramic scaffolds are
produced by controlled directional freezing of the prepared ceramic suspensions (Figure
2.16.a) and subsequently, sublimating the ice using a freeze drier [123]. The architecture of
the produced scaffolds is templated by the ice crystals [11].

Ice templated ceramic scaffolds exhibit similar structural features as in the case of natural
nacre such as well aligned inorganic layers along with dendritic surface roughness some of
which spans between the neighboring layers as the mineral bridges in nacre (Figure 2.16.c).
Figure 2.16.b and Figure 2.16.e indicate load-displacement curve for ice templated
hydroxyapatite-epoxy and fracture surface of alumina-epoxy layered composites,
respectively. These bio-inspired composites exhibit stable crack growth behavior and
extensive crack deflection leading to both strong and tough composite [123].
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Figure 2.16 (a) Schematics of the processing principles, (b) three-point bending load-
displacement data for ice templated HAP-epoxy composite and nacre (inset). Scanning
electron micrographs of the (c) ice templated composites, (d) nacre of abalone shell,
showing crack deflection at the lamellae and (e) ice templated alumina-epoxy composite
showing the highly torturous crack path [123].

Using ice-templating methodogy, it is also possible to fabricate composites with “brick and
mortar structure” [11, 44, 45]. By transforming the ice templated layered structure to brick-
and-mortar structure (Figure 2.17.a) through pressing, sintering and infiltrating with an
organic phase, Munch et al. [11] fabricate nacre-like hierarchically arranged alumina-
polymethyl methacrylate (PMMA) composite with an inorganic content of 80 vol% (Figure
2.17.b). Along with the sucrose addition to ceramic suspension which favored the surface
roughness and ceramic bridge formation by changing the viscosity and phase diagram of
the solvent, pressing and sintering further increased the density of the surface roughness
and ceramic bridges (Figure 2.17.c). To promote adhesion at the interface, ceramic scaffold
surfaces were grafted with y-(trimethoxysilyl)propyl methacrylate (y-MPS) before
infiltration with PMMA. As a result of the brick-and-mortar architecture, interfacial
features such as surface roughness and alumina bridges and interfacial strength along with
the high inorganic content, fabricated composite showed higher strength, stiffness and
toughness with respect to both its counterpart alumina-PMMA layered composite and
natural nacre (Figure 2.17.d-Figure 2.17.f). Fracture surface analysis of alumina-PMMA
composite with brick-and-mortar arrangement indicated that as a result of the governed
fracture mode, which is pull-out, several toughening mechanisms acting at several length
scales have contributed the overall mechanical performance as in the case of nacre [11].
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Figure 2.17 SEM images of (a) alumina/PMMA layered composites and (b)
alumina/PMMA composite with brick-and-mortar architecture. SEM images showing (c)
surface roughness of the layers or bricks (inset shows ceramic bridge (scale bar: 600 nm)).
Mechanical response of synthetic nacre-mimetic composites (d) three point bending stress-
strain curves, the influence of architecture and interfacial strength on (e) strength and (f)
crack initiation fracture toughness [11].

“Gel casting and hot-pressing” is another technique proposed to fabricate bulk nacre-like
inorganic-organic macroscopic composite films [46, 47]. In this two step technique,
inorganic-organic mixture is prepared by dissolving the polymer in an organic solvent
containing the inorganic platelets at high temperature and then, the cast mixture is cooled to
enable the gelation of the polymer network and then dried. In the second step, to achieve
bulk composite and improve alignment, cast composite was cut into pieces, superposed and
subsequently hot-pressed. Using this method, alumina platelet-polypropylene [46] and
alumina platelet-polyurethane matrix composites were fabricated [47]. The inorganic
content of the fabricated composites was limited to 50 vol% due to the fact that with the
increase in the inorganic content the increase in the platelet misalignment and void content
along with the platelet stacking (Figure 2.18) leading to a decrease in both strength and
modulus [46, 47].
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Figure 2.18 SEM images of the composites with a volume fraction (a) 30 vol% and (b) 50
vol % [46].

Various flake powder metallurgy routes are also used to fabricate nacre-mimetic bulk
composites but in these techniques the building blocks were both inorganic [48-50]. Figure
2.19 shows the flake powder processing route used to fabricate glass flake-silver (Ag)
matrix bulk composite with a nacre-like ordered structure. The fabricated composite with a
glass flake content of 80 vol% exhibited two orders of magnitude larger work of fracture
(WOF) value with respect to monolithic glass [49].

Although, all these proposed techniques are relatively simple, they are all multi-step and
time-consuming processes. Recently, a single-step process is proposed for the fabrication of
bulk nacre-mimetic composites [51]. This technique is based on the alignment of the
inorganic platelets under the applied low magnetic fields [51].
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Figure 2.19 Schematic illustration of the two step processing procedure. (a) Fabrication of
green samples with 3D printing machine (alignment is achieved by a roller, and polyvinyl
alcohol (PVA) is used as a binder), (b) green samples are hot-pressed (flakes are
consolidated and bonded by the coating which becomes the matrix layer. PVA is removed
during heating), (c) microstructure of the fabricated composite, (d) fracture surface of the
composite showing crack deflection at the powder/matrix interface [49].

Magnetic field induced alignment is a widely encountered concept in fabrication of textured
crystalline materials [125-128] and composites reinforced by highly oriented 1D and 2D
fillers [129-133]. The main drawback of this technique is the required high magnetic fields
especially for the alignment of materials with low intrinsic anisotropic magnetic
susceptibility [51, 134]. In most cases, this dilemma is overcome by tailoring the surface of
the material with either magnetic nanoparticles [51, 133, 135, 136] or ferromagnetic
coatings [137, 138] to enhance the magnetic response and to facilitate the control over the
structural organization. Erb et al. used magnetic alignment technique and suggested that
with the use of the right geometry along with the determination of appropriate size and
aspect ratio of the reinforcing elements and decorating the surface with superparamagnetic
nanoparticles, it is possible to fabricate composite structures with different three-
dimensional hierarchical arrangements (Figure 2.20) under the applied low external
magnetic fields [51]. The results achieved have been indicated that by changing the surface
concentration of the magnetic nanoparticles decorated on the surface of the platelets and
applying a combination of magnetic fields, it is possible to control the architecture which
enables the tailoring of the properties in specific directions (Figure 2.20) [51].
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Figure 2.20 (a), (b) and (c) SEM images of the alumina platelet-polyurethane composites
with different hierarchical arrangements, (d) tensile stress vs. strain curves of 20 vol%
alumina platelets-polyurethane (PU) matrix composites having different hierarchical
arrangements along with stress-strain curve of neat PU, (e) flexural modulus and out-of-
plane hardness composites with different combinations of reinforcement orientation [51].
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On the account of the above discussions, it is clear that up-to-date various processing routes
have been proposed to replicate the hierarchical “brick-and-mortar” structure of nacre and
its mechanical properties. Most of these studies have been focused on the fabricating nacre-
like bio-inspired coatings and free standing films and, few studies have been dedicated to
finding new pathways to fabricate nacre-like bulk composites. Although, significant
advances and success achieved in production of strong, stiff and tough composites, there is
still a need for a processing strategy which is;

- simple and one-step,

- time and man-power efficient,

- easily scalable,

- effective in alignment of the 2D reinforcing building blocks,

- effective in fabrication of bulk composites that can be used in large scale
components and,

- enables the fabrication of nacre-like composites with high reinforcement contents.
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2.3. Surface Functionalization with Organofunctional Silane Coupling Agents

Mechanical behavior of inorganic-organic composites is strongly affected by the properties
of the interface between the reinforcement and matrix. Wettability and adhesion are
important factors that control the effective load transfer from matrix to reinforcements, and
hence play a crucial role in determining the overall performance of the material. Coupling
agents are generally used to achieve compatibility and improve adhesion by acting as
chemical bridges at the interface between two dissimilar materials such as inorganic
reinforcement and organic matrix.

2.3.1. Organofunctional Silane Chemistry

Organofunctional silanes, with the general formula X—(CH,),-Si(OR)3, are the most widely
used coupling agents. Silanes are monomeric silicon chemicals that exhibit dual nature of
reactivity, both inorganic and organic, in the same molecule and hence, have the ability to
bond inorganic material to organic material. The hydrolysable group, (OR), is generally
alkoxy based such as methoxy, ethoxy, or acetoxy. This group can react and make strong
chemical bonds with the hydroxyl groups of inorganic surfaces. The X group is a non
hydrolysable organic moiety that possesses organic functionality such as epoxy, amino,
methacryloxy, vinyl etc. This group provides the linkage to polymer and hence, should
have organic compatibility [139-143]. Schematics of simplified chemical bridging
mechanism of organofunctional silanes is shown in Figure 2.21.

Organofunctional Hydrolyzable
group alkoxy group

Organic | Ino i
Pohmer | —— }{Wsl|—0|?<j:l Substrate

X oo Si—0 —

Figure 2.21 Organofunctional silanes acting as molecular bridges between inorganic
substrate and organic matrix.
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Silane molecule can link to polymer through chemical reactions and/or physiochemical
interactions such as hydrogen bonding, interpenetrating network bonding mechanism
(Figure 2.22) etc. [142, 143].

Chernially Bonded Chernically Bonding &
Interface IPNi'afﬂphase

.+.+ o +.+.+'+.

.-r ..++++.
I o9

* % *
4 l li«llil
e

'+
oe

*
+
- -
160 e 00
.+
*
+

l
'

Tale, mineral, glass, ete, . Couplingagent OPDI}rmer

Figure 2.22 Interpenetrating bonding mechanism (IPN) [141].

Properties of the organic moiety of the silane molecule play a crucial role in selection of
appropriate silane. For thermoset resins, chemical reaction between the organofunctional
group and the resin is the main proposed mechanism for the interaction of the silane and
polymer although interpenetrating network mechanism can also act to provide linkage.
Therefore, the reactivity of the organofunctional group of the silane should match with the
reactivity of the resin for copolymerization of silane with the resin [143, 144]. For instance,
to achieve coupling between the inorganic substrate, such as inorganic fillers and
reinforcements, and epoxy resin, silanes with epoxy and amino functional groups can be
used. The interaction of the amino functional silane and the epoxy occurs through the
chemical reaction between the reactive group and the epoxy moiety of the resin [145, 146].
For silanes with epoxy functionality, organofunctional group take part in the crosslinking of
epoxy with the addition of hardener [147, 148]. Figure 2.23 illustrates the reaction between
epoxy resin and two widely used silanes, namely, aminopropyltriethoxysilane and
glycidoxypropyltrimethoxysilane.

For thermoplastics, interdiffusion and interpenetrating polymer network mechanism has
been the suggested mechanism for the interaction between the silane and the thermoplastic
polymer [149]. On this account, for thermoplastics, organofunctional group of the
silane should be compatible with the thermoplastic [144]. Table 2.1 lists some
thermoset and thermoplastic polymers and recommended silane coupling agent
class.
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Due to their dual nature and the ability of forming molecular bridges between organic
polymers and inorganic materials, organofunctional silanes are mostly used as adhesion
promoter, crosslinker and coupling agent [140, 141, 146].

Table 2.1 Silane coupling agents for some thermosets and thermoplastics.

Polymer Organofunctionality of silane
Epoxy Amino
Epoxy
Polyacrylate Amino
Epoxy
Methacrylic
Vinyl
Polyester Methacrylic
Polyolefin Amino
Vinyl
Polyurethane Amino
Epoxy
Isocyanate
Polysulfide Epoxy
Vinyl

Surface modification of filler surfaces with silanes offers following advantages [140-142]:

- Improvement in the reinforcing effect of the filler and hence, in mechanical
properties

- Modification of surface characteristics (water repellency or hydrophobicity)

- Enhancement in dispersion of fillers

- Improvement in wet-out between resin and filler

- Decrease the viscosity during compounding

- Improvement in dimensional stability

- Improvement in electrical properties, etc.
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2.3.2. Functionalization of Inorganic Surfaces with Organofunctional Silanes

Reaction mechanism between silane and the inorganic surfaces is illustrated in Figure 2.24.
In hydrolysis step, the alkoxy groups (OR) of the silane react with water or even with the
moisture absorbed on the inorganic surface and hydrolyzes in a step-wise manner to form
forming alkoxysilanol mono- and di-, and finally silane tri-ols (RSi(OH)3) releasing alcohol
(MeOH) [142, 143, 146, 150].

Condensation of silanols to form oligomers may start following the replacement of first and
second OR units with hydroxyl units (OH). Hydroxyl groups of silanes interact with the
hydroxyl groups of the inorganic surface and physisorbed via hydrogen bonding. Finally,
this physisorbed silane layer is fixed by drying and curing via covalent bond formation
[142, 143].

However, in real situation, functionalization of inorganic surfaces with silanes is not a
simple task rather it is very complicated process. Hydrolysis and condensation reactions are
influenced by many factors such as initial concentration of silane solution, pH, used
solvent, the amount of water present, hydrolysis time, silane type etc [151-153]. As silanols
formed upon the hydrolysis of silane molecules are very reactive, they have a tendency to
self-condense with other silanols or alkoxysiloxanes and form siloxane networks. Silane
molecules that are self-condensed and formed siloxane network may also crosslink or
aggregate on the surface of inorganic substrate and form an inhomogeneous multilayer
silane structure [154]. Therefore, in terms of effectiveness of the silane coupling agent,
application of silanes as monomers is better than condensed siloxane oligomers [144].

The tendency of self-condensation can be controlled by taking various precautions such as
using fresh solutions, low silane concentrations, alcoholic or organic solvents and by
adjusting the pH of the used solvents [143, 154]. For instance, the condensation reaction of
reactive silanol groups occurs very rapidly in water. However, the hydrolysis and
condensation reactions in agueous alcoholic or organic solutions proceed more
homogeneously [155]. Furthermore, reaction of reactive silanol groups with other silanols
and alkoxysiloxanes and hence, self-condensation can be retarded by adjusting the pH of
the solvent to 4-5, as at this pH range condensation takes place very slowly whereas the
hydrolysis reaction proceeds faster (Figure 2.25) [154, 156]. It has been also suggested that
keeping the concentration of the silane in solution in the range of 0.01 wt. % — 2 wt. % is
beneficial to avoid the condensation of oligomeric silanes [157].

The interaction of silanol moieties with inorganic surfaces, the orientation of the silane
molecule at the inorganic surface along with the nature and the thickness of the silane layer
are also strong function of processing parameters, such as pH, used solvent, drying
temperature and time, properties of the inorganic substrate surface, etc [150, 154, 158].
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Figure 2.25 pH dependence of hydrolysis and condensation reaction of silanes [156].

Silane interphase consists of chemisorbed and physisorbed silanes [155, 159]. Thickness
and the crosslink density of the silane layer and also the amount of the physisorbed silanes
on the outermost layers effects the performance of the silane coupling agent and hence,
interfacial strength [155, 159, 160]. Surface functionalization using a silane solution
containing concentrated, condensed silane oligomer species may result in formation of
thick silane layer [144]. In thick silane layers, weak outermost physisorbed layer may lead
to a decrease in the interfacial strength [160]. Furthermore, if the thickness of this layer is
on the order of hundred nanometers, the mechanical performance of this layer can affect
and contribute to the overall performance of the composite [144].

Increase in crosslink density may also decrease the effectiveness of the silane layer [160].
Soto et al. [161] indicated that silane treatment of reinforcements led to a decrease in the
mechanical performance of the composite due to the formed of dense highly-reticulated
silane interlayer which limits the interaction between silane functional groups and organic
matrix.

Kurt et al. [162] and Simon et al. [152] studied the effect of used solvent on the adsorption
of 3-Aminopropyltriethoxysilane (APS) on inorganic surfaces and indicated that the
adsorption from aqueous solutions results in formation of thick multilayer films [152, 162]
whereas silane treatment in anhydrous solvent leads to more stable and homogeneous APS
layer with limited aggregates as compared to silane treatment in acidic aqueous solution
[152]. In another research, it has been found that elevated drying or curing temperatures,
may lead to oxidation of epoxy ring [163] along with high crosslinking or deterioration of
the y-glycidoxypropyltrimethoxysilane films, deposited on oxidized aluminum substrate
[158].
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The performance of silane coupling at the interface is strongly influenced by the interaction
of silane molecules with the inorganic surface and their orientation which also depends on
the processing variables, as aforementioned. For instance, for silanes with epoxy- or amine-
functionality, silane molecules can either interact with the platelet surface through silanol
groups or through epoxide ring for epoxy-functional silane and protonated amino group for
amino-functional silane [150, 155, 164, 165]. For an effective coupling, the interaction
between the silane molecules and inorganic surface should occur via silanol groups and the
organofunctional groups should orient upright with respect to the inorganic surface so that
they can link to the organic polymer, for instance, they can take part in reaction with epoxy
resin as shown in Figure 2.23.

To sum up, various factors characterize the silane layer and affect its performance such as
interaction of silane molecules with the inorganic surface and their orientation, the fraction
of available organofunctional groups for linkage with the organic polymer along with the
homogenity of the adsorbed silane layer, silane up-take, the amount of physisorbed silanes
on the outermost layers, etc. However, the influence of each variable is complicated [155].

For the characterization of the silane functionalized surface, most widely used techniques
are X-ray photoelectron spectroscopy (XPS) [148, 158, 165-168], fourier transform infrared
spectroscopy (FT-IR) [147, 168-170], time-of-flight secondary ion mass spectroscopy
(ToF-SIMS) [148, 158], contact angle measurements [166, 167, 171] etc. Among these
techniques, throughout this study, XPS technique was used in order to characterize the
surfaces of the functionalized inorganic reinforcements. Therefore, in the following sub-
section, brief information about X-ray photoelectron spectroscopy technique will be given.

2.3.3. Surface Characterization Technique: X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a qualitative and quantitative surface sensitive
analytical technique that gives information about surface elemental composition as well as
electronic and chemical state of the surface species [172, 173]. Using XPS technique, all
elements other than H and He can be identified [172].

XPS uses photons to irradiate the material surfaces and hence, gives less damage to easily
degraded materials as compared to Auger spectroscopy or Secondary ion mass
spectrometry. Therefore it is much more preferred technique for the study of easily
degraded materials such as polymers [174].

XPS technique is mainly used to identify and quantify the elemental composition as well as
to study the chemical reactions which occur at the top few atom layers of materials [174].
The sampling depth of XPS technique is on the order of 5-10 nm [173]. In order to
eliminate the contamination of the sample surfaces, XPS instruments operate at ultra high
vacuum (<107 Pa) [173, 174].
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XPS is based on the photoelectric effect. Each surface atom has core electron with the
characteristic binding energy that is generally equal to the ionization energy of that
electron. When the specimen surface is irradiated with photons, an electron is ejected from
either a valence electron shell or an inner core electron shell. Figure 2.26 shows the process
of photoelectron emission [174].
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Figure 2.26 The process of photoelectron emission [174].

The kinetic energy of the ejected electron, Ey, is given by Equation 2.2;

Ex=hv-Ei-6 (2.2)

where hv is the X-ray photon energy, E; is the electron binding energy and ¢ is the work
function of the specimen induced by the analyzer. The energy of the ejected electron, Ey
can be measured by energy analyzer. X-ray photon energy, hv is specified from X-ray
sources (for Al K,, hv=1486.6eV, for Mg K, hv=1253.6 eV). Since the work function, ¢,
can be compensated artificially, electron binding energy can be calculated by using
Equation 2.3 [174].

Ei=hv-Ey (2.3)

39



XPS spectrum shows the photoelectron counts versus binding energy. Electronic core levels
of the atoms in the close surface region appears as the characteristic peaks in this spectra
and allows the identification of the atoms and quantify the relative surface composition
[173, 174].

Beside photoelectrons, photoionization can also lead to emission of auger electrons.
Therefore, XPS spectrum consists of photoelectron and Auger peaks superpositioned on
background due to inelastic scattering in the sample. Before identification of the
photoelectron peaks, these auger peaks should be specified [174].

Each element has its own photoelectron spectrum and this spectrum exhibits several
features at different binding energies due to the fact that two elements can not have the
same set of binding energies. Therefore, the position of the peaks along with their shapes
can give information of the chemical state or chemical states of the elements [172]. For
instance, when two atoms interact to form a compound, electron transfer occurs leading to
change in the electron binding energies usually on the order of few eV [174]. This change
in binding energy (changes in peak positions or chemical shifts in XPS spectra), allows the
identification of chemical state of an atom [173, 174].

When photoelectron peaks are closely spaced and form a peak envelope with multiple
photoelectron peak contributions, it is possible to apply peak fitting techniques to
deconvolute the peak envelope to its contributors and identify the chemical states [172-
174].

XPS surface characterization technique also allows the identification of surface elemental
composition as a function of depth. To do this, surface of the sample is bombarded with
argon ions to remove the atom layers while taking the XPS spectra [174]. However, the
main drawback of depth profiling is that bombardment with argon ions may lead to a
change in the chemical state of the surface and hence, chemical state identification cannot
be performed accurately [174].
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CHAPTER 3

EXPERIMENTAL PROCEDURE

In the scope of this dissertation, nacre-like bulk lamellar composites reinforced by aligned
2D inorganic fillers were fabricated using a hybrid conventional method called “Hot-Press
Assisted Slip Casting (HASC)” process. High aspect ratio alumina platelets along with
glass platelets and flakes were used as inorganic 2D fillers while low viscosity epoxy resin-
hardener system was used as the matrix material. Micro-scale hierarchical arrangement and
mechanical properties of the fabricated bio-inspired bulk lamellar composite materials were
characterized.

In this chapter, the details of the novel technique HASC processing along with the physical
properties of the materials used will be mentioned. Furthermore, the methods used to
characterize the fabricated bio-inspired bulk composites with brick-and-mortar structure
will be stated.

3.1 Materials

Inorganic—organic bulk lamellar composites were fabricated by reinforcing the epoxy resin
with 2D alumina (Al,O3) and glass reinforcements. Generally, 2D reinforcements are
characterized by their high aspect ratios, o, which can be defined as the ratio of diameter
of reinforcement to its thickness. 2D reinforcements with an aspect ratio ranging between 4
and 30 are classified as platelets, whereas 2D reinforcements with an aspect ratio of 50-200
are classified as flakes [175].

Physical properties and the designation of the inorganic 2D platelets and flakes that were
used in this study are summarized Table 3.1. Alumina platelets (AP) are polygonal in-shape
with in-plane diameter (basal plane) of ~10 um and thickness of ~0.30 um (Serath
YFA10030, Kinsei Matec, Okayama, Japan). Glass platelets (GP) are modified C-glass and
highly corrosion resistant with an average diameter of <50 um and thickness of 2.3-3.3 um
(ECR GF003, Glass Flake Ltd., Leeds, UK). Glass flakes (GF) are chemically resistant high
aspect ratio C-glass flakes with an average diameter of 300 um and a thickness of 2 pm
(RCF2300, NSG Co. Ltd., UK). Chemical composition of GP glass platelets and GF glass
flakes are shown in Table 3.2. Figure 3.1 demonstrates the SEM images of inorganic
reinforcements used in this study.
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Table 3.1 Properties of the inorganic reinforcements used in this study.

S Densi Aspect Ratio
Designation Type Morphology ensity P

(9/cm3) (o)
AP a-Alumina Platelet 3.98 ~33
GP Modified C-Glass Platelet 2.6 ~15-20
GF C-Glass Flake 2.5 ~ 150

/ . 1 mm 'f'

Figure 3.1 SEM images of (a) alumina platelets, (b) glass platelets and (c) glass flakes.
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For the matrix, two different epoxy resins, namely Uni-Mount and Epo-Fix, were used.
Uni-Mount resin is a low viscosity Bisphenol A-diglycidyl ether based epoxy resin and its
hardener is 2,2’-dimethyl-4,4’-methylenebis(cyclo-hexylamine) (Electron Microscopy
Sciences, Hatfield, UK). Density of UniMount resin and its hardener is 1.13 g/ml and 0.96
o/ml, respectively. Epo-Fix resin system is another low viscosity resin containing
Bisphenol A-diglycidyl ether with hardener containing triethylenetetramine (Struers
GmbH, Germany). Density of Epo-Fix resin and hardener is 1.1 g/ml and 0.98 g/ml,
respectively.

The reason of using two different epoxy resin systems was the problems encountered in the
supply of Uni-Mount resin and its hardener due to the stock problems. For that reason, the
experimental studies began with the use of Uni-Mount epoxy resin, but continued with the
use of another low viscosity epoxy resin, Epo-Fix. Figure 3.2 shows the chemical structure
of Bisphenol A-diglycidyl ether based epoxy resins together with the hardeners used in this
study.

Table 3.2 Chemical composition of modified C-glass platelets (GP) and C-glass flakes
(GF).

GP GF
Sio, 64-70% 65-72%
AlLO; 3-6% 1-7%
B,0s 2-5% 0-8%
Zno 1-5% 0-6%
Na,0+K,0 8-16% 9-13%
MgO 1-4% 0-5%
Ca0 3-7% 4-11%
TiO, 0-3% -
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Figure 3.2 Chemical structure of Bisphenol A-diglycidyl ether, 2,2’-dimethyl-4,4’-
methylenebis(cyclo-hexylamine) and triethylenetetramine.

For the surface treatment of the platelets, silanes having different functional groups; namely
epoxy- and amino-functional were used. Epoxy- and amino-functional silane coupling
agents used in this study were y-glycidoxypropyltrimethoxysilane (GPS, Silquest A-187,
Momentive Performance Materials Inc., Ohio, USA) and y-aminopropyltriethoxysilane
(APS, Silquest A-1100, Momentive Performance Materials Inc., Ohio, USA). Chemical
structure of these organofunctional silane coupling agents is shown in Figure 3.3. During
the surface treatments reagent grade glacial acetic acid, ethanol and toluene were used.
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Figure 3.3 Chemical structure of silane coupling agents used in this study (a) GPS (epoxy-
functional silane), (b) APS (amino-functional silane).

3.2 Fabrication of Inorganic—-Organic Bulk Lamellar Composites with As-received
Inorganic Platelets/Flakes

Throughout the study, epoxy matrix composites reinforced by inorganic platelets/flakes
were fabricated using the hybrid conventional method called “Hot-press Assisted Slip
Casting (HASC).” This novel technique combines two conventional processing methods;
hot-pressing and slip-casting, to achieve hierarchical arrangement of the platelets/flakes in
epoxy matrix and enhance volume fraction of the reinforcement. In this technique, a porous
plaster, inside the rectangular cross-sectioned steel die, functions as a filter draining the
excess resin and aids in increasing the reinforcement content together with the alignment of
the platelets by the flow of the resin during the hot-pressing process.

Before each process, plaster of paris (pattern plaster), mixed with water at a ratio of 7:10
(plaster of paris:water) by weight, was cast into the steel die having an inner cavity of 20 by
27mm and allowed to dry at room temperature for ~1 day. Following this, the steel die,
together with the disposable plaster cast into it, was placed and held in a drying oven at
40°C until composite processing to achieve further drying and to avoid absorption of
humidity from air.

For the fabrication of the inorganic-organic composites, inorganic platelets were mixed
with epoxy resin and hardener according to the ratios suggested by the manufacturer for the
two component resin system at 2000 rpm using a planetary centrifugal homogenizing mixer
(Thinky ARE-310, Tokyo, Japan), which provides uniform stirring during rotation and
revolution. In the final mixture, volume fraction of inorganic reinforcements was ~22 vol%
and ~20 vol% for alumina and glass platelets, respectively.

Prepared inorganic reinforcement-epoxy slurry was poured into the steel die. This die

assembly was then placed in a conventional hydraulic hot-press, and initial pressure was
applied until resin flow initiates through the porous plaster from underneath the steel die.
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Following this, pressure was increased incrementally in a very gentle manner until the
desired pressure level was reached. Temperature of the system was also increased
simultaneously with the increase in pressure. Finally, the system was kept at 120°C for 20
min under the applied pressure to cure the epoxy matrix. Hot-press Assisted Slip Casting
(HASC) method is schematically illustrated in Figure 3.4.

3.2.1 Alumina Platelets — Epoxy Matrix Bulk Lamellar Composites

For the fabrication of alumina platelet reinforced composites, low viscosity Bisphenol-A
based Uni-Mount epoxy resin was used as the matrix material. Alumina platelets were
mixed with epoxy resin and hardener, according to the ratio suggested by the manufacturer
for the two component resin system (with a ratio of 6:20 by weight) at 2000 rpm using a
planetary centrifugal homogenizing mixer. In the final mixture, volume fraction of platelets
was ~22 vol%.

In order to investigate the effect of hot-pressing pressure on the platelet alignment and
inorganic platelet content, six different pressures of 25, 50, 100, 150, 200 and 250 MPa
were applied. To reveal the effect of platelet alignment and volume fraction on the
improvement of the mechanical properties, neat epoxy as well as simple mixed (SM)
samples (as-mixed and cured without applying pressure) were also prepared as control
samples applying the same curing cycle.

3.2.2 Glass Platelets/Flakes — Epoxy Matrix Bulk Lamellar Composites

In order to investigate the effect of hot-pressing pressure on the alignment and volume
fraction of the glass reinforcements and also to determine the optimum hot-pressing
pressure, glass platelet reinforced composites were HASC processed under the applied hot-
pressing pressures of 25, 50, 75, 100, 125 and 150 MPa. Optimization of process pressure
and investigation of its effect on the composite microstructural architecture of the
composites were performed in glass platelet-epoxy system due to the fact that glass
platelets (GP) have lower in-plane dimension and thickness as compared to glass flakes
(GF). To reveal the effect of platelet alignment and volume fraction on the improvement of
the mechanical properties, neat epoxy as well as simple mixed (SM) samples (as-mixed and
cured without applying pressure) were also processed as control samples applying the same
curing cycle.

After the determination of the optimum hot-pressing pressures, glass flake reinforced
composite samples were also fabricated. For the fabrication of glass platelet or glass flake
reinforced epoxy matrix composites, low viscosity Bisphenol-A based Epo-Fix epoxy resin
was used as the matrix material. Two component resin system was mixed according to the
ratio suggested by the manufacturer (with a ratio of 6:20 by weight) before addition of the
glass platelets or flakes into the mixture. For these composites, volume fraction of
platelets/flakes was ~20 vol% in the final mixture.
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Figure 3.4 Schematic illustration of Hot-press Assisted Slip Casting Method (HASC).
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3.2.3 Glass Flake-Epoxy Matrix Composites Fabricated by HASC at Low
Processing Pressures

Glass flake-epoxy matrix composites with lower inorganic contents were also fabricated by
HASC processing at low processing pressures. The applied processing pressures were kept
lower than 10 MPa. For the fabrication of glass flake reinforced epoxy matrix composites,
low viscosity Bisphenol-A based Epo-Fix epoxy resin was used as the matrix material. By
taking into consideration the experimental findings that will be mentioned in Chapter 4, the
glass flake content was kept lower than 20 vol% in the initial inorganic-organic mixture to
decrease the viscosity of the initial mixture.

3.3 Surface Functionalization of Inorganic Platelets
3.3.1 Surface Treatment of Alumina Platelets

To achieve compatibility and interfacial bonding between inorganic reinforcement and
organic matrix, surfaces of the alumina platelets were treated with two silane coupling
agents having different organofunctionality; y-glycidoxypropyltrimethoxysilane (GPS) and
y-aminopropyltriethoxysilane (APS). The amount of silane required for theoretical
monomolecular layer coverage can be calculated using Equation 3.1 where SAF and SWS
are the surface area of the filler and the specific wetting surface or surface area coverage of
the silane in m?/g, respectively [176].

Weight % of silane = SAFE (3.1)
SWS

As long as the values of the SAF and SWS are known, the amount of silane required for
monomolecular layer coverage can be determined. The surface area of the alumina platelets
is given by the manufacturer as 2.38 m?g. The specific wetting surface values for the y-
glycidoxypropyltrimethoxysilane (GPS) and y-aminopropyltriethoxysilane (APS) are stated
by the manufacturer as 330 m%g and 353 m?g, respectively. Therefore, the required
amount of silane for monomolecular layer coverage has been calculated as 0.72 wt.% and
0.67 wt.% for GPS and APS, respectively, in terms of the percentage of the reinforcement
to be surface treated. However, to ensure the full treatment of the platelets excess amount of
silane, ~2 wt.%, was used throughout the study.

3.3.1.1 Surface Treatment with GPS

Treatment of the alumina platelet surfaces with epoxy-functional silane was performed in
two different solvents; 96vol% ethanol - 4vol% distilled water and distilled water. Used
solvents and the designation of the treated platelets are given in Table 3.3.
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Silane solution was prepared by addition of 1 vol% coupling agent drop by drop to
prepared solvent under stirring. Before silane addition, pH of the solvent was adjusted to
~4.5 with diluted acetic acid to catalyze the hydrolysis process. Silane solution was stirred
for 15 min and left for 1 h to allow complete hydrolysis of the silane. After complete
hydrolysis and silanol formation, inorganic platelets were added to silane solution and
sonicated in ultrasonic bath to achieve complete wetting of the platelets. The suspension
was then filtered off to remove the solvent as well as unreacted silanol groups and dried at
120 °C for 1 h.

3.3.1.2 Surface Treatment with APS

Silanes with amino reactive end groups can be easily hydrolyzed in many solvents without
the need to catalyze the solution. Consequently, for this silane type, silanization treatment
were carried out in three different solutions; toluene, 96 vol% ethanol-4 vol% distilled
water, distilled water. Designation of the surface functionalized platelets together with the
solvent used in treatment is summarized in Table 3.3.

Silanization Treatment in Toluene and 96 vol% Ethanol—4 vol% Distilled Water Solutions:

1 vol% APS was added drop by drop to the solvent solution, at natural pH of the solution,
while stirring. For hydrolysis of the coupling agent, silane solution was stirred for extra 15
min before adding the alumina platelets. To achieve complete wetting of the platelets,
alumina platelet added mixture was further stirred before filtering off. Filtered cake was
dried at 110 °C for 1 h under vacuum.

Silanization Treatment in Distilled Water (Suggested by Dow Corning):

1 vol% APS was added drop by drop to the distilled water while stirring. After addition of
the silane, pH of the aqueous silane solution was adjusted to ~4 to retard the reaction
between the silanols and the condensation of siloxanes with the addition of glacial acetic
acid. For hydrolysis of the coupling agent, silane solution was stirred for extra 15 min and
alumina platelets were added while the solution being stirred by high speed stirrer
(Heidolph Silent Crusher M, Germany). To achieve complete wetting of the platelets,
alumina platelet added mixture was stirred before filtering off. Filtered cake was dried at
110 °C for 1 h under vacuum.

49



Table 3.3 Designation of the surface treated platelets, type of silane and the solvent used in
surface modification procedure.

Designation Silane Type Solvent
S1 GPS 96vol%Ethanol-4vol%Distilled water
S2 GPS Distilled water
S3 APS Toluene
S4 APS 96vol%Ethanol-4vol%Distilled water
S5 APS Distilled water

3.3.2 Surface Treatment of Glass Platelets and Flakes

Surfaces of the glass platelets and flakes were treated with y-aminopropyltriethoxysilane to
achieve compatibility and interfacial interaction between the reinforcements and the epoxy
matrix. The weight % of amino-functional silane required to achieve monomolecular layer
coverage could not be calculated as the surface area of the glass platelets and flakes are
unknown. Although, the required amount of silane would be lower as compared to the
alumina platelets as a result of their larger dimensions, and hence lower surface area, the
total amount of silane was kept at ~2 wt.% for both glass platelets and flakes due to the fact
that unreacted excess silanol groups would be removed during the filtering step. Silane
functionalization of the glass platelets and flakes were performed using toluene as solvent
at natural pH of the solution.

For functionalization of the glass platelets, 1 vol% APS was added drop by drop to the
solvent solution while stirring. For hydrolysis of the coupling agent, silane solution was
stirred for extra 15 min before adding the glass platelets. After the addition of the glass
platelets, to achieve complete wetting of the platelets, mixture was further stirred before
filtering off. Filtered cake was dried at 110 °C for 1 h under vacuum.

For glass flakes, silane treatment procedure was exactly same as the treatment of glass
platelets with an exception that treatment of flakes was performed with 0.25 vol% silane
solution. This situation arose from the fact that the addition of flakes to 1 vol% silane
solution had increased the viscosity of the mixture to a level that mixing became almost
impossible. For that reason, silane solution was diluted with the addition of extra toluene
and optimum amount of solvent was determined.
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3.4 Fabrication of Inorganic-Organic Bulk Lamellar Composites with Surface
Treated Platelets

Surface functionalized inorganic platelet/flake reinforced epoxy matrix bulk lamellar
composites were fabricated in the same way as described in Section 3.2.

3.4.1. Bulk Lamellar Epoxy Matrix Composites Reinforced by Surface Treated
Alumina Platelets

For the fabrication of composites reinforced by surface functionalized alumina platelets,
Epo-Fix resin was used as the matrix material. Composites were fabricated under the
applied hot-pressing pressure of 100 MPa. In order to investigate the effect of platelet
alignment and surface functionalization on the resulting mechanical properties, in addition
to the composites fabricated by HASC under the applied hot-pressing pressure of 100 MPa
(HASC-100MPa), simple mixed (as-mixed and cured without applying pressure) samples
with as-received and surface treated platelets were also prepared.

3.4.2. Bulk Lamellar Epoxy Matrix Composites Reinforced by Surface Treated
Glass Platelets and Flakes

Surface treated glass platelet and flake reinforced epoxy matrix composites were fabricated
by HASC process under the applied pressure of 50 MPa and 100 MPa. For the fabrication
of the composites, Epo-Fix resin was used as the matrix material. To investigate the effect
of platelet/flake alignment and surface functionalization on the resulting mechanical
properties, simple mixed samples reinforced by surface treated platelets were also prepared.

Furthermore, composites reinforced by mixed glass reinforcements were also fabricated by
HASC under the applied pressure of 50 MPa and 100 MPa. The designation of the
fabricated composites and the relative volume fractions of glass platelets and the glass
flakes in the glass reinforcement mixture are presented in Table 3.4.

3.4.3. Bulk Lamellar Epoxy Matrix Composites Reinforced by Surface Treated
Glass Flakes Fabricated by HASC at Low Processing Pressures

Surface functionalized glass flake-epoxy matrix composites with lower inorganic contents
were also fabricated by HASC processing at low processing pressures. The applied
processing pressures along with glass flake content in the initial inorganic-organic mixture
were same with those of the composite samples reinforced by as-received glass flakes
mentioned in Section 3.2.3.
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Table 3.4 Designation of the fabricated composite, relative volume fraction of glass
platelets and glass flakes.

Volume Fraction of Volume Fraction of

Designation Glass Platelets (GP) Glass Flakes (GF)

(%) (%)
100GP:0GF 100 0
90GP:10GF 90 10
70GP:30GF 70 30
50GP:50GF 50 50
30GP:70GF 30 70
10GP:90GF 10 90
0GP:100GF 0 100

3.5 Characterization
3.5.1 Determination of Inorganic Reinforcement Content

In order to determine the inorganic reinforcement content of composite samples (by weight
percent), thermogravimetric analysis were carried out using thermogravimetric analyzer
(TA Instruments SDT Q600). At least three specimens from each sample were analyzed
from room temperature to 700°C with a heating rate of 10°C/min under air atmosphere. The
weight percentage of the epoxy, which was removed physically by combustion, and that of
the residue (inorganic platelets or flakes) were determined for each analysis. The volume
percentage of the reinforcement (Vgr%) was calculated using Equation 3.2.

Wepw

V;% =
Pr(1—Wg) +pyWe

x100 (3.2)

Wk is the determined weight percentage of the reinforcement, where pg and py are the
theoretical density of reinforcement and density of epoxy, respectively.

Densities (p) of the neat epoxy samples were determined by Archimedes’ principle

(Equation 3.3) using water as an immersion medium. Dry weight (Wgy), saturated (Wss)
and suspended (Wy,s,) Weights of the samples were measured using a precision balance.
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3.5.2 Microstructural Characterization

Specimens, cut from each composite with diamond precision saw (Buehler IsoMet 5000),
were mounted in cold mounting epoxy resin. In order to remove the surface roughness and
to obtain a flat surface, specimens were ground by a standard metallographic process using
silicon carbide emery papers. For the microstructural characterization, surfaces of the
specimens were polished with 1 pum and 0.5 pm diamond suspensions. Microstructural
characterization of the as-processed composites was conducted using scanning electron
microscope (SEM) (FEI Nova Nano SEM 430). Fracture surfaces of the three-point
bending specimens were also examined using SEM (JEOL JSM-6400 and FEI Nova Nano
SEM 430).

3.5.3 Mechanical Characterization

Mechanical characterization of the fabricated composites was conducted through hardness,
three-point bending and work of fracture tests (WOF). For all these tests, applied loading
direction was parallel to hot-pressing direction (perpendicular to reinforcement basal
surfaces). For all mechanical tests, specimens from each composite were cut with diamond
precision saw (Buehler IsoMet 5000).

3.5.3.1 Hardness Measurement

Vickers hardness measurements of the composites reinforced by as-received alumina and
glass platelets were carried out using microhardness tester (Shimadzu HMV 2 E) with an
applied maximum load of 0.5 kg for 10 seconds.

3.5.3.2 Three-Point Bending Tests

Flexural strength, strain and modulus of the composites were measured by three-point
bending tests. Length (1), width (b) and thickness (d) of the three-point bending specimens
were 20, 5 and 1 mm, respectively. Tests were conducted using a using a screw-driven type
testing machine (Instron 5565A) with a span length of 16 mm and cross-head speed of 0.4
mm/min. From the load vs. deflection data, flexural strength (o) and strain values (gf) were
calculated using Equation 3.4 and Equation 3.5, respectively.
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where;

P = load at a given point on the load deflection curve, N,

D = maximum deflection of the center of the specimen, mm,
S = support span, mm,

b = width of the specimen tested, mm,

d = depth (thickness) of the specimen tested, mm

3.5.3.3 Work of Fracture Tests

In addition to the three-point bending tests, to investigate the effect of interfacial bonding
on the crack growth behavior and energy required for fracture, work of fracture tests were
also conducted for composites reinforced by as-received and silane treated reinforcements.
The specimens with single edge notch beam (SENB) geometry were tested with a span of
16 mm and cross-head speed of 0.05 mm/min using the afore mentioned screw-driven type
testing machine. Length (I), width (b) and thickness (d) of the work of fracture test
specimens were 20, 3 and 4 mm, respectively. The span (S)/thickness (d) ratio was kept as
4 to facilitate stable fracture [15]. The notch, with a size of 0.45d-0.55d, was machined with
diamond saw and a sharp pre-crack at the root of the machined notch was introduced by
sliding a fresh razor blade across the notch. After the tests, area under the load-
displacement curves (E) were computed, and fracture surface areas of the specimens were
measured (A). Using these values in Equation 3.6, work of fracture (WOF) values for each
specimen was calculated.

WOF = — (3.6)

3.5.4 X-Ray Photoelectron Spectroscopy (XPS)

Surface functionalization of the inorganic reinforcements with silane coupling agents was
characterized by X-ray photoelectron spectroscopy (XPS) (PHI 5000 Versa Probe). XPS
analyses of both as-received and silane-treated alumina and glass reinforcements were
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carried out using monochromatic Al Ko radiation source. XPS survey spectra were
collected with pass energy of 187.85 eV at a photoelectron take-off angle of 45°. High
resolution XPS spectra of Si2p and N1s core levels were acquired with pass energy of
58.70 eV. Peak deconvolution of N1s core levels for amino-functional silane was
performed using mixed Gaussian-Lorentzian function after the subtraction of Shirley
background.

3.5.5 Particle Size Analysis

During silane treatment of the inorganic reinforcements, some of the reinforcement-silane
solution mixtures were stirred at high speeds. In order to investigate whether high stirring
speeds had damaged the reinforcements or not, especially high aspect ratio glass flakes,
particle size analyses were performed before and after silane treatment using Malvern
Mastersizer 2000 particle size analyzer. During analyses, water was used as dispersant.
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CHAPTER 4

RESULTS AND DISCUSSION

In this study, epoxy matrix composites reinforced by high aspect ratio o-alumina platelets
and C-glass platelets/flakes were fabricated using a newly developed process “Hot-press
Assisted Slip Casting” (HASC). In this chapter, results obtained from the studies
accomplished will be summarized. The effect of process parameters including applied hot-
pressing pressure on the alignment of the inorganic reinforcements together with their
volume contents will be mentioned. Correlation between the structural architecture of the
fabricated composites and the mechanical performance along with the impact of interfacial
adhesion will also be discussed.

4.1 Inorganic-Organic Bulk Lamellar Composites Reinforced by Alumina Platelets

4.1.1 Epoxy Matrix Composites Reinforced by As-received Alumina Platelets

“Hot-press Assisted Slip Casting” (HASC) is a novel technique offering the advantages of
increasing the inorganic content and favoring aligned platelet orientation. In this process,
the porous plaster which is cast into the steel die acts as a filter and enables the drainage of
the low viscosity resin under the action of hot-pressing pressure and hence, leading to an
increase in the inorganic reinforcement content.

In this study, to reveal the effect of applied HASC processing pressures on the alignment of
the high aspect ratio reinforcements and their volume fraction, composites were fabricated
under the applied pressures of 25, 50, 100, 150, 200 and 250 MPa. The inorganic content of
the fabricated composite samples were determined using thermogravimetric analysis
(TGA). At least three analyses were conducted for each specimen and at each analyses 20-
30 mg sample, which were taken from different location of the fabricated composites, were
analyzed. The standard deviation in calculated volume fraction values was ranging between
0.4-1.5 vol% for all composite samples.

Figure 4.1 demonstrates the variation in the alumina platelet content as a function of
applied hot-pressing pressure. Volume fraction of the alumina platelets increases with the
applied hot-pressing pressure ranging between 46-68 vol%, where the maximum platelet
content was achieved at 250 MPa applied pressure. Increase in inorganic content is
continuous up to the hot-pressing pressure of 100MPa, above which the inorganic platelet
content almost levels off ranging between 65-68 vol%.
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In HASC process, flow of the resin through the randomly oriented platelets under the action
of the applied pressure forces them to align with their basal surfaces perpendicular to hot
pressing direction. Even at low processing pressures, HASC processing provides
considerable alignment of reinforcing platelets compared to simple mixing (SM, mixing the
platelets with the resin and curing without applying pressure) process. Increase in the hot-
pressing pressure further improves the alignment of platelets leading to a structure
resembling to “brick-and-mortar” structure together with the reduction of the matrix
(epoxy) content as the draining efficiency of the excess resin through the filter increases.
Figure 4.2 shows the SEM images of polished cross-sections of the composites which were
fabricated by simple mixing and by HASC under the action of 25 MPa, 100 MPa and 200
MPa.
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Figure 4.1 Change in alumina platelet content with applied hot-pressing pressure.
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Figure 4.2 Cross-sectional microstructure of (a) simple mixed and HASC processed
composites for the applied pressures of (b) 25 MPa, (c) 100 MPa and (d) 200 MPa.
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Figure 4.2 (continued).
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In order to reveal the effect of platelet alignment and content on mechanical properties of
the composites three-point bending tests and hardness measurements were conducted.
Figure 4.3 shows the flexural strength vs. flexural strain curves of the HASC processed
composites together with those of the simple mixed and the neat epoxy samples (inset in
Figure 4.3). Three-point bending test results of the fabricated composites indicated that
incorporation of alumina platelets, even in the case of simple mixed composites, leads to an
increase in the flexural strength compared to that of the neat epoxy.

For HASC processed composites, increase in the platelet content and enhancement in
platelet orientation gives rise to a further improvement in the flexural strength leading to ~2
fold increase at ~59 vol% platelet content (Figure 4.4). For platelet volume fraction of ~66
vol%, flexural strength decrease back to ~94 MPa being still ~54% higher than that of the
neat epoxy. For composites HASC processed at pressures above 100 MPa having platelet
contents higher than ~66%, flexural strengths are almost leveled-off with large scatter in
the measured values, showing a similar trend as in the case of inorganic reinforcement
content (Figure 4.1).
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Figure 4.3 Flexural stress-strain curves of HASC processed composites together with
simple mixed composite and neat epoxy.
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The increase in the flexural strength values with the incorporation of rigid as-received
platelets into epoxy matrix points out that the load could be transferred to the platelets. This
can be a sign of at least partial wetting of the alumina platelet surfaces with low viscosity
and low surface tension epoxy resin and also existence of weak interaction at the interface
between the platelets and the epoxy. This finding is expected as the wetting of the
reinforcement surfaces mainly depends on the surface tension of the filler and the matrix
together with the viscosity of the liquid resin.

The decrease in the flexural strengths beyond 100 MPa of HASC processing pressure can
be attributed to excessive drainage of the resin from the composite leading to considerable
decrease in the epoxy content and enlargement of platelet clusters, in which platelets are
stacked together with insufficient epoxy between adjacent platelets (white arrows in Figure
4.2). These complications inhibit proper wet-out of the individual platelets, and
consequently effective load transfer at the interface. Improper wetting of the platelet
surfaces also leads to the formation of voids, fraction of which also increases along with the
platelet content (black arrows in Figure 4.2). Along with the voids and critically sized
platelet clusters, which are thought to act as stress concentration sites, reduction in the load
transfer efficiency results in a decrease in mechanical performance of the composites.
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Figure 4.4 Variation in flexural strength and failure strain as a function of applied hot
pressing pressure, and hence platelet content.
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Figure 4.5 shows the fracture surfaces of HASC processed composites under the applied
processing pressures of 25 MPa and 200 MPa. From this figure it is evident that fracture
occurs through platelet/matrix interface debonding. The platelet surfaces are relatively
smooth indicating the presence of weak interfacial bonding pointing out to the lack of
adhesion between platelets and the matrix.

It is known that stiffness of composites containing rigid discontinuous fillers such as
ribbons, platelets and short fibers is dependent on various factors such as filler content, size
and aspect ratio (a) along with filler/matrix modulus ratio and alignment of the fillers [85].
In the current study, incorporation of rigid fillers with an aspect ratio (a) > 30 into epoxy
matrix results in an increase in the flexural modulus compared to that of the neat epoxy.
With the increase in the platelet volume fraction and enhancement of the platelet alignment,
flexural modulus values of HASC processed composites show an increase by ~8 to 13 fold
and ~3 to 4 fold with respect to those of neat epoxy and simple mixed composites,
respectively (Figure 4.6). Enhancement in flexural modulus of the composites can be
attributed to the fact that incorporated high aspect ratio rigid reinforcements constrict the
deformation of the matrix especially in the vicinity of the platelets. For composites HASC
processed with an applied pressure of 150 MPa and higher, slight decrease in flexural
moduli is thought to be caused by the increase in the size of the platelet clusters leading to a
decrease in effective reinforcement aspect ratio. Aspect ratio of platelets or flakes is defined
as the ratio of diameter to thickness (d/t). For well-defined platelet clusters, effective aspect
ratio can be defined as the ratio of the average diameter to the average thickness of the
platelet cluster (d’/t’) as shown in Figure 4.2.c.

As in the case of flexural strength and modulus, HASC process leads to a substantial
enhancement in the hardness values of the composites as compared to neat epoxy and
simple mixed composites (Figure 4.7).

Figure 4.5 Fracture surface of HASC processed composites for the applied pressures of (a)
25 MPa and (b) 200 MPa.
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4.1.2 Surface Functionalization of Alumina Platelets

Mechanical properties of the composites, especially toughness, are mainly governed by the
interfacial strength between the reinforcements and the matrix. Therefore, to achieve
compatibility and to enhance wettability and interfacial strength, the surfaces of the
platelets were treated with two different silane coupling agents having different functional
groups. Surfaces of the as-received and silane treated platelets were characterized using X-
ray photoelectron spectroscopy (XPS) technique.

Figure 4.8 presents XPS survey spectra of GPS and APS treated platelets together with the
survey spectrum of as-received alumina platelets for comparison. Peaks at 23 eV, 75 eV,
120 eV and 530 eV are 02s, Al2p, Alls and O1s peaks, respectively, where peaks at 978
eV and 999 eV correspond to OKL1 and OKL2 Auger peaks. For GPS treated platelets
either in ethanol-distilled water solution (S1) and distilled water (S2), survey spectra
(Figure 4.8.a and Figure 4.8.b) show additional peaks corresponding to Si2p and Sils,
whereas for APS treated platelets treated in toluene (S3), ethanol-water mixture (S4) and in
distilled water (S5) survey spectra indicate N1s peak in addition to Si2p and Sils peaks
(Figure 4.8.c, Figure 4.8.d and Figure 4.8.e).

In addition to survey spectra, high resolution XPS spectra (insets in Figure 4.8) of Si2p and
Si2p, N1s core levels also prove the adsorption of GPS and APS silanes, respectively. For
all silane treated platelets, presence of intense Al2p and Al2s peaks in XPS spectra indicate
the adsorption of thin silane film on the surfaces of the platelets. Table 4.1 summarizes the
elemental composition of as-received and silane treated platelets determined from XPS
survey spectra.

For GPS treatment, the surface elemental composition of Al is lower in the case of platelets
treated in distilled water (S2) pointing out that the thickness of the adsorbed silane layer is
thicker as compared to the platelets treated in ethanol-distilled water mixture (S1).

For both type of silanes, silane molecule can either interact with the platelet surface through
silanol groups or through epoxide ring for epoxy-functional silane and protonated amino
group for amino-functional silane [155, 165, 177]. Figure 4.9 illustrates possible interaction
mechanisms of GPS and APS silanes with the platelet surfaces.
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Figure 4.8 XPS spectra of (a) GPS treated platelets in ethanol-distilled water solution (S1),
(b) GPS treated platelets in distilled water solution (S2), (¢) APS treated platelets in toluene
(S3), (d) APS treated platelets in ethanol-distilled water solution (S4) and (e) APS treated
platelets in distilled water (S5) together with the XPS spectra of as-received platelets (S0).
Insets show high resolution XPS spectra of Si2p and Si2p, N1s core levels for GPS and
APS treated platelets, respectively.

66



Ols

Si2p Nls AT

110 105 100 95 406 404 402 400 398 396
Binding Energy (E) (¢V) Binding Energy (E) (¢V)

OKLL

Intensity (a.u.)

APS treated (S3)

As-received (S0)

1200 1000 800 600 400 200 0
Binding Energy (E) (eV)

(©

110 105 100 95 404 402 400 398 396
Binding Energy (E) (¢V) Binding Energy (E) (eV)

Intensity (a.u.)

As-received (SO)

1200 1000 800 600 400 200 0
Binding Energy (E) (eV)

(d)
Si2p Nis )
1S

1o 105 100 5 7404 402 400 398 396
= Binding Energy (E) (¢V) _, Binding Energy (E) (¢V)
s z
- =]
~

»”

z i
z Tg
) <
-
=
—

APS treated (S5

As-received (SO)

1200 1000 800 600 400 200 0
Binding Energy (E) (eV)

(€

Figure 4.8 (continued).
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Table 4.1 Elemental surface composition (at%) of as-received and silane treated platelets.

Designation Al O C Si N
SO 39.9 51.9 8.2 - -
S1 21.8 61.7 155 1.0 -
S2 21.1 62.4 12.1 1.4 -
S3 21.7 59 15.4 1.2 2.7
S4 20.3 55.7 19.4 1.1 3.5
S5 25.0 62.3 11.1 0.6 1

on ©H on
NP
S1 H
(@)
OHOH oH
N4
NH, Si
Si NH,"
(b)

Figure 4.9 Possible interaction mechanisms for (a) GPS and (b) APS with the inorganic
surface with the inorganic surface.
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As mentioned in Section 2.3, silane coupling agents provide chemical linkage at the
interface between two dissimilar materials such as inorganic reinforcement and organic
matrix. For effective coupling at the interface, hydrolysable group of the silane molecule
should react and make strong chemical bonds with the hydroxyl groups at the inorganic
surfaces, whereas its organofunctional group should provide linkage with the organic
phase. The linkage of the APS and the epoxy matrix is suggested to occur through the
chemical reaction between the reactive group (amino functionality) and the epoxy moiety
of the resin [145, 146] as shown in Figure 2.23.a. On the other hand, for silanes with epoxy
functionality such as GPS, organofunctional group is suggested to take part in the
crosslinking of epoxy with the addition of the hardener [147, 148] (Figure 2.23.b).
Therefore, the orientation of silanol molecules on the inorganic surfaces is crucial for the
effectiveness of the silane treatment.

In a previous study, it has been suggested that surface atomic ratio of N/Si can provide
information about the orientation of APS molecule on the substrate surface [165]. It has
been stated that ideal N/Si ratio would be different for each type of adsorption
conformation (Figure 4.10) such that N/Si <1 for type (a), N/Si =1 for type (b) and N/Si > 1
for type (c) if every adsorbed molecule had identical orientation. If all three type surface
adsorption conformations exist on the surface simultaneously, determined absolute N/Si
ratio can provide information about which type is most prevalent.

(@) (b) ©

NH, H,N Si Si

Surface Oxide Layer

Figure 4.10 Model of possible adsorption conformations of APS on an oxide surface.
Interaction via (a) protonated amine group, (b) protonated amine group and condensed
silanol adsorption, (c) silanol groups [165].
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In the current study, N/Si atomic ratio for APS treated platelets are ~2 and ~3 for the
surface functionalization applied in toluene and ethanol-water mixture, respectively, and
~1.6 in the case of APS treated platelets in distilled water. This indicates that APS molecule
is adsorbed mainly through silanol groups rather than protonated amino group.

Al surface concentrations for the platelets treated with amino-functional silane in different
solvents indicate that the deposited silane layer is thinnest for platelets treated in distilled
water (S5). Among the platelets treated either in toluene or in ethanol-distilled water
solvent, deposited silane layer is thinner for platelets treated in toluene (S3) than those
treated in ethanol-water mixture (S4) as it can be deduced from the elemental surface Al
concentrations.

Figure 4.11 illustrates deconvoluted high resolution XPS spectra of N1s core levels for S3,
S4 and S5. The peak centered at 399.8 eV in Figure 4.11.a is attributed to free NH, groups
indicating that the interaction between amino silane and platelet surface occurs merely
through silanol groups for platelets functionalized with APS in toluene [178, 179].

For platelets functionalized with amino silane in ethanol-water mixture, N1s core level was
deconvoluted into two components which are centered at 399.6 and 401.5 eV with relative
percentages of 81% and 19%, respectively (Figure 4.11.b). The peak at lower binding
energy can be assigned to free amine groups, and the peak at higher binding energy can be
attributed to protonated amino groups [179, 180] indicating that although interaction was
mainly via silanol groups, some of the silane molecules also adsorbed through protonated
amino groups on platelet surfaces. This result points out that only 81% of the adsorbed
silane molecules have free NH, groups, oriented towards the matrix side, to link with the
epoxy matrix by participating in chemical reaction with the resin.

Similar to APS treated platelets in ethanol-distilled water solution, deconvolution of N1s
core level indicates presence of two peaks for amino silane treated platelets in distilled
water (Figure 4.9.c) separated from each other by a binding energy of 1.6 eV. These two
peaks centered at 399.6 eV and 401.2 eV can be attributed to free amine and protonated
amino groups, respectively [179, 180]. The relative percentages of deconvoluted peaks
pointed out that 54% of the silane molecules adsorbed through silanol groups and the
remaining 46% of the silane molecules adsorbed through protonated amino groups in
distilled water and hence, only 54% of the silane molecules can react with the epoxy resin.
Since the applied deconvolution procedure involves various assumptions which may vary
according to the mathematical treatment used, reported relative percentages are not
absolute, yet they better represent a qualitative manner describing the variety in the
chemical interaction between the silane molecule and the inorganic surface.
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Figure 4.11 High resolution XPS spectra of N1s core level for (a) APS treated platelets in

toluene (S3), (b) APS treated platelets in ethanol-water mixture (S4) and (c) APS treated
platelets in distilled water (S5).
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4.1.3 Epoxy Matrix Composites Reinforced by Surface Treated Alumina Platelets

Mechanical behavior of inorganic-organic composites is strongly affected by the properties
of the reinforcement and matrix interface. Wettability and adhesion are important factors
that control the effective load transfer from matrix to reinforcements. For this reason, to
improve wettability and interface adhesion between the platelets and the epoxy matrix,
surfaces of the platelets were functionalized with two different types of silanes; epoxy- and
amino- functional silanes. To reveal the effect of surface treatment on mechanical
properties, both simple mixed (SM) and HASC processed composites reinforced by as-
received and silane treated alumina platelets were fabricated. HASC processed composites
were fabricated under the applied pressure of 100 MPa due to the fact that the composites
processed at this pressure offered the optimum result in terms of both platelet alignment
and the mechanical performance as mentioned in Section 4.1.

Figure 4.12.a shows the flexural stress-strain curves for simple mixed and HASC processed
composites reinforced by both as-received and GPS treated platelets. Even in the case of
composites fabricated by simple mixing, reinforcing the epoxy matrix by platelets treated
with GPS in ethanol-water mixture (S1) have led to ~16% and ~30% enhancements in
flexural strength and flexural strain values, respectively, as compared to composite
reinforced by as-received platelets (Figure 4.12.b).

The improvement in flexural strength is more pronounced in the case of HASC processed
composite leading to an increase of ~35% in flexural strength accompanied by ~13%
enhancement in flexural strain value with respect to HASC processed composite reinforced
by as-received platelets. For the composites reinforced by platelets treated with GPS in
distilled water (S2), situation is completely different. Incorporation of S2 platelets has led
to a decrease in flexural strength value for both simple mixed and HASC processed
composites along with a decrease in failure strain in the case of composite fabricated by
HASC processing.

For S2 platelets, XPS result showed that the surface Si concentration is 40% higher than the
platelets treated in ethanol-water mixture indicating that the deposited silane layer was
thicker. It is known that the silanol groups are highly reactive and condensation of these
reactive silanols occurs rapidly in water [155]. Although, pH of the water was adjusted to
4.5 to catalyze hydrolysis and retard the condensation processes, highly reactive silanol
groups might have self-condensed and formed siloxane oligomers and network structures.
These oligomeric species might have crosslinked or aggregated on the surface of the
inorganic platelets and formed an inhomogeneous multilayer silane structure [154]. This
weak physisorbed partially polymerized outermost layer might have led to a decrease in the
effectiveness of silane coupling and hence, in the mechanical performance of the
composite.
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Figure 4.12 Flexural Stress-Strain curves (a) and variation in flexural strength and failure
strain (b) for simple mixed and HASC processed composites reinforced by as-received and
GPS treated platelets.
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Figure 4.13 presents the variation of flexural modulus for composites reinforced by as-
received and GPS treated platelets. For simple mixed composites, reinforcing the epoxy
with surface functionalized platelets does not impart extra stiffness when compared to
simple mixed composite reinforced by as-received platelets. The situation is also similar in
the case of HASC processed composite reinforced by S2 platelets. However, for HASC
processed composite reinforced by the GPS treated S1 platelets, high reinforcement volume
fraction reveals the effect of surface treatment leading to ~27% enhancement in stiffness
with respect to the composite reinforced by as-received platelets.

Figure 4.14 and Figure 4.15 shows fracture surfaces of three-point bending (3PB) tested
composites reinforced by either as-received or GPS treated platelets. Fractographs of either
simple mixed or HASC processed composites reinforced by as-received platelets (Figure
4.14) clearly demonstrate the presence of clean platelet surfaces indicating weak interfacial
bonding between the platelets and the matrix. Arrows in Figure 4.14.a and Figure 4.14.b
illustrate platelet debonding and smooth platelet pull-out sites revealing that the fracture
mechanism is mainly governed by platelet debonding and pull-out for these composites.
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Figure 4.13 Effect of alumina platelet surface functionalization with GPS on flexural
modulus of simple mixed composites and HASC processed composites under the applied
pressure of 100 MPa.
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Figure 4.14 Fracture surfaces of 3PB specimens of composites reinforced by as-received
platelets; (a) simple mixed, (b) HASC processed under the applied load of 100 MPa.

For simple mixed composite reinforced by platelets GPS treated in ethanol-water mixture
(Figure 4.15.a), it is hard to distinguish individual platelets in the structure. This can be
attributed to the random orientation of platelets and coverage of the platelet surfaces with
epoxy. In addition to this, it can be stated that fracture did not occur through the platelet-
matrix interface, but rather through the matrix caused by the proper wetting of the platelets
and relatively strong chemical bonding between the platelets and the matrix. On the other
hand, for composite reinforced by platelets GPS treated in distilled water (Figure 4.15.b),
presence of clean platelet surfaces (black arrow) and platelet pull-out sites (white arrows)
explicitly indicates that effective coupling between the inorganic surfaces and the epoxy
matrix could not be achieved.

Fracture surface of HASC processed composite reinforced by GPS treated S1 platelets
(Figure 4.15.c) emphasizes the effect of surface functionalization on interfacial adhesion. In
this micrograph, rough platelet surfaces indicate effective adhesion of the platelet surfaces
to epoxy, and hence, presence of a relatively strong chemical bonding between the platelets
and the matrix. It is again clear that for these composites main fracture mechanism is not
platelet-matrix debonding, yet rather via the propagation of crack through the matrix
deflecting near the platelets leaving the surfaces of platelets covered with epoxy.
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Figure 4.15 Fracture surfaces of 3PB specimens of composites reinforced by GPS treated
platelets; (a) SM-S1, (b) SM-S2, (c) HASC-S1 and (d) HASC-S2.

Figure 4.15.d demonstrates the fracture surface of the HASC processed composite
reinforced by the GPS treated platelets S2. Based on the clean platelet surfaces, it can be
stated that although the governed fracture mode is platelet pull-out, fracture seems to have
occurred along the platelet-matrix interface leaving the platelet surfaces almost smooth.
Along with the mechanical test results, this fact explicitly reveals the fact that coupling and
chemical bridging could not be achieved at the interface between inorganic platelets and the
epoxy matrix.

This result is in good agreement with the already discussed decrease in flexural strength for
the HASC processed composite reinforced by the platelets treated with GPS in distilled
water (S2) (Figure 4.12.b) confirming the ineffective silane layer formation on the platelet
surfaces leading to their weaker interaction with the epoxy matrix.
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Figure 4.16 shows the flexural stress-strain curves of simple mixed and HASC processed
composites reinforced by both as-received and APS treated platelets. This figure
demonstrates explicitly the effect of surface treatment of platelets, in terms of the
enhancement of flexural strength and strain for both simple mixed composites and HASC
processed composites under the applied hot pressing pressure of 100 MPa. Together with
the increase in the inorganic content (available interfacial area) and preferential alignment
of high aspect ratio reinforcements (Figure 4.17), the effect of coupling at the
reinforcement-matrix interface is more pronounced for HASC processed composites
compared to simple mixed ones (Figure 4.18).
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Figure 4.16 Flexural Stress-Strain curves for simple mixed composites and HASC
processed composites reinforced by both as-received and APS treated platelets.

For simple mixed composites, incorporation of APS treated S3 and S4 platelets have led to
~7-16% improvement in flexural strength as compared to simple mixed composite
reinforced by as-received platelets. This improvement in flexural strength for platelets S3
and S4 is not accompanied by a decrease in failure strain, instead followed by ~23-33%
increase indicating existence of chemical bonding, and hence effective load transfer at the
interface (Figure 4.18.a). For HASC processed composites, as mentioned earlier, increase
in inorganic platelet content together with their hierarchical arrangement, makes the effect
of surface functionalization more remarkable leading to ~27-33% and ~1-14% increase in
flexural strength and failure strain values, respectively, when compared to HASC processed
composites reinforced by as-received platelets.
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Figure 4.17 Fracture surfaces of composite samples reinforced by surface treated alumina
platelets surface treated with APS in ethanol-water mixture; (a) SM-S4 and (b) HASC-S4.

For simple mixed composites reinforced by the platelets treated in distilled water (S5),
although the incorporation of the surface treated platelets did not impart any improvement
in flexural strength value, failure strain value increased by a factor of ~27% as compared to
simple mixed composite reinforced by as-received platelets. For the HASC processed
composite, incorporation of surface treated platelets have led to a ~15% enhancement in
flexural strength value which is also accompanied by a ~2% improvement in failure strain
as compared to HASC processed composite reinforced by as-received platelets.

Silane treatment of the platelets with APS does not seem to have a significant effect on the
stiffness of the simple mixed composites (Figure 4.18.b). However, for HASC processed
composites, surface treatment of the platelets have led to 14-26% enhancement in flexural
modulus of the composites imparting extra stiffness. Among all APS surface treatments
applied, APS treatment in distilled water seems to be the least effective in improving the
mechanical properties of alumina platelet reinforced composites.

Results obtained from the three point bending tests bring about the fact that although
surface treatment of the platelets with amino-functional silane leads to an improvement in
mechanical properties independent of the solvent used for silanization, reinforcing the
composite with platelets APS functionalized in toluene is the most effective way to
improve the mechanical properties. Furthermore, obtained mechanical results along with
the presented XPS data also imply that as the decrease in the fraction of adsorbed silane
molecules which can take part in the reaction with the epoxy resin leads to a decrease in the
effectiveness of the silane treatment as in the case of APS functionalized platelets S4 and
S5. This decrease becomes more pronounced for the composite reinforced by APS
functionalized S5 platelets due to the fact that only 54% of the deposited silane molecules
can take part in chemical reaction with epoxy.
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Figure 4.18 Effect of alumina platelet surface functionalization with APS on mechanical
properties of simple mixed and HASC processed composites; (a) flexural strength and
failure strain and (b) flexural modulus.
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Micrographs of simple mixed composite reinforced by platelets treated with APS in
distilled water (S5) are shown in Figure 4.19. Similar to GPS treated platelets; it is hard to
distinguish individual platelets in the fractographs for simple mixed composite samples
reinforced by APS treated platelets. Fracture surfaces of HASC processed composites
reinforced by platelets treated with amino-functional silane (Figure 4.19.c—f) illustrates the
effect of surface functionalization on interfacial bonding. In these micrographs, rough
platelet surfaces indicate effective adhesion of the platelet surfaces to epoxy, and hence
presence of an effective chemical bonding between the platelets and the matrix. It is again
clear that for these composites main fracture mechanism is not platelet-matrix debonding,
yet rather it is via the propagation of crack through the matrix deflecting near the platelets
leaving the surfaces of the platelets covered with epoxy.

On the account of the three-point bending tests results, work of fracture tests (WOF) were
conducted only for composites reinforced by as-received platelets along with the
composites reinforced by silane treated platelets incorporation of which has led to
considerable improvement in mechanical performance; namely, platelets GPS treated in
ethanol-water mixture (S1) and platelets APS treated either in toluene (S3) or ethanol-water
mixture (S4).

Figure 4.20 shows the load-displacement curves of simple mixed and HASC processed
composites with SENB specimen geometry along with the load-displacement curve of neat
epoxy. Average WOF value, expressing the energy absorbed by a notched specimen until
fracture, was calculated as 350 J/m? for neat epoxy. For simple mixed and HASC processed
composites reinforced by as-received alumina platelets, average WOF values were
calculated as 129 J/m? and 135 J/m? respectively, which are considerably lower as
compared to the WOF value of neat epoxy.

When WOF test results of simple mixed and HASC processed composites are compared, it
can be deduced that although there is no considerable difference between the WOF values,
fracture behavior of the composites completely differs from each other. Load-displacement
curve of the simple mixed composite showing an abrupt decrease from the maximum point
demonstrates that crack propagation is unstable leading to catastrophic failure.

For HASC processed composite with an architecture resembling to brick-and-mortar
structure, crack propagation is stable as indicated by the tail behavior following the
maximum in load-displacement curve. This tail behavior clearly indicates that main
fracture, and hence energy absorption mechanism is platelet debonding and pull-out for the
HASC processed composite.
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Figure 4.19 Fracture surfaces of 3PB specimens; (a) SM-S3, (b) SM-S4, (c) SM-S5, (d)
HASC-S3, (e) HASC-S4 and (f) HASC-S5.
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Figure 4.20 Load-displacement curves for SENB specimens of simple mixed and HASC
composites reinforced by as-received alumina platelets along with the load-displacement
curve of neat epoxy.

Load-displacement curves of simple mixed and HASC processed composites reinforced by
surface functionalized platelets are shown in Figure 4.21 and Figure 4.22 together with the
load-displacement curves of composites reinforced by as-received platelets for comparison.
Average WOF values of simple mixed composites reinforced by silane treated platelets are
ranging between 137-159 J/m? where the lowest value was obtained for composite
reinforced by platelets treated with APS in ethanol-water mixture (Figure 4.21). Although
silane treatment does not seem to lead to a change in the failure mechanism of the simple
mixed composites, which is catastrophic, energy absorbed until fracture increases by ~6-
23% when compared to simple mixed composite reinforced by as-received platelets.

The improvement in WOF values is more outstanding in the case of HASC processed
composites reinforced by silane treated platelets ranging from 160-178 J/m? being ~19-32%
higher than those of HASC processed composites reinforced by as-received platelets. This
improvement is comparable for platelets treated with GPS in ethanol-distilled water (S1)
and APS in toluene (S3) while it is lower for platelets treated with APS in ethanol-water
mixture (S4). The results of three-point bending and WOF tests of both simple mixed and
HASC processed composites reinforced by surface treated platelets indicate the impact of
interfacial adhesion between reinforcement and the matrix on the mechanical properties of
inorganic reinforced composites.
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Figure 4.21 Load-displacement curves for SENB specimens of simple mixed composites
reinforced by as-received and silane treated alumina platelets.
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Figure 4.22 Load-displacement curves for SENB specimens of HASC processed
composites reinforced by as-received and silane treated alumina platelets.
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4.2 Inorganic—-Organic Bulk Lamellar Composites Reinforced by Glass Platelets and
Flakes

4.2.1 Epoxy Matrix Composites Reinforced by As-received Platelets and Flakes

In the scope of the study, glass platelet-epoxy matrix composites were also fabricated using
the HASC process under the action of different applied pressures. Incorporated glass
platelets are thicker and their aspect ratio is lower than those of the alumina platelets. The
inorganic content of the initial reinforcement-epoxy mixture was 20 vol% before
processing. HASC processing led to considerable increase in the inorganic content which is
2.5 fold in the case of the applied pressure of 25 MPa (Figure 4.23). Further increase in the
applied processing pressure resulted in further increase in the inorganic content of the
composite samples with a maximum inorganic content of ~ 63 vol% achieved at the applied
pressure of 150 MPa. As in the case of alumina platelet-reinforced composites, the increase
in the inorganic content almost levels-off but in this case for the processing pressures
exceeding 75 MPa.

80 . T " T T T y T T T

o I— o —
60 _ o [} ]
50 ~— o -
40 -

30 -

Glass Platelet Content (Vol%)

0 L 1 1 1 1 1 1
0 25 50 75 100 125 150

Hot Pressing Pressure (MPa)

Figure 4.23 Glass platelet content of the composites fabricated under the action of different
HASC processing pressures.
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Figure 4.24 illustrates the SEM images of the polished cross-sectional microstructure of
simple mixed and HASC processed composites for the applied pressures of 50 MPa, 100
MPa and 200 MPa. It is clear from these images that although alignment of the platelets is
favored by the drainage of the epoxy resin, misalignment sites also exist for all HASC
processed composites. Beside the platelet clusters which exist in all HASC processes
composites, elongated voids at the platelet — matrix interface (shown with black arrows in
Figure 4.24) can be explicitly seen indicating decoupling at the interface. Another
interesting finding is the fact that in some regions, glass platelets were broken into two or
more pieces, with a concomitant reduction in aspect ratio, probably during HASC
processing. It is also explicit from the SEM images that platelet clusters, elongated voids at
the interfaces and breakage of the platelets are becoming more pronounced with the
increase in the applied processing pressure for the HASC processed composites, especially
at applied pressures exceeding 50 MPa.

On the contrary to alumina reinforced composites, incorporation of glass platelets leads to a
decrease in both flexural strength and strain values of the neat epoxy (Figure 4.25). For the
simple mixed sample, incorporation of 20 vol% glass platelet with random orientation into
epoxy matrix results in ~22% reduction in flexural strength. Reinforcing the epoxy with
~56 vol% aligned glass platelets through HASC processing, which is 2.7 fold higher than
the inorganic content of the simple mixed composite, through HASC processing has led to
a decrease of only ~4% in flexural strength with respect simple mixed composite. However,
further increase in the inorganic content resulted in a more dramatic decrease in the flexural
strength ranging between 44-57% and 28-45% with respect to neat epoxy and simple mixed
composite, respectively. The decrease in the flexural strength with the incorporation of
glass platelets even for the low inorganic containing simple mixed composite can be
attributed to the lack of coupling between platelets and the epoxy matrix along with the
presence of voids at the interface leading to a decrease in the stress transfer from matrix to
the reinforcement. Beside these, the dramatic decrease in flexural strength for the
composites HASC processed with an applied pressure of 75 MPa and higher is thought to
be arisen from the increase in the number of fractured platelets along with the increase in
the size of the platelet clusters leading to further decrease in effective load transfer.

Figure 4.26 shows the fracture surfaces of the three-point bending (3PB) tested simple
mixed and HASC processed composites under the applied processing pressure of 50 MPa.
From this figure it is evident that fracture occurs through platelet/matrix interface leaving
the platelet surfaces clean indicating the lack of adhesion between the platelets and the
matrix. Platelet debonding (shown with black arrows) and the smooth platelet pull-out sites
(shown with white arrows) reveals that the fracture mechanism is mainly governed by
platelet debonding and platelet pull-out for these composites, not by platelet fracture.
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Figure 4.24 Cross-sectional microstructure of (a) simple mixed and HASC processed
composites for the applied pressures of (b) 50 MPa, (¢) 100 MPa and (d) 150 MPa.
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Figure 4.24 (continued).
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Figure 4.25 (a) Flexural stress-strain curves for glass platelet reinforced epoxy matrix
composites along with neat epoxy, (b) variation in flexural strength and failure strain as a
function of applied hot pressing pressure, and hence glass platelet content.
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Figure 4.26 SEM images showing the fracture surfaces of (a) simple mixed and (b) HASC
processed composite under the applied pressure of 50 MPa.

On the other hand, incorporation of rigid glass platelets into epoxy matrix has led to an
increase in both flexural modulus and hardness with respect to neat epoxy (Figure 4.27 and
Figure 4.28). In the case of simple mixed composite, incorporation of 20 vol% glass
platelets resulted ~2 and ~1.3 fold enhancements in flexural modulus and hardness,
respectively. For the HASC processed composites, the increase in inorganic content along
with the alignment of the platelets has led to further increase in flexural modulus and
hardness values up to a glass content of ~56 vol%, above which further increase in platelet
content have caused a decrease in both values. The decrease in the flexural modulus
through HASC processing after ~4 and ~2.3 fold increases with respect to neat epoxy and
simple mixed composite, respectively, can be attributed to the decrease in the effective
aspect ratio. This is caused by the rupture of the platelets and increase in the size of the
platelet clusters leading to a decrease in the efficiency of rigid 2D fillers in restricting the
deformation of the matrix.
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It is known that in the case of discontinuous reinforcements, such as platelets, flakes and
short fibers, reinforcing efficiency increases with the increase in the aspect ratio of the
filler. Therefore, the aspect ratio of the platelets or flakes should be as high as possible, yet
lower than the critical value so that the fracture is governed by platelet pull-out mode,
which maximizes the energy absorbed during fracture, not by the platelet fracture leading to
catastrophic failure of the material [15, 29, 85]. On this account, high aspect ratio glass
flakes were also used to reinforce the epoxy matrix. The thickness and the aspect ratio (o)
of the chemically resistant C-glass flakes are 2 um and 150, respectively. To compare the
results with those of the composites reinforced by C-glass platelets with a thickness of 2.3-
3.3 and an aspect ratio in the range of 15-20, the volume fraction of the flakes were kept as
~20% in the initial mixture. The glass flake reinforced composites were fabricated by
HASC processing under the applied pressure of 50 MPa, at which condition optimum
results were achieved for glass platelet reinforced composites. In addition to this, 100 MPa
was also applied to reveal the effect of higher processing pressures. For the simple mixed
composite, incorporation of 20 vol% high aspect ratio glass flakes made the mixture so
viscous that the elimination of air bubbles became impossible as hot-pressing was not
applied to this sample. Although all tests were also performed for the glass flake reinforced
simple mixed composite, the results will not be presented here as they are not reliable
because of the very large bubbles that were entrapped in the cured sample.

For the HASC processed glass flake reinforced composites, applied pressures of 50 MPa
and 100 MPa have led to excessive drainage of the epoxy resin through the porous filter
leading to composites reinforced by ~76 and ~78 vol% high aspect ratio glass flakes,
respectively. It is interesting to note that although the processing pressures were the same,
there is a 20 vol% difference in the inorganic content of the composites reinforced by glass
platelets and glass flakes under the identical applied pressure.

It is evident from the cross sectional view of the HASC processed composite under the
applied load of 50 MPa (Figure 4.29) that high viscosity of the initial epoxy-flake mixture
made the elimination of entrapped air voids difficult during HASC processing. It is also
clear that although flow of the resin through the randomly oriented flakes forced them to
align during processing, applied pressure and the interaction between the adjacent flakes
resulted in bending and fracture of the flakes.

Although, fracture surface analysis of the three-point bending test specimens (Figure 4.30)
along with the Figure 4.29 explicitly demonstrates that HASC processing is an efficient
process for the alignment of the high aspect ratio 2D reinforcements, high aspect ratio
reinforcements have more tendency to form large clusters with insufficient epoxy between
the adjacent flakes detrimental for the efficient load transfer.
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Figure 4.29 Cross-sectional microstructure of the glass flake reinforced composite HASC
processed at 50 MPa.

As mentioned earlier, high aspect ratio reinforcements are more effective in carrying loads
as compared to low aspect ratio reinforcements. However, three-point bending test results
indicated that incorporation of the high aspect ratio glass flakes results in a drastic decrease
in the flexural strength leading to ~2.4 fold and ~3.5 fold reduction with respect to neat
epoxy for the flake contents of 76 vol% and 78 vol%, respectively. On the other hand,
flexural modulus of the HASC processed composites, determined as 10+0.5 GPa and
6.9+0.9 GPa for the flake contents of 76 vol% and 78 vol%, respectively, is higher than the
flexural modulus of the neat epoxy which is 2.4+0.1 GPa. However, despite the higher
content of high aspect ratio reinforcing flakes, they are on the same order as the flexural
modulus of glass platelet reinforced composites processed under the applied loads of 50
MPa and 100 MPa. The unexpected decline in the mechanical properties of the composites
reinforced by highly aligned high aspect ratio glass flakes is thought to be arisen from the
combined effect of microstructural features such as platelet clusters, voids and fractured
platelets, along with the lack of bonding between the flakes and the epoxy matrix, all of
which leads to formation of stress concentration sites or decrease the effective stress
transfer from the matrix to the flakes.
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Thin Epoxy Layer

Figure 4.30 Fracture surfaces of 3PB specimens of HASC processed composites for the
applied pressures of (a)-(b) 50 MPa and (c)-(d) 100 MPa.

Fractographs of the three-point bending test specimens demonstrate that the fracture occurs
through the weak interface between glass flakes and the epoxy matrix leaving the flake
surfaces clean and smooth. This reveals the fact that fracture is mainly governed by the
flake pull-out rather than flake fracture which points out that the aspect ratio of the flakes is
lower than the critical aspect ratio of the glass flake reinforcement — Epo-Fix epoxy system.
Another important fact is the stress-strain behavior of these composites under flexural
stresses (Figure 4.30). Unlike to alumina and glass platelet reinforced composites, for
which after maximum stress failure occurs suddenly, for glass flake reinforced composites,
following an increase up to the maximum, the stress decreases abruptly to some extent and
then begins to decrease gradually. The distinction between these mechanical behaviors can
be attributed to the higher aspect ratio of the glass flakes such that flakes continued to carry
load until their embedded parts were completely pulled-out off the matrix leading to a
slowly descending curve called the tail behavior.
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Figure 4.31 Flexural stress-strain curves of 3PB tested glass flake reinforced composites.

4.2.2 Surface Functionalization of Glass Platelets and Flakes

In order to achieve coupling at the interface between glass reinforcements and the epoxy
matrix and to enhance wettability and interfacial strength, the surfaces of the glass platelets
and flakes were treated with amino functional silane coupling agent, y-
aminopropyltriethoxysilane (APS). To examine the success of silane treatment and to
investigate the interaction between glass reinforcement surfaces and the APS, surfaces of
the as-received and silane treated reinforcements were characterized by X-ray
photoelectron spectroscopy (XPS) technique.

The silane coupling agent, APS, was chosen for the surface functionalization of glass
reinforcements because of three reasons; firstly, surface functionalization with APS in
toluene has resulted in optimum mechanical performance in the case of composites
reinforced by surface functionalized alumina platelets, secondly, treatment procedure for
the surface functionalization with APS in toluene is easier as it does not require pH
adjustment to catalyze the hydrolysis process, and finally, for this coupling agent more
information can be deduced from XPS characterization studies as compared to GPS
coupling agent.
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Figure 4.32 presents XPS survey spectra of APS treated and as-received glass platelets and
flakes. Peaks at 25 eV, 63 eV, 89 eV, 103 eV, 154 eV, 285 eV, 293 eV, 347 eV, 532 eV,
1021 eV and 1072 eV are O2s, Nazs, Mg2s, Si2p, Si2s, Cls, K2p, Ca2p, O1s, Zn2p and
Nals peaks, respectively, where peaks at 306 eV, 498 eV and 978 eV correspond to
MgKLL, NaKLL - ZnLMM and OKLL Auger peaks. For APS treated platelets or flakes,
XPS survey spectrum shows additional peak corresponding to N1s. In addition to survey
spectra, high resolution XPS spectra (insets in Figure 4.32) of N1s core level also prove the
adsorption of APS silane on the glass surface.

Table 4.2 summarizes the elemental composition of as-received and silane treated glass
platelet and flake surfaces determined from the XPS survey spectra. For silane treated
flakes and platelets, presence of peaks other than Si, N, C and O peaks in the XPS spectra
indicate that the thickness of the adsorbed silane layer is less than the analysis depth of
XPS. On this account, C, O and Si signals can be attributed to both silane layer adsorbed on
the surfaces of the glass reinforcements and also to the glass reinforcement itself.

For the APS treated glass flakes (GF-ST), the surface elemental composition of N is 3.5 %
which is higher than the value of 2.7 at% in the case of silane treated glass platelets (GP-
ST) pointing out that the thickness of the adsorbed silane layer is thicker for the APS
treated glass flakes. An interesting point here is that after silane treatment there is a slight
decrease in the Si surface composition for glass flakes. This situation may have arisen
depending on the thickness of the deposited silane layer due to the fact that silane layer has
a lower Si concentration than the bare glass flake surface. However, in the case of glass
platelets, the Si surface concentration of the GP-ST is higher with respect to as-received
glass platelets (GP). This may also be an indication of thicker silane layer in the case of
GF-ST as compared to GP-ST.

As mentioned previously, amino functional silane APS can either interact with the platelet
or flake surface through silanol groups or through protonated amino group (Figure 4.9). In
order to explore the interaction between the glass platelet and flake surface and the APS,
high resolution XPS spectra of N1s core levels were deconvoluted (Figure 4.33). The peaks
centered at 399.6 eV and 399.5 eV in Figure 4.33.a and Figure 4.33.b, respectively, are
attributed to free NH, groups indicating that the interaction between amino silane and glass
surface occurs merely through silanol groups for functionalized glass platelets and flakes
[179, 181, 182].
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Figure 4.32 XPS spectra of APS treated (a) glass platelets (GP-ST) and (b) glass flakes
(GF-ST) together with the XPS spectra of as-received platelets (GP) and flakes (GF). Insets
show high resolution XPS spectra of N1s core levels for APS treated platelets and flakes.
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Table 4.2 Elemental surface composition (at %) of as-received and silane treated glass
platelets and flakes.

Elements Designation
GP GP-ST GF GF-ST
0] 51.5 46.4 52.1 42.8
Si 16.1 16.9 17.2 17.0
C 12.7 174 10 18.9
Na 4.8 25 4.7 2.1
Ca 0.8 0.7 1.2 0.9
Zn 04 0.2 0.1 0.1
Mg 13.7 135 147 14.6
N - 24 - 3.6

As discussed in the previous chapter, in order to investigate whether high stirring rates lead
to damaging of the reinforcements, especially for high aspect ratio glass flakes, or not,
particle size analyses were performed before and after silane treatment. The result of these
analyses is presented in Appendix A. Silane treatment of the reinforcements has led to a
shift in particle size distribution curves to higher values as compared to as-received
platelets. This finding clearly indicates that glass reinforcements were not damaged during
silane treatment. Slight shift in particle size distribution to higher values can be attributed to
increase in the size of the reinforcements as a result of the silane layer adsorbed on the
surfaces of the glass platelets and flakes.
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Figure 4.33 High resolution XPS spectra of N1s core level for APS treated (a) platelets
(GP-ST) and (b) flakes (GF-ST).
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4.2.3 Epoxy Matrix Composites Reinforced by Surface Treated Glass Platelets and
Flakes

As mentioned previously, in order to achieve interface compatibility, and hence effective
load transfer from matrix to reinforcements, the surfaces of the glass reinforcements were
treated with APS. To reveal the effect of interface adhesion on the mechanical properties,
composites reinforced by surface treated glass platelets and flakes were fabricated by
HASC processing under the applied pressure of 50 MPa and 100 MPa. Figure 4.34
illustrates the flexural stress-strain curves of composites reinforced by both as-received and
surface treated glass platelets and flakes.

It is interesting to note that even in the case of composite fabricated by simple mixing,
reinforcing the epoxy matrix with APS treated glass platelets (GP-ST-SM) has led to
significant improvement in mechanical properties resulting in ~38% and ~69% increase in
flexural strength and flexural strain values, respectively, as compared to composite
reinforced by as-received platelets (GP-SM). For the composites HASC processed under
the applied pressures of 50 MPa (GP-ST-HASC 50) and 100 MPa (GP-ST-HASC 100),
more remarkable enhancement is achieved reaching to ~63% and ~100% increase in
flexural strength values accompanied by ~52% and ~44% enhancement in flexural strain
values, respectively, with respect to HASC processed composite reinforced by as-received
platelets (GP-HASC 50 and GP-HASC 100) (Figure 4.35.a). Furthermore, unlike to
composites reinforced by as-received platelets, incorporation of surface treated glass
platelets has led to an increase in flexural strength of the neat epoxy. This increase is ~7%
in the case of simple mixed composite. With the increase in the glass platelet content and
the improvement in the orientation of the glass platelets, enhancement in flexural strength
increases to ~21% for composite GP-ST-HASC 50. Nevertheless, further increase in the
HASC processing pressure has not led to further improvement in flexural strength values
instead led to an improvement of only ~5%, which is lower than the improvement achieved
in the case of the simple mixed composite as expected based on the discussions in Section
4.2.1.

For glass flake reinforced composites, the situation is similar to composites reinforced by
silane treated glass platelets such that reinforcing the epoxy with surface treated high aspect
ratio glass flakes has led to ~60% and ~85% improvement in flexural strength values
accompanied by a little improvement in failure strain for HASC processed composites
fabricated under the applied pressures of 50 MPa (GF-ST-HASC 50) and 100 MPa (GF-
ST-HASC 100), respectively, as compared to composites reinforced by as-received flakes
(GF-HASC 50 and GF-HASC100). However, it is clear that although silane treatment has
led to significant improvement in flexural strength by increasing the effective load transfer
between the matrix and the reinforcements, flexural strength values are still lower than the
flexural strength of the neat epoxy. This result indicates that microstructural features such
as platelet clusters, voids and fractured platelets also play a crucial role in determining the
final mechanical properties of the composites.
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Figure 4.34 Flexural stress-strain curves of the composites reinforced by (a) as-received
and silane treated glass platelets (b) as-received and silane treated glass flakes.
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For simple mixed composite, reinforcing the epoxy with surface functionalized glass
platelets does not impart extra stiffness when compared to simple mixed composite
reinforced by as-received glass platelets (Figure 4.34.a). On the other hand, the increase in
the glass platelet content along with the improvement in the alignment of these glass
platelets via HASC processing reveals the effect of surface treatment leading to ~18% and
~52% enhancement in stiffness for GP-ST-HASC 50 and GP-ST-HASC 100, respectively,
with respect to the composite reinforced by as-received platelets.

The effect of silane treatment is more pronounced in the case of composites reinforced by
high aspect ratio glass flakes (Figure 4.35). The improvement in flexural modulus values
are ~45% and ~78% for GF-ST-HASC 50 and GF-ST-HASC 100, respectively, as
compared to the composites reinforced by as-received flakes (Figure 4.35.b). Another
interesting finding is that although stiffness of a composite is dependent on filler content,
size and aspect ratio (a) beside the alignment of the fillers and the filler/matrix modulus
ratio [85], the flexural modulus values for composites reinforced by either as-received glass
platelets or flakes are on the same order. However, the composite reinforced by silane
treated flakes has ~24% higher modulus value than the composite reinforced by silane
treated glass platelets under the applied processing pressure of 50 MPa. This finding clearly
illustrates that coupling at the interface between the filler and the matrix also plays an
important role in revealing the effect of aspect ratio on the stiffness of composite.

Figure 4.36 shows fracture surfaces of three-point bending (3PB) tested composites
reinforced by either as-received or APS treated platelets and flakes. Unlike to fractographs
presented in Figure 4.26 and Figure 4.30 which demonstrate the presence of clean platelet
surfaces indicating weak interfacial bonding between the platelets or the flakes and the
matrix, Figure 4.36 illustrates rough platelet and flake surfaces pointing out the effective
adhesion of the inorganic surfaces to epoxy, and hence, presence of an effective chemical
bonding between the glass reinforcements and the matrix. These micrographs also clearly
indicate that for these composites main fracture mechanism is pull-out as in the case of
composites reinforced by as-received reinforcements, but in this case crack propagates
through the matrix deflecting near the reinforcements not through the platelet-matrix
interface leaving their surfaces covered with epoxy.
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Figure 4.35 Effect of glass reinforcement surface functionalization on the mechanical

properties of HASC processed composites; (a) flexural strength and failure strain and (b)

flexural modulus.
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Figure 4.36 Fracture surfaces of 3PB tested specimens (a) GP-ST-SM, (b) GP-ST-HASC-
50 and (c) GF-ST-HASC-50.

Composites reinforced by silane treated mixed glass platelets (GP) and flakes (GF) were
also fabricated using HASC processing technique. Glass platelets and flakes were mixed
during silane treatment at different relative volume fractions. Figure 4.37 illustrates the
flexural stress-strain curves of these composites. It is clear from these curves that up to 50%
volume fraction of GF, after peak value, the strength decrease to zero abruptly as in the
case of composites reinforced by 100 vol% GP. However, for composites with a relative
volume fraction of GF > 50%, the fracture behavior changes such that after a peak value,
the stress decreases suddenly to some extent, yet begins to decrease slowly.
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Figure 4.37 Flexural stress-strain curves for composites reinforced by mixture of glass
platelets and flakes HASC processed under the applied pressure of (a) 50 MPa and (b) 100
MPa.
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The increase in the volume fraction of GF has also led to an increase in the total inorganic
content, but resulting in lower flexural strength values for both HASC processed
composites under the applied pressures of 50 MPa and 100 MPa (Figure 4.38). The increase
in the relative volume fraction of GF has led to a decrease in the failure strain values up to
GP:GF ratio of 70:30, followed by an increase with further increasing GF volume fraction
caused by the observed tail behavior.

Figure 4.39 shows variation in flexural modulus as a function of relative volume fractions
of glass platelets and flakes. For HASC processed composites under the applied pressure of
50 MPa, the increase in the relative volume fraction of high aspect ratio flakes results in an
increase in the flexural modulus values as expected (Figure 4.39.a). However, this is not the
case for the composites HASC processed under the applied pressure of 100 MPa. Up to
relative GP:GF volume fraction ratio of 30:70, the increase in the GF fraction leads to an
increase in the stiffness of the composites. However, beyond this ratio, flexural modulus
values are almost leveled-off following a slight decrease. As mentioned earlier on, slight
decrease in flexural modulus values can be attributed to the increase in the size of the flake
clusters leading to a decrease in effective reinforcement aspect ratio.

On the account of all these findings, it can be stated that with the increase in the volume
fraction of GF, the reinforcing effect of higher aspect ratio flakes becomes more dominated
over lower aspect ratio glass platelets.

Besides 3PB tests, work of fracture tests were also conducted, yet only for simple mixed
and GP-HASC 50 and GP-ST-HASC 50 composites in the case of glass platelet reinforced
composites and GF-HASC 50 and GF-ST-HASC 50 in the case of glass flake reinforced
composites. Figure 4.40 shows the load-displacement curves of simple mixed and HASC
processed composites with SENB specimen geometry. Average WOF values, expressing
the energy absorbed by a notched specimen until fracture, were calculated as 115 J/m? and
110 J/m? for simple mixed and HASC processed composites, respectively, both of which
were reinforced by as-received platelets. These WOF values explicitly indicate that
incorporation of glass platelets into epoxy matrix has led to considerable reduction in the
WOF value of the neat epoxy which was calculated as 350 J/m? as mentioned before.

Fracture behavior of the simple mixed and HASC processed composites completely differs
from each other in the case of alumina platelet reinforced composites demonstrating the fact
that crack propagation is unstable leading to catastrophic failure for the simple mixed
composite, whereas for HASC processed composite crack propagation is stable as indicated
by the tail behavior following the maximum in load-displacement curve. This tail behavior
clearly indicates that main fracture, and hence energy absorption, mechanism is platelet
debonding and pull-out for the HASC processed composite.
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Figure 4.38 Variation in flexural strength and failure strain as a function of relative volume
fractions of glass platelets and flakes for composites HASC processed under the applied
pressures of (a) 50 MPa and (b) 100 MPa.
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Figure 4.39 Variation in flexural modulus as a function of relative volume fractions of
glass platelets and flakes for composites HASC processed under the applied pressures of (a)
50 MPa and (b) 100 MPa
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Figure 4.40 Load-displacement curves of SENB specimens of simple mixed and HASC
processed composites reinforced by as-received platelets along with the load-displacement
curve of the neat epoxy.

Load-displacement curves of simple mixed and HASC processed composites reinforced by
surface functionalized platelets is shown in Figure 4.41 together with the load-displacement
curves of composites reinforced by as-received platelets for comparison. Average WOF
values of simple mixed and HASC processed composites reinforced by silane treated
platelets are 135 J/m? and 149 J/m? respectively. Although reinforcing the epoxy matrix
with silane treated glass platelets has led to ~18% and ~49% enhancement in WOF values
of simple mixed and HASC processed, respectively, with respect to the composites
reinforced by as-received platelets, WOF values are still lower than the WOF value of the
neat epoxy.

When Figure 4.22 and Figure 4.41 are compared it can be deduced that although fracture
behaviors seem to be similar, composite reinforced by surface functionalized glass platelets
exhibit a tail behavior after ~50% sudden decrease in load, while surface functionalized
alumina platelet reinforced composite reveals a tail behavior right after the maximum load
has been achieved.
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Figure 4.41 Load-displacement curves of SENB specimens of simple mixed and HASC
processed composites reinforced by as-received and silane treated glass platelets.

Furthermore, WOF values are higher in the case of composites reinforced by either silane
treated or as-received alumina platelet reinforced composites as compared to glass platelet
reinforced composites. Higher WOF values in the case of alumina platelet reinforced
composites can be attributed to higher aspect ratio of alumina platelets as compared to glass
platelets which leads to an increase in the crack deflection path and hence increase in the
resulting energy absorption.

Figure 4.42 shows the load-displacement curves of composites reinforced by either as-
received or silane treated high aspect ratio glass flakes along with the load-displacement
curve of the neat epoxy for comparison. Composite reinforced by well-aligned as-received
glass flake exhibits considerably higher WOF value, which was determined as 221 J/m?, as
compared to composites reinforced by lower aspect ratio glass and alumina platelets. The
tail behavior following the maximum in load-displacement curve explicitly illustrates the
fact that the crack growth is stable for hierarchically arranged GF-HASC 50 composite. It
also clear from this figure that surface treatment applied on the glass flakes further
improves both the strength and the WOF value (~31% higher than the WOF value of
composite reinforced by as-received flakes) still revealing stable crack growth evident by
the tail behavior.
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Figure 4.42 Load-displacement curves of SENB specimens of HASC processed
composites reinforced by as-received and silane treated glass flakes along with the load-
displacement curve of neat epoxy for comparison.

Fractographs of GF-HASC 50 WOF specimen (Figure 4.43) clearly demonstrates that crack
propagates through the weak interface between the flakes and the matrix continuously
deflecting around the well-aligned high aspect ratio flake edges leaving the flake surfaces
smooth and clean. The zigzag pattern of the crack leads to an increase in the crack path, and
hence energy absorption, until fracture. The path of a secondary crack is shown in Figure
4.43.a, revealing the extensive crack deflection exceeding 200 um. Therefore, it can be
deduced that flake debonding and crack deflection along with the flake pull-out lead to a
tortuous crack path resulting in high work of fracture values for composites reinforced by
high aspect ratio glass flakes.

Figure 4.44 shows the load vs. displacement curves of HASC processed composites
reinforced by mixed surface functionalized glass reinforcements under the applied pressure
of 50 MPa with SENB specimen geometry. It is clear from this figure that although the
maximum load decreases with the increase in the volume fraction of glass flakes, tail
behavior becomes more pronounced which is an indication of stable crack growth. This
situation is also reflected in the resulting WOF values (Figure 4.45) such that the energy
absorbed until fracture increases with the increase in the volume fraction of glass flakes due
to the increase in the crack deflection path as mentioned previously.
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Figure 4.43 Fracture surface of WOF specimen GF-HASC 50.
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Figure 4.44 Load-displacement curves of SENB specimens of HASC processed
composites reinforced by surface functionalized mixed glass reinforcements.
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4.2.4 Glass Flake-Epoxy Matrix Composites Fabricated by HASC at Low
Processing Pressures

As mentioned in Section 4.2.1, high aspect ratio glass flake-epoxy matrix HASC processed
composites exhibit microstructural features such as flake clusters, voids, and fractured
flakes combined effect of which leads to significant reduction in flexural strength values as
compared to neat epoxy either due to stress concentration sites or decreasing the effective
stress transfer from the matrix to the flakes. These microstructural features are thought to be
from the high inorganic content of the initial reinforcement-resin mixture which results in
an increase in the viscosity and makes the elimination of entrapped air voids difficult
during HASC processing, as well as from the high processing pressures and resulting high
inorganic content. On this account, in order to determine the optimum inorganic content
high aspect ratio glass flake reinforced epoxy matrix composites were fabricated by HASC
processing under the application of six different pressures ranging between 0.5-10 MPa.
Furthermore, in order to decrease the viscosity of the initial inorganic-organic mixture the
starting glass flake content was kept lower than 20 vol%.

Figure 4.46 demonstrates the inorganic content of the composites, determined by
thermogravimetric analysis (TGA), as a function of applied low hot-pressing pressures. It is
explicit that volume fraction of the glass flakes increases with the increase in the applied
hot-pressing pressures ranging between 41-71 vol%.
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Figure 4.46 Glass flake content of the composites fabricated under the action of low HASC
processing pressures.
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Figure 4.47.a shows the flexural stress versus strain curves obtained from 3PB tests for the
fabricated composites reinforced by as-received glass flakes. Incorporation of well aligned
high aspect ratio glass flakes leads to an increase in flexural strength value of neat epoxy up
to an inorganic content of ~65 vol% (Figure 4.48). This enhancement is ranging between
~23-50% with a maximum achieved for composite reinforced by 44 vol% glass flakes
(Figure 4.47.b). Further increase in the glass flake content up to ~65 vol% leads to a
decrease in flexural strength values being still at least ~23% higher than that of the neat
epoxy. An impressive point here is that obtained flexural strength values are more
outstanding than those of both alumina and glass platelet reinforced epoxy matrix
composites indicating the effectiveness of the high aspect ratio reinforcements in carrying
higher loads. Furthermore, HASC processing proves its efficiency in fabricating
hierarchically arranged high aspect ratio inorganic-organic composites leading to a
microstructural architecture resembling to “brick-and-mortar” structure (Figure 4.48).

However, the case for the composite reinforced by ~71 vol% inorganic flakes is completely
different such that the incorporation of such amount of high aspect ratio glass flakes leads
to ~34% reduction in the strength of the neat epoxy. This considerable reduction in the
flexural strength value can be attributed to changes in microstructural features such as
enlargement of flake clusters and fracture of flakes along with the lack of bonding between
the flakes and the epoxy matrix (Figure 4.48.e), which either leads to formation of stress
concentration sites or decreases the effective stress transfer from the matrix to the flakes, as
in the case of glass flake reinforced composites HASC processed under the applied
pressures of 50 MPa and 100 MPa.

Reinforcing the epoxy matrix with well aligned high aspect ratio glass flakes also imparts
~6.5-8 fold extra stiffness to neat epoxy (Figure 4.47.b). The enhancement in stiffness
increases with the increase in the glass flake content up to ~54 vol%. However, further
increase in the glass flake content leads to slight decrease in the flexural modulus values,
which is thought to be caused either by the increase in the size of the flake clusters or
fracture of the flakes leading to a decrease in effective reinforcement aspect ratio. The
enhancement achieved in flexural modulus values are higher as compared with the lower
aspect ratio glass platelet reinforced composites demonstrating the impact of reinforcement
aspect ratio on the stiffness of a composite as mentioned in Section 4.2.1. It is explicit that
incorporated high aspect ratio rigid reinforcements effectively constrict the deformation of
the epoxy matrix especially in the vicinity of the inorganic flakes.
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Figure 4.48 Fracture surfaces of epoxy matrix composites reinforced by (a) ~44 vol%, (b)
~54 vol%, (c) ~60 vol%, (d) ~65 vol%, (e) ~71 vol% surface functionalized glass flakes.
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In order to reveal the effect of surface treatment on mechanical properties of composites
reinforced by high aspect ratio glass flakes, composites with an inorganic content of 44
vol%, 54 vol%, 65 vol% and 71 vol% were fabricated using APS treated glass flakes (GF-
ST). Figure 4.49 illustrates flexural stress-strain curves for composites reinforced by
surface functionalized glass flakes. Reinforcing the epoxy by surface functionalized glass
flakes leads to ~6-31% and ~4-22% enhancement in flexural strength and flexural modulus
values with respect to their counterparts reinforced by as-received flakes (Figure 4.50). The
enhancements in flexural strength and modulus values increase with the increase in glass
flake contents revealing the fact that the effect of coupling at the reinforcement-matrix
interface becomes more pronounced with the increase in the available total interfacial area.
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Figure 4.49 Flexural stress-strain curves of composites reinforced by surface functionalized
glass flakes.
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Figure 4.50 Effect of glass flake surface functionalization on flexural strength and modulus
of composites HASC processed at low processing pressures.

Along with the mechanical strength data, fracture surface of composites reinforced by as-
received and APS treated glass flakes (Figure 4.51) emphasize the effect of surface
functionalization on interfacial adhesion. In these fractographs, rough platelet surfaces
indicate the adhesion of the epoxy to glass flake surfaces, and hence presence of an
effective interfacial chemical bonding between the flakes and the matrix. It is again clear
that for these composites main fracture mechanism is not platelet-matrix debonding, yet
rather it is via propagation of crack through the matrix deflecting near the flakes edges
leaving the surfaces of flakes covered with epoxy.
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Figure 4.51 Fracture surfaces of composites reinforced by (a) 44 vol% GF, (b) 44 vol%
GF-ST, (c) 71 vol% GF and (d) 71 vol% GF-ST.

In order to evaluate the effect of interfacial strength on the energy absorbed until fracture,
WOF tests were conducted for the composite reinforced by the glass flake content of 44
vol% for which the flexural strength value is maximum (Figure 4.50). Figure 4.52 shows
the load vs. displacement curves of the SENB composite samples reinforced by glass flakes
either in as-received condition or surface treated with APS. Average WOF value of the
composite reinforced by as-received flakes was calculated as 620 J/m? which is ~77%
higher than the WOF value of the neat epoxy. Surface functionalization of the glass flakes
has led to only ~1.6% improvement in the WOF value with respect to composites
reinforced by as-received flakes.

The fracture surface of the WOF specimen reinforced by as-received platelets (Figure
4.53.a) indicates that the crack meanders around the high aspect ratio glass flakes deflecting
near the edges. Extensive crack deflection along with flake pull-out leads to highly
torturous crack path (Figure 4.53.b) leading to high energy absorption until fracture.

119



70

—~— Neat Epoxy
0 ~44% GF
~44% GF-ST

(o
(=

W
o

Load (kgf)
S
[}

w
(=}

20

0.3 0.4 0.5 0.8

Displacement (mm)

Figure 4.52 Load-displacement curves for composites reinforced either with 44 vol% GF
or GF-ST along with the load vs. displacement curve of neat epoxy for comparison.

Figure 4.53 Fracture surface of WOF specimen from the composite 44 vol% GF HASC
processed at low processing pressure.
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When mechanical performances of composites reinforced by alumina platelets, glass
platelets and glass flakes are compared, it is clear that reinforcing the epoxy with optimum
fraction of high aspect ratio flakes is more effective in terms of improving both the flexural
strength and the energy absorbed values until fracture. Actually, the increase in the
reinforcing efficiency with increasing aspect ratio is an expected result due to the fact that,
as aforementioned, stress transferred from the matrix to the reinforcements increases with
the increase in shear stress transfer length leading to higher flexural strength values [15, 84,
85]. Furthermore, unlike composites reinforced by either alumina or glass platelets, for
which after maximum stress failure occurs suddenly, 3PB test results indicated that
composites reinforced by high aspect ratio glass flakes show a tail behavior indicating the
fact that high aspect ratio glass flakes continue to carry load until their embedded parts are
completely pulled-out off the matrix.

In terms of the energy absorbed values of a notched specimen until fracture, glass flakes are
more effective than either alumina or glass platelets as indicated by the higher WOF values.
For all composites fabricated by HASC processing, as a result of the well-alignment of the
high strength inorganic reinforcements with an aspect ratio lower than the critical value,
crack have propagated either through the weak interface or matrix, depending on the
interfacial strength, deflecting near the edges of reinforcements leading to a fracture mode
based on platelet pull-out. On the other hand, for composites reinforced by high aspect ratio
flakes, during the growth of the stable crack, crack had to meander around the high aspect
ratio reinforcements which have led to a highly tortuous path, and hence increase in the
energy absorbed values.

4.3 Comparison of HASC Processed Brick-and Mortar Structured Bulk Composites
with Other Nacre-Mimetic Bulk Composites

As mentioned in Sub-Section 2.2.2, various processing strategies have been suggested to
replicate the hierarchical “brick-and-mortar” structure of nacre and its resulting mechanical
properties such as ice templating [11, 44, 123, 124], “gel casting and hot-pressing” [46, 47],
flake powder metallurgy routes [48-50], magnetic alignment [51] etc. Although, all these
methodologies are effective for the production of nacre-like brick-and-mortar structured
composites, most of these methods are multi-step and time-consuming processes.
Therefore, there is still a need for a single step, time and power efficient, easily scalable
processing pathway that enables the fabrication of bulk composites reinforced by well-
aligned inorganic reinforcements. In this study, a newly proposed novel processing
pathway called “Hot-press Assisted Slip Casting (HASC)” has been successfully applied to
fabricate bulk nacre-mimetic epoxy matrix composites reinforced by alumina platelets,
glass platelets or glass flakes of high volume fraction. Beside its effectiveness in fabricating
polymer matrix composites reinforced by well-aligned inorganic reinforcements, HASC
processing pathway also offers various advantages over other suggested methodologies as it
is an easy, single step, time (total processing time takes less than one hour) and manpower
efficient methodology.
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Through HASC processing, epoxy matrix composites reinforced by well-aligned alumina
platelets with a content as high as 68 vol% were successfully fabricated. As a result of high
inorganic content and preferential alignment of 2D reinforcements, fabricated composites
have exhibited enhanced mechanical performance with respect to both simple mixed
composite and neat epoxy. The maximum enhancement in flexural strength and modulus
values were achieved at an alumina platelet content of ~59 vol% being ~2 and ~13-fold,
respectively, as compared to neat epoxy. These improvements in mechanical performance
are either on the same order or higher as compared to the reported values for brick-and-
mortar structured alumina reinforcement-polymer matrix composites fabricated either by
magnetic alignment [51] or “gel casting and hot-pressing” [46]. Magnetically aligned
alumina-polyurethane matrix composite with an inorganic content of 20 vol% exhibited
~1.5-fold increase in tensile strength with respect to its neat polymer counterpart [51]. In
addition to this, in the case of brick-and-mortar structured 10 vol% alumina platelet-epoxy
matrix composite achieved enhancement in flexural modulus with respect to neat epoxy
was reported as ~2.5 fold [51]. Nacre-mimetic alumina-polypropylene composite with an
inorganic content of 40 vol% fabricated by an another suggested processing pathway,
combined gel casting and hot-pressing, has exhibited ~1.8 and ~13-fold higher tensile
strength and stiffness values, respectively, as compared to neat polypropylene [46].

In a study of Munch et al. [11], layered and brick-and-mortar structured nacre-mimetic
alumina-PMMA composites with an inorganic content of 80 vol% were fabricated through
freeze casting. Despite its high inorganic content and interfacial features such as surface
roughness of the inorganic reinforcement and ceramic bridges between the adjacent
alumina lamellas as in the case of natural nacre, reported improvements in flexural strength
are lower than those achieved in this study. However, treatment of the inorganic surfaces
with y-(trimethoxysilyl)propyl methacrylate has led to ~90% enhancement in the flexural
strength value of the brick-and-mortar structured composite, which is higher than the
enhancement achieved in this study through the applied silane treatment.

As in the case of alumina reinforced composites, for composites reinforced by high aspect
ratio as-received glass flakes, HASC processing has also led to considerable improvement
in flexural strength and flexural modulus values with respect to neat epoxy up to an
inorganic content of 65 vol%. Achieved flexural strength values are comparable with those
reported in a study of Kakisawa et al. [49] that focused on the fabrication of nacre-like bulk
composites using nickel coated glass flakes through powder metallurgy route. Although
achieved flexural strengths are in the same order, reported WOF value of the composite
fabricated by powder metallurgy route with an inorganic content of 80 vol% is much lower
than the WOF value of the HASC processed composite of the current study with an
inorganic content of 44 vol%.
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CHAPTER 5

CONCLUSION

Throughout this study, Hot-press Assisted Slip Casting (HASC) process was used in order
to fabricate organic matrix bulk composites reinforced by preferentially oriented 2D
inorganic reinforcements such as platelets or flakes. As mentioned previously, HASC
process is a newly proposed technique combining two relatively easy and conventional
material processing methods; hot-pressing and slip casting. This one-step, easy, fast and
scalable processing pathway enables the fabrication of polymer matrix composites
reinforced by high volume fraction of well-aligned inorganic reinforcements, in less than
one hour, by draining the liquid resin and favoring platelet or flake orientation during
processing. Therefore, with the use of this method, it is possible to fabricate organic matrix
bulk composites exhibiting even complex shapes with a lamellar microstructural
architecture resembling to brick-and-mortar structure of natural nacre.

Although, versatility of HASC processing allows fabrication of composites with wide
variety of organic matrix-high strength inorganic reinforcement combinations, in the scope
of this study, epoxy matrix composites were reinforced by either 2D alumina or glass
reinforcements. As glass reinforcements, glass platelets and glass flakes with two different
aspect ratios were used to investigate the effect of aspect ratio on the final properties. In
order to reveal the effect of interfacial adhesion on the mechanical properties of the
fabricated composites, surfaces of the reinforcements were treated with organofunctional
silanes having epoxy- (GPS) and amino- (APS) functional groups in the case of alumina
platelets and amino-functional group in the case of glass platelets and flakes.

The crucial points of the experimental investigations can be summarized as follows:

- Being an easy, fast and scalable process, HASC processing has proved its
efficiency in fabricating composites with an architecture of “brick-and-mortar” by
providing well alignment of the 2D inorganic reinforcements, especially platelets
and flakes having high aspect ratios, even at low processing pressures leading to
improved mechanical properties compared to the neat matrix and the composite
with irregular inorganic distribution.

- The increase in the applied processing pressures both leads to an increase in the
amount of inorganic content and enhances the alignment of 2D inorganic
reinforcements. Nevertheless, the incorporation of inorganic reinforcement higher
than an optimum value leads to an increase in the fraction of voids and in the size
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of the platelet cluster which deteriorate the mechanical performance of the
composite.

For alumina platelet reinforced epoxy matrix composites;

- Incorporation of alumina platelets with an aspect ratio of >30 into epoxy matrix led
to an increase in the flexural strength, flexural modulus and hardness even in the
case of simple mixed composite. Increase in the platelet content and enhancement
in platelet orientation through HASC processing resulted in substantial
improvement in the mechanical performance with respect to both neat epoxy and
simple mixed composites.

- XPS characterization studies have proven the adsorption of GPS and APS silanes
on the surfaces of alumina platelets.

- For APS treatment, deconvolution of N1s core levels indicated that 81% of the
adsorbed silane molecules interacted with the alumina platelet surfaces via free
amine group while 19% of them via protonated amino groups, in the case of silane
treatment in ethanol-water mixture. These percentages were 54% and 46%,
respectively, in the case of alumina platelets treated in water. On the other hand, the
interaction between amino silane and platelet surface occurred merely through
silanol groups for APS treated platelets in toluene.

- Functionalization of platelet surfaces with epoxy-functional silane in ethanol-water
mixture improved the compatibility and interfacial bonding between the platelets
and the matrix leading to enhancement of the mechanical properties of composite
having nacre-like lamellar architecture. However, treatment of alumina platelet
surfaces with epoxy-functional silane in water has led to decrease in flexural
strength and strain values with respect to composites reinforced by as-received
platelets.

- For APS treated alumina platelets, independent of the solvent used in the surface
treatment procedure, surface functionalization resulted in significant improvement
in flexural strength, strain and modulus. This improvement was most pronounced
in the case of composites reinforced by alumina platelets treated in toluene, and
least in the case of composites reinforced by alumina platelets treated in water. This
indicates that interaction of silane molecule with the surface and the orientation of
silane molecules on the surface of the inorganic platelets has a strong influence on
the effectiveness of the silane treatment.

For glass platelet and glass flake reinforced epoxy matrix composites;

- For both glass flakes and platelets, applied high processing pressures resulted in
fracture of 2D reinforcements during processing.
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- Incorporation of glass platelets with an aspect ratio ~15-20 led to a decrease in the
flexural strength and strain, yet an increase in the flexural modulus and hardness
values for both simple mixed and HASC processed composites. This decrease
could be attributed to lack of coupling at the interface along with the lower stress
transfer lengths which led to a decrease in the reinforcing efficiency for these low
aspect ratio platelets.

- For composites reinforced by glass flakes with an aspect ratio of ~150, HASC
processing at low processing pressures led to best result. Incorporation of ~41-65
vol% glass flakes resulted in an improvement, however, further increase in the
inorganic content led to a dramatic decrease in the mechanical performance of neat
epoxy as these flakes had more tendencies to form large flake clusters and to
fracture during processing.

- XPS characterization studies proved the adsorption of APS silane on the surfaces of
glass platelets and flakes. Deconvolution of N1s core levels indicated that
interaction between amino silane and glass surfaces occurred merely through
silanol groups.

- Surface functionalization of the glass platelets and flakes with APS led to a
considerable enhancement in both flexural strength and strain with respect to those
of neat epoxy and composites reinforced by as-received platelets.

Furthermore, for composites reinforced by either 2D alumina or glass reinforcements;

- Three-point bending (3PB) tests indicated that unlike to alumina and glass platelet
reinforced composites, for which after maximum stress failure occurs suddenly, for
glass flake reinforced composites following an increase up to the maximum, stress
decreased abruptly to some extent and then begun to decrease gradually. The
distinction between mechanical behaviors can be attributed to the higher aspect
ratio of the glass flakes such that flakes continued carrying load until their
embedded parts were completely pulled-out of the matrix leading to a slowly
descending curve called tail behavior.

- 3PB load-displacement curves of the simple mixed composites demonstrated that
crack propagation was unstable leading to catastrophic failure. However, for HASC
processed composites with a microstructural architecture resembling to brick-and-
mortar structure, crack propagation was stable as indicated by the tail behavior
following the maximum in load-displacement curve.

- For all HASC processed composites reinforced by either as-received or silane
treated platelets/flakes, fracture was mainly governed by platelet pull-out
mechanism indicating that the aspect ratio of the platelets and flakes, used in this
study, were lower than the critical aspect ratio.
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For HASC processed composites reinforced by as-received reinforcements, crack
propagates through the weak reinforcement-matrix interface, whereas for
composites reinforced by surface functionalized platelets or flakes, crack
propagated through the matrix deflecting near the reinforcement edges leaving the
surfaces of platelets or flakes covered with epoxy.

Results of the mechanical characterization studies indicated implicitly the impact of
interfacial adhesion on the performance of composites.

The effect of coupling at the reinforcement-matrix interface was more pronounced
for HASC processed composites with high inorganic content as the available
interfacial area increases with the increase in the inorganic content.

When work of fracture (WOF) values of composites reinforced by alumina
platelets, glass platelets and glass flakes were compared, it was clear that
reinforcing the epoxy by high aspect ratio flakes was more effective in terms of the
energy absorbed until fracture. This result can be attributed to the extensive crack
deflection leading to a highly tortuous crack path in the case of composites
reinforced by high aspect ratio reinforcements.

Among all 2D reinforcements used in this study, glass flakes with an aspect ratio of
~150 was more effective in reinforcing the epoxy matrix.
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CHAPTER 6

RECOMMENDATIONS FOR FUTURE WORK

In this study, the main task was to fabricate polymer matrix composites with
microstructural architectures inspired by one of the most intriguing natural materials, nacre,
using a newly proposed processing pathway ‘“Hot-press Assisted Slip Casting.” Although
organic matrix bulk composites reinforced by preferentially oriented 2D fillers leading to a
lamellar architecture mimicking brick-and-mortar structure of natural nacre were
successfully fabricated through HASC processing, achieved inorganic contents were lower
than that of the natural nacre which is as high as 95vol% [14, 15].

Although achieved enhancements in terms of flexural strength and modulus with respect to
neat polymer counterpart are either comparable or even higher as compared with those of
other studies reported in literature, as mentioned in Section 4.3, they are still lower than the
reported flexural strength and modulus values of the natural nacre. Maximum flexural
strength and flexural modulus values attained in this study are ranging between ~147-150
MPa and ~23-26 GPa, respectively, for composites reinforced by 59 vol% surface
functionalized alumina platelets and ~166 MPa and ~17 GPa, respectively, for composites
reinforced by 44 vol% surface functionalized high aspect ratio glass flakes. However,
reported flexural strength and modulus values are 223 MPa and 69 GPa, respectively, for
abalone nacre [17].

Furthermore, the work of fracture value (WOF) of wet nacre has been determined as 1240
J/im? [15]. The maximum WOF values are ranging between ~174-178 J/m? for composites
reinforced by 59vol% alumina platelets surface functionalized either with GPS or APS.
These WOF values are much lower than those of the neat epoxy and natural nacre. In the
case of composites reinforced by 44 vol% surface functionalized glass flakes, the attained
WOF value was ~630 J/m® which is ~80% higher than the WOF value of neat epoxy,
although it is still ~50% lower than that of the natural nacre.

It is clear that despite its structurally weaker constituents, nacre exhibits superior
mechanical performance with respect to HASC processed brick-and-mortar structured
composites fabricated in the scope of this study. This discrepancy can be attributed to two
facts. Firstly, nacre consists of 95 vol% perfectly aligned aragonite platelets, each of which
was wrapped with a very thin layer of soft organic phase. In this study, maximum attained
inorganic content was ~68vol% in the case of composites reinforced by alumina platelets,
while it was ~63 vol% and ~78 vol% in the case of composites reinforced by either glass
platelets or flakes, respectively. All of the achieved inorganic contents are lower than the
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inorganic content of the natural nacre. Furthermore, results of the mechanical
characterization studies indicated that incorporation of inorganic reinforcements above an
optimum amount has led to degradation in the mechanical performance of the fabricated
composites due to the fact that excessive drainage of the epoxy resin has also led to an
increase in the fraction of platelet clusters and voids, both of which deteriorates the
mechanical performance by either leading to decrease in the effective stress transfer or by
acting as potential sites for stress concentration. Therefore, in addition to reinforcing the
composite with high inorganic content, attaining a uniform and homogeneous structure, as
in the case of natural nacre, is a crucial task otherwise of which stress transfer becomes a
real challenge.

Second reason can be the fact that beside its fascinating brick-and-mortar architecture,
nacre also exhibits intriguing interfacial features, such as surface waviness of aragonite
platelets, platelet interlocks as well as mineral bridges and nanoasperities, each of which
has been suggested to undertake a critical task and contribute to the high mechanical
performance of the nacre [16-22, 56]. For instance, platelet sliding induced large inelastic
deformation resulting from the strain hardening phenomena has been proposed as the
prominent toughening mechanism and the main reason for the robustness of nacre [17, 22,
59, 79], while micro-scale dovetail like surface waviness of the aragonite platelets has been
suggested as the origin of strain hardening phenomena found in nacre [22]. However, in the
scope of this study, low cost commercial 2D reinforcements with smooth surfaces were
used. These reinforcements are being widely used in industrial applications for various
purposes which do not include their usage as composite material reinforcements or fillers.

To sum up, nacre is a complex material consisting of multi-scale intriguing hierarchical
arrangements. In Section 2.1, the structure-property relationship found in nacre was
discussed in a detailed manner. Although, the crucial points deduced from the observed
structure-property relationships guide the bio-inspiration studies, artificial replication of the
multi-scale hierarchical structures and key structural features is a difficult task using the
current technology [13]. Consequently, previous bio-inspiration studies and also this
particular study have mainly focused on replicating the hierarchical “brick-and-mortar”
architecture of nacre. In Section 2.2.1, the design principle underlying the micro-scale
hierarchical architecture of nacre was summarized. In this context, new engineering
approaches can be developed to wholly apply the design guidelines mentioned in Section
2.2.1 to achieve bio-inspired structural composites with higher strength, stiffness and
toughness.
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APPENDIX A

PARTICLE SIZE DISTRIBUTION CURVES
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Figure A.1 Particle size distribution of alumina platelets treated with APS in toluene (S3)
along with the particle size distribution of as-received platelets (S0).
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Figure A.2 Particle size distribution of glass platelets treated with APS (GP-ST) along with
the particle size distribution of as-received platelets (GP).
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Figure A.3 Particle size distribution of glass flakes treated with APS (GF-ST) along with
the particle size distribution of as-received flakes (GF).
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