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ABSTRACT

BIOLOGICAL NANO SILICA REINFORCED POLYMERIC
COMPOSITES

The present thesis study focused on processing nano-silica powders of varying
sizes and crystallinities through heat treatment (900—1200 °C), hydrofluoric acid leaching
(1-7 N), and ball milling (1 h, 500 rpm) of natural diatom frustules. As-received frustules
was composed of amorphous silica (88%) and quartz. The partially ordered crystalline
low-quartz and/or precursor to low-cristobalite started to form at ~900 °C. As the heat
treatment temperature increased, the crystallinity of the frustules increased from 9.3% at
25 °C to 46% at 1200 °C. Applying a ball milling reduced the mean particle sizes of the
as-received and heat-treated frustules from 15.6-13.7 pm to 7.2-6.7 pum, respectively.
Acid leaching of the as-received and heat-treated frustules resulted in a further increase
in the crystallinity. Furthermore, ball milling applied after an acid leaching was very
effective in reducing the particle size of the as-received and heat-treated frustules. The
mean particle size of the acid-leached frustules decreased to 774-547 nm with a
crystallinity varying between 12 and 48% after ball milling. A partially dissolved
amorphous phase was observed in between crystalline silica grains after acid leaching,
which resulted in a rapid fracture/separation of the frustules in ball milling. The prepared
nano-silica powders were further used as a filler in an epoxy matrix. The tensile strength,
fracture strain, and modulus of epoxy increased with increasing the volume percent of
nano-silica up to 2%. The increase in the yield strength and elastic modulus was about
50% and 30% with the addition of 2 vol% frustules, respectively. The rule of mixtures
showed a very good agreement with the experimental elastic modulus values and a
numerical model of the tensile test in LS-DYNA agreed well with the experimental tensile
stress-strain behavior. The microscopic observations showed the presence of nano-silica
powder, proving an efficient load transfer from matrix to powders on the fracture surfaces,

confirming a strong interface between silica powders and matrix.
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OZET

BIYOLOJIK NANO SILIKA TAKVIYELI POLIMERIK
KOMPOZITLER

Mevcut tez calismast dogal diatom kabuklarinin 1s1l islem (900-1200 °C),
hidroflorik asit ligi (1-7 N) ve bilyeli 6giitme (1 saat, 500 rpm) yoluyla degisen boyutlarda
ve kristalliklerde nano-silika tozlarinin iglenmesine odaklanmistir. Temin edilen diatom
kabuklarin amorf silika (%88) ve kuvars fazlarindan olusmustur. Kismen diizenli
kristalli diistik kuvars ve/veya diisiik kristobalit 6nciisii ~900 °C'de olugmaya baslamaistir.
Isil islem sicakligr arttikca, kabuklarin kristalligi 25 °C'de %9,3'ten 1200 °C'de %46'ya
ylkselmistir. Bilyeli 6glitme uygulamak, temin edilen ve 1s1l islem gérmiis kabuklarin
ortalama parcacik boyutlarini sirastyla 15,6-13,7 um'den 7,2-6,7 um'ye diigiirmiistiir.
Temin edilen ve 1s1l islem goérmiis kabuklarin asitle yikanmasi sonrast kristallikte daha
fazla bir artisla sonuglanmistir. Ayrica, asitle yilkamadan sonra uygulanan bilyeli 6giitme,
temin edilen ve 1s1l islem gérmiis kabuklarin pargacik boyutunun kiigiiltiilmesinde ¢ok
etkili olmustur. Asitle yikanan kabuklarin ortalama pargacik boyutu, bilyeli 6giitmeden
sonra %12 ile %48 arasinda degisen bir kristallik ile 774-547 nm'ye diigmiistiir. Asitle
yikamadan sonra kristalli silika taneleri arasinda kismen ¢oOziinmiis amorf bir faz
gozlemlenmistir, bu da bilyeli 0Ogiitmede kabuklarin  hizli  bir sekilde
kirilmasina/ayrilmasina neden olmustur. Hazirlanan nano-silika tozlar ayrica bir epoksi
matrisinde dolgu maddesi olarak kullanilmistir. Cekme dayanimi, kirilma gerilmesi ve
elastik modiilii nano-silikanin hacim yiizdesinin %2'ye kadar artmasiyla artmistir. Akma
dayanimi ve elastik modiildeki artis, hacimce %?2 kabuklarin eklenmesiyle sirasiyla
yaklagik %50 ve %30 olmustur. Karigim kurali, deneysel elastik modiil degerleri ile cok
iyi bir uyum gostermistir ve LS-DYNA'daki ¢ekme testinin sayisal bir modeli, deneysel
cekme gerilimi-uzama davranisi ile iyi bir uyum saglamistir. Mikroskobik gozlemler,
kirilma ylizeylerinde matristen tozlara verimli bir yiik aktarimini kanitlayan nano-silika
tozunun varligini gostermistir ve silika tozlart ile matris arasinda giiglii bir arayiizii

dogrulamistir.
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CHAPTER 1

INTRODUCTION

1.1. Background

The wide use of polymeric materials is simply due to their low-cost combined
with their low density. On the other side, their engineering applications are limited,
because of their comparatively low strength, stiffness and resistance to high temperatures.
Light weight, strong and stiff fillers including silica (SiO2), carbon nanotubes (CNTs),
graphene and alumina (Al203), are usually added into polymers in order to enhance their
thermal, mechanical, electrical and /or properties !°. When the filler is nano-size, i.e. nano
powder and/or whiskers, the resultant structure is called a nanocomposite .
Nanocomposites combine the advantages of an inorganic filler (e.g., rigidity, thermal
stability) and a polymer matrix (e.g., flexibility, dielectric, ductility, and processability) ’
and, more nano-size filler causes a dramatic increase in the interfacial area between the
filler and polymer as compared with traditional composites. This results in physical and
mechanical properties that are quite different from those of a bulk polymer, even at very
low filler percentages ®.

Diatoms are a group of photosynthetic unicellular microalgae °, which have the
highest variety among the microalgae and are considered the predominant group of
primary producers of food in aquatic environments '°. The shell of diatoms, known as
frustule, is made of nano-size silica particles with an intricate 3D structure. When these
aquatic plants cells die, the silica shell/frustules form diatomaceous earth (diatomite) on
the floor of the ocean. Diatomaceous earth is an extremely cheap material, abundant, and
extensively used in heat and sound insulation, explosives, abrasives, absorbents, and
filters. '!. In each year, the number of research articles on diatoms are increasing as they
form a source of many different of bioactive substances (Figure 1.1) '2. Intricate

microscale polymeric and ceramic structures, such as zirconia !* !4

, gold nanostructures
15 and MgO and TiOz structures '° can also be produced by employing diatom frustules
as temporary scaffolds, templates, and catalysts in solid-gas displacement reactions,

according to recent investigations. Recently, medical uses and the prospective



engineering of diatom frustules have also been suggested, containing targeted drug
administration, metal film membranes, and the generation of bioactive compounds !”. Due
to their exceptional capacity for lipid accumulation during their dormancy and under
specific stress conditions, diatoms are renowned for providing an important platform for
the production of a variety of high-value products for the nutraceutical and
pharmaceutical industries as well as the production of biofuel (Figure 1.2) '7. They are
also a source for processing nano silica powder, which is the main focus of this thesis

study.

1.2. Scope of the Thesis

Present thesis focusses on processing nano-silica powders by means of a
combined process of ball milling, acid leaching and heat-treatment. The selection of a
combined process of heat-treatment and acid leaching was due to the fact that the
amorphous silica phase dissolves more rapidly than the crystal phase in hydrofluoric acid
I8 After a leaching process, the leachate was filtered. Then, the filtered frustules (over
filter frustules) were ball milled to obtain nano size particles. Both powders (under filter
and ball milled over filter) can be directly added to a polymer matrix as reinforcement.

In the content of the thesis, the prepared powders were utilized as reinforcement
in an epoxy matrix in order to determine its effect on the mechanical properties. Finally,
the studied nano-silica processing method offers a new, natural, and economical way of
obtaining nano-silica powders with different crystallinities.

The thesis is organized into seven chapters as

e Chapter 1: Brief introduction and the scope of the thesis

e Chapter 2: A literature survey on the properties of polymer nanocomposites

e Chapter 3: The formation, structure and potential applications diatom frustules
e Chapter 4: The experimental methodology used in the thesis study

e Chapter 5: The experimental results

e Chapter 6: The discussion of experimental results

e Chapter 7: Conclusions
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Figure 1.1. Data on diatom research trends, including the volume of publications per
year, were obtained from Scopus.: https://www.scopus.com (using the
keyword diatoms) '2.
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CHAPTER 2

POLYMER NANOCOMPOSITES

2.1. Introduction

A composite structure is made by mixing physically and chemically different at
least two materials. It consists of a continuous and a discontinuous phase in a two-material
composite system. The continuous phase is called matrix and the discontinuous phase
reinforcement. The matrix surrounds the reinforcing phase, whereas the reinforcement
modifies the properties of the matrix. The combination of reinforcement and matrix
results in physical and chemical properties that are quite different from that of each
constituent. Polymer matrix composites are relatively light; therefore, they are well-suited
for the applications where the weight is an important design criterion like the automotive

2.5 1920 Other important properties of polymer matrix

and aerospace industries
composites may include high corrosion resistance, nonconductive nature, one-piece
design and vibration absorption tendency 2!. Polymer matrix composites are further
durable, maintenance-free, dimensionally stable, easy transportation/installation and pest
resistant materials 2.

In polymer matrix nanocomposites, the inorganic phase is nano-size 2> 2. The
small-size of fillers significantly increases the interfacial area between filler and matrix
(Figure 2.1), which cannot be seen in traditional composites *2°. The surface area/volume
ratio (A/V) of particles increases with a decrease in particle size, and the ratio increases

significantly for nano-size particles. A large interfacial area enhances the properties of a

nanocomposite, even at very low loading ratios ¢,
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Figure 2.1. The schematic of nano-size particle reinforced polymer matrix composite
and surface to volume ratio.

Most composites used by the industry today are polymer based and the most used
matrices, that are thermosets, thermoplastics, and elastomers, are listed in Table 2.1. In
thermosets, chemical cross-linking, which results in the production of a strong three-
dimensional network structure between molecular chains, transforms the liquid resin into
a hard, rigid solid (Figure 2.2(a)). They do not soften upon subsequent heating and contain
large cross-linking percentages (10 to 50% of the chains). Heating to excessive
temperatures causes severance of these crosslink bonds and polymer degradation. Due to
these, they are harder and stronger than thermoplastics, and have better dimensional
stability and corrosion resistance. Examples include epoxies, phenolic and polyester
resins. The bonds between the chains in a thermoplastic polymer are however weaker,
secondary type (Figure 2.2(b)). Therefore, they soften when heated and harden when
cooled and are much more ductile than thermosets. Most linear polymers and those having
some branched structures with flexible chains are thermoplastics. Examples include
polypropylene, polyamide and polycarbonate. Elastomers have a few cross-linked
molecular chains, which makes them extremely elastic. The cross-linked chains do not
melt, and this makes the polymer an elastomer, capable of elastic extensions more than
100% or more which are recovered completely on unloading. Examples include

polyurethane and silicone.



Table 2.1. Commonly used polymer matrices.

MATRIX
Thermoset Thermoplastic Elastomer
Unsaturated polyester (UP) Polypropylene (PP) Polyurethane (PU)
Epoxy resins Polyimide (PA) Silicone (Si)
Vinyl ester resins Polycarbonate (PC)
Polyetheretherketone
Phenols (PEEK)
Styrene-butadiene rubber
Ethylene
(a) (b)

S, -+ Weak bond e -+ Weak bond

Cross-linked +———————————+ Cross-linked

Figure 2.2. Bonding between the molecular chains of (a) a thermoset and (b) a
thermoplastic.

Particulate fillers are grouped either inert or reinforcing. Inert fillers are usually
added to increase the volume and to reduce the processing cost of polymers. For example,
inert fillers are usually added into rubber for above purposes. Whereas, reinforcing fillers
like carbon black and silica improve the mechanical properties, electrical conductivities,

barrier properties, resistance to fire and ignition of rubber 2% 27

Silica is one of the most widely found minerals in the Earth crust 28

. Crystalline
silica has a repeating network of the silica-oxygen tetrahedron, while amorphous silica
has a random arrangement of the network (Figure 2.3). The amorphous structure has an

open structure in which positive ions such as Na" can readily migrate (Figure 2.3).
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Figure 2.3. The crystalline and amorphous forms of silica and the silicon-oxygen
tetrahedron.

Classification silica is shown in Figure 2.4. The crystalline silica has three forms:
quartz, cristobalite and tridymite (Figure 2.5). Quartz is abundant in most soils and rocks
and also found in sand ?°, mortar , abrasives *!, concrete 32, construction aggregate *,
paints, fluxes, porcelain and brick **. The quartz-including dust can also be generated in
any process of construction, mining *°, farming and disturbance of silica-including
products such as the use of sand and other silica-containing products (e.g., foundry
processes) *¢ or masonry and concrete. Therefore, a variety of jobs and industries could
expose people to quartz dust. Cristobalite and tridymite are found in soils and volcanic
rocks ¥, Some industrial processes can also manufacture these polymorphs. For

40

example, cristobalite transformation occurs in foundry processes *, calcining of

2 and silicon carbide

diatomaceous earth *!, ceramics and brick manufacturing *
production **. Amorphous silica can also change into cristobalite when waste or

agricultural products, like rice hulls, are burned **.
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Nano-silica has also become the most widely used material in many industries.
Among these, the rubber industry which manufactures many products uses silica as a
filler % 7. The silica inclusion enhances the mechanical strength, shrinkage heat-
resistance and thermal expansion *®. The silica-based nanocomposites have many notable
properties that allow their applications in electronics, automotive, marine, and other

industries + 4

30 Currently, nano-silica is synthesized by chemical reactions, for example
by the sol-gel method. A sol is mainly a dispersion of colloidal particles (1-100 nm) in a
liquid. The gel is a connected rigid network with pores of sub-micron dimensions and

polymeric chains °!

. The sol-gel method includes four stages namely hydrolysis,
condensation, growth and aggregation (Figure 2.6). Colloidal silica (silica sol)
nanoparticles were synthesized through the hydrolysis of tetraethoxysilane with ammonia
and hydrochloric acid, followed by condensation and polymerization 3. Particle size of
silica sols synthesized in the presence of ammonia vs. the ratio of initial reactants are
tabulated in Table 2.2 and transmission electron microscopy (TEM) images of silica sol
samples nos. 1 (a), 2 (b), and 3 (c) synthesized at various ratios of the catalyst and initial

reactants are demonstrated in Figure 2.7.

TEOS + H,O + solvent
(catalyst)

+ Hydrolysis and
condensation

Colloidal silica

+ Ageing

Silica gel

l- Drying and Calcination

Bulk or silica powders

Figure 2.6. Flow chart of a typical sol-gel process.



Table 2.2. Particle size of colloidal silica (silica sol) synthesized in the various amounts
of the initial reactants.

Amount (mol)

Material Temperature
(&) Water TEOS Ammonia Ethanol  pgpticle
size (nm)
1 70 21.6 | 2 57 25-30
2 70 4.8 1 0.6 33 16-20
3 70 15 1 0.2 33 12-14

o 0nn |

Figure 2.7. TEM micrographs of silica sol models 1 (a), 2 (b) and 3 (c) produced at
various amounts of the initial reactants 2,

Combining nano-silica with other reinforcements also increases the mechanical
properties of rubber >33, Especially, high-quality silica holds the absolute advantage
medical rubber (boots, gloves, etc.) or the fabrication of household products (fashion
footwear soles, rubber mattresses, etc.). In the pharmaceutical industry, silica is utilized
as a transporter for some proprietary medicines °°>8. Silica also behaves as a catalyst in

some organic reactions %°'; it increases the reaction's yield and speeds up its rate. To

10



meet the inclining demand for silica for industrial applications, researches have been

focused on the manufacture of silica from different sources %>,

2.2. The Mechanical Properties of Nano-Silica Filled Polymeric

Composites

Nano-silica reinforced polymer matrices are among the most widely studied
composites as they have applications in many different types of products, especially in
the electronics, automotive and aerospace industries °. The mechanical properties of
silica nanoparticles added into epoxy, styrene-butadiene and natural rubber matrices are

reviewed in the following section.

2.2.1. Silica Modified Epoxy Composites

Epoxy resins are the thermosetting materials that have been widely chosen in the
engineering applications due to their excellent mechanical, thermal and electrical features
67.68 Most common group of epoxy resins are classified as bisphenol-A, bisphenol-F,
cycloaliphatic, trifunctional, tetrafunctional, novolac, bio-based, fluorine-containing,
phosphorus-containing, and silicon-containing epoxy resins (Figure 2.8) . The very first
synthesis of epoxy resin was practiced in the US in the late of 1930s by the reaction of
bisphenol-A and epichlorohydrin which is shown in Figure 2.9. Epoxies are usually cured
to have a high thermal stability and glass transition temperature (Tg). Epoxies generally
outperform polyesters and vinyl esters in terms of strength and have less shrinkage during
the curing process. Over the past decade, there have been intensive investigations on the
improvement of epoxy nanocomposites with the inclusion of various types of nano-size
fillers * 772, Among these epoxy nanocomposites, nano (1-100 nm) silica filled epoxy
composites have been widely investigated up-to-date applications in coatings ’°,
adhesives ", construction, functional coatings, packaging materials for electronic devices

75 aerospace "® and automotive industries 77,

11
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Fluorine-containing epoxy resins

Phosphorus-containing epoxy resins

Silicon-containing epoxy resins

Figure 2.8. Most common group of epoxy resins.
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CH,

Epoxy resin

Figure 2.9. Synthesis of epoxy resin (modified *).
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The preparation steps of an epoxy/nanocomposite are shown in Figure 2.10 8!,
First, nanoparticles are stirred with a probe homogenizer using acetone. The mixture is
then swirled in a cool ice container while epoxy glue is added. The mixed solution is held
in a vacuum chamber to remove acetone. The determined amount of curing agent is added
and the solution is stirred again. At this stage, the gas bubbles are removed from the
solution. The samples are then held in a vacuum at room temperature. Epoxy

nanocomposites are cured after being poured into a mold.

Particulate Acetone . Epoxy l
*ﬂ I\R "n

8 -a—ra—bé—» o

Ultrasonic Ultrasonic Remove
disperser disperser acetone

~

l IjHardener
o, ! B
o |1 - - J

Curing Molding Remove Mechanic
process gas disperser

Figure 2.10. Schematic representation of the preparation steps of epoxy/nanocomposite
samples (modified ®').

The thermo-mechanical and wear behavior of surface-treated pineapple woven
fibre and nano-silica dispersed mahua oil toughened epoxy composite were investigated
in another study %2. The epoxy thermoset resin used in this study was a liquid diglycidyl
ether of bisphenol-A type epoxy resin. The additions of 3.4 and 6.8 wt% of nano-silica
particles to epoxy resin increased the tensile strength from 65 MPa to 142 and 160 MPa,
respectively. In another study, the effect of surface-functionalized crystalline nano-silica
addition on the mechanical, fatigue and drop load impact damage behavior of an E-glass
fibre-reinforced epoxy resin were investigated 3. A TEM image of the surface-

functionalized crystalline 20 nm nano-silica particles is shown in Figure 2.11. The highest

13



tensile strength and modulus of the composite investigated in this study were reported

135 MPa and 5.56 GPa, respectively.

Figure 2.11. TEM images of silica nanoparticles **.

The physico-mechanical properties of nano-silica filled epoxy-based mono and
hybrid composites were examined ®. The studied epoxy was filled with 0.5, 1.0, 1.5, 3,
and 5 wt% nano-silica particle and the carbon fabric-reinforced epoxy composite was
filled with 1.5 and 3 wt% of nano-silica. Figure 2.12 displays a schematic of the procedure
that was employed. The highest increment in the tensile strength and modules was
reported with 3 wt% of silica addition, with a tensile strength of 66.45 MPa and an elastic
modulus of 3.12 GPa (tensile strength and modulus of matrix were 50.52 MPa and 2.82
GPa, respectively). The strength and modulus of carbon fabric-reinforced epoxy
composite increased sequentially by 13.87% and 16.69% by the addition of 3.0 wt%

silica.

14
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Figure 2.12. Detailed scheme for the fabrication of the carbon fabric-reinforced epoxy
hybrid composites **.

The effect of silica aerogel nanoparticle addition on the vibrational, mechanical,
and morphological features of an epoxy was investigated ®°. Neat epoxy was prepared
with 1, 2, and 4 wt% of silica aerogel nanoparticles. The tensile stress—strain curves of
epoxy-based nanocomposites and neat epoxy are shown in Figure 2.13. The tensile
strength and modulus of the neat epoxy were sequentially 45.4 MPa and 2.36 GPa. The
addition of 1 wt% silica aerogel nanoparticles reduced the elastic modulus and ultimate
tensile strength of the resin, while the elastic modulus increased when the silica aerogel
nanoparticle content was increased to 2 and 4 wt%. The tensile strength was higher than

that of neat epoxy when the silica aerogel nanoparticle content was 4%.
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Figure 2.13. Tensile stress—strain curves silica filled epoxy composites 5°.

In a separate study, the epoxy resin of a E-glass fiber reinforced composite were
prepared with the surface functionalized crystalline nano-silica particles *¢. The
polymerization method for uniform dispersion of nano-silica in the epoxy matrix in this
study is shown in Figure 2.14. Nano-silica inclusion to the glass fiber composite increased
the tensile strength and modulus up to 3 wt%. The addition of 2, 3, 4 and 5 wt% of nano-
silica particle increased the tensile strength to 150.16, 156.2, 138.51 and 131.44 MPa,
respectively (the tensile strength and modulus of the neat epoxy were 107.44 MPa and 9
GPa, respectively). The highest modulus was 10.06 GPa.
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Figure 2.14. Schematic of homogeneous distribution of silica nanoparticles in epoxy

matrix 5.

The mechanical and low velocity impact behavior of intra-ply glass/kevlar fibre
reinforced micro-rubber and nano-silica (Figure 2.15) modified epoxy resin hybrid
composites were examined ®’. The tensile strength increased from 65 MPa to 190 MPa
with 11 wt% nano-silica addition. Additions of micro rubber (9 wt%) along with nano-
silica (11 wt%) into intra-ply glass/kevlar-reinforced epoxy composite further increased

the tensile strength, modulus and fracture toughness.
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Figure 2.15. TEM images of dispersed (a) micro-rubber and (b) nano-silica in epoxy

matrix ¥’

The mechanical properties of nano-silica on a ramie/epoxy composite including
tensile, flexural, and interfacial strength were characterized ®%. There was a distinct
improvement in the mechanical properties of the composites after the addition of nano-
silica. This improvement gradually increased as the concentration of nano-silica
increased.

The strain-rate-dependent mechanical behavior of a photopolymer matrix
composite with fumed nano-silica filler was investigated ¥. The main objective was to
determine the rate dependency of the material. Results showed that fumed silica addition
improved the mechanical properties of photopolymer matrix composite. Figures 2.16(a-
c) display the stress—strain curves of 4, 8, 9, and 10% nano-silica filled composite at 1.3
x 1072, 1.3 x 1073 and 1.3 x 10~ 57! strain rates, respectively. The tensile strength of 4, 8,
9 and 10 wt% silica added composite was 15, 17, 18 and 16 MPa at a strain rate of 1.3x10"

2gl
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Figure 2.16. Stress—strain curves of polymer, 4, 8, 9, and 10% nano-silica filler
concentration at strain rate: (a) 1.3 x 102571, (b) 1.3 x 10 s7!, and (c)
1.3x104s71%,

The reinforced mechanisms and mechanical properties of hyperbranched
polyesters functionalized silica epoxy composites were studied *°. In order to introduce
amino reactive groups as the growth points, 3-aminopropyltriethoxysilane (APTES) was
used to create the nano-silica for grafting and coating of hyperbranched polyesters (HBP).
By using solution casting, hyperbranched polyesters functionalized nano-silica reinforced
epoxy composites (HBP-APTES-Si02/EP) were prepared (Figure 2.17). The tensile
strength, microhardness and fracture toughness were determined and the reinforced
mechanisms of HBP-APTES-Si02 were examined. This study revealed that both of the
un-treated nano-silica reinforced EP (U-SiO;) and HBP-APTES-SiO; increased the
tensile strength and modulus of the epoxy composites, in particular, the HBP-APTES-
Si02/EP composites demonstrated more outstanding mechanical features. For example,

when the content of HBP-APTES-Si0; was 2 phr (1.96 wt%), the modulus and tensile
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strength of the HBP-APTES-SiO2/EP composites reached the maximum values, which
were increased by 42.64% and 16.61% than those of the epoxy.

b — L)~ —

- =

Loading materials Sonication and stir

|

80T

Oven curing Cast molding Stir

Figure 2.17. The steps in preparation of APTES-SiO2/EP composites *°.

In another study, six silica aerogel epoxy composites were fabricated with
different silica aerogel contents °!. The brittle mechanism of epoxy was altered to a ductile
mechanism by the silica aerogel addition. The yield strength further increased with
increasing the silica aerogel content. At lower filler loadings, the silica aerogel particles
acted as a plasticizer. Due to the plasticizing effect of the silica aerogel particles, the
sample containing 1 wt% had the highest strain at break and toughness and the lowest
ultimate tensile strength and elastic modulus. An increment of the filler content to 2 and
3 wt% led to increases in the yield stress, ultimate tensile strength, and elastic modulus.

The fracture toughness and mechanical properties of an epoxy resin with nano-
silica additions were studied °>. The nano-silica was prepared from rice husk by applying
a thermal treatment method, having a particle size ranging 40-80 nm. The tensile strength
of the neat epoxy, 38 MPa, increased to 39, 40, 41 and 42 MPa with the additions of 0.3,
0.5, 0.7 and 1 wt% nano-silica, respectively. While, the fracture strain was reduced with

the nano-silica addition by 29.3%.
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A series of polyethylene glycol (PEG) epoxy-based electrolytes filled with 2.5-10
wt% nano-silica were prepared **. It was shown that increasing nano-silica content
increased the ionic conductivity, reduced glass transition temperature and decreased the
strength and modulus. The tensile strength and modulus of the neat epoxy were
sequentially 4 MPa and 5.5 GPa. The tensile strengths of nano-silica added composite
were however reduced to 3, 2.25, 2 and 1.75 MPa, with the additions of 2.5, 5, 7.5 and 10
wt% of nano silica, respectively.

Silica/epoxy nanocomposites with two different loading, 3 and 5 wt%, were
prepared in order to investigate the erosion-wear, mechanical and thermal properties .
The tensile strength and modulus of the neat epoxy were 40 MPa and 0.87 GPa,
respectively. The tensile strength increased from 40 to 43 MPa with 3 wt% silica addition;
but the strength was reduced to 12 MPa with the addition of 5 wt% nano-silica. The
plasticizing effect of 3 wt% nano-silica powder addition was confirmed. The composite
having 3 wt% of silica had a higher strength and fracture strain than the neat epoxy resin.

The effect of 5-15 nm silica nanopowder and functionalized fumed silica additions
on the mechanical properties of epoxy-based nanocomposites was investigated *>. The
elastic modulus and tensile strength of nanocomposites are tabulated in Table 2.3 and
Table 2.4 sequentially for silica nanopowder and fume silica additions. Although both
powders increased the elastic modulus of the neat epoxy, the fume silica reduced the
tensile strength, while nano-silica powder had the opposite effect. The poor nano filler
dispersion associated with the lack of chemical compatibility between the powder and the

resin was found for fume silica.

Table 2.3. Mechanical properties of nanocomposites of silica nano powder *°.

M1 Weight Longitudinal Ultimate
percentage modulus of strength (MPa)
(Wt%) elasticity (MPa)

Pure epoxy 0 3471 71.37
3116 77.07

Nano-silica 0.3 3526 83.02
1 3633 85.74

3438 85.02
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Table 2.4. Mechanical properties of nanocomposites of fume silica °.

M2 Weight Longitudinal Ultimate
percentage modulus of strength (MPa)
(Wt%) elasticity (MPa)
Pure epoxy 0 3910 90.00
4815 103.98
Nano-silica 0.1 3910 82.86
0.3 3215 77.38
0.5 4230 57.95

The mechanical properties of 0.5, 1.0, 1.5, 2.0 and 3.5 wt% silica nanoparticle
reinforced epoxy/nanocomposites were investigated 8!. While 1 wt% silica nanoparticle
added specimens had better strength than neat epoxy resin with an increment at 37.10%,
there was a linear reduction of the strength as the reinforcement content was increased
and lowest values were determined at 3.5 wt% silica addition with a reduction of 7.18%
(Table 2.5). The increased amount of nanoparticles caused the agglomeration of

nanoparticles, reducing the strength.

Table 2.5. Mechanical properties of silica nanoparticle reinforced epoxy nanocomposites.

Nano  Tensile Variation Elastic  Variation Toughness Variation

silica  strength of tensile modulus of elastic (MPa) of
wt%) (MPa) strength (GPa) modulus toughness
(%) (%) (%)

0 58.65 - 2.60 - 1.09 -
0.5 78.87 34.48 1.90 -27.09 3.95 262.39

1 80.41 37.10 2.71 4.12 3.62 232.11
1.5 74.13 26.39 2.35 -9.43 5.51 405.50

2 64.22 9.50 2.35 -9.54 2.95 170.64
3.5 54.44 -7.18 1.76 -32.24 2.56 134.86

The effect of 17 and 65 nm silica nanoparticle addition on the modulus, yield
strength and energy absorption capability of thin-walled square epoxy columns was
investigated *°. Nano-silica particles were dispersed almost homogeneously in the epoxy
resin. The powder content ranged 1.5-6 wt%. The first and second series of the composites
were reinforced with 17 nm and 65 nm size particles, respectively and the third series

were reinforced with the combination of both particle sizes. The tensile strength and
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modulus of neat epoxy were 20.3 MPa and 1.521 GPa, respectively. By adding silica
nanoparticles, the modulus increased in both unimodal particle size and bimodal particle
size composites. Also, the optimized mixture proportions of epoxy-based hybrid
nanocomposite with different compositions of nano-silica as nano reinforcement, high
impact polystyrene (HIPS) as the thermoplastic phase and hardener were determined
[100].

AFM substantiation of the fracture behavior and mechanical properties of sol—gel
derived silica packed epoxy networks were studied *’. The main objective was to examine
the mechanical properties of silica packed epoxy networks produced by an in-situ,
solvent—free, sol-gel process. A series of silica packed epoxy networks with different
silica contents, 0, 5, 10, and 20 wt% were synthesized by pre-hydrolyzing TEOS in the
liquid epoxy resin (DGEBA) using stoichiometric amounts of acidic water. The tensile
strength of the neat epoxy was 19.9 MPa. The mechanical properties of epoxy networks
expressively developed on silica packing. 10 wt% silica polymer displayed maximum
increment in tensile strength (55%), modulus (101%) and toughness (20%). However, the
tensile strength was reduced sharply above 10 wt% silica from 30.9 MPa to 10.6 MPa.

Thermal and mechanical evaluation of epoxy resin composites by synthesis of
amine-based coupling agent nano-silica complex was examined *®. Nano particulate
fillers displayed an incremental influence on the stress—strain and thermal resistance
behavior of epoxy (the tensile strength of the neat epoxy was 6 MPa). The additions of
0.3,0.6,0.9,1.2, 1.5, 1.8 and 2.1 wt% of nano-silica were improved the tensile properties
of epoxy composite. The tensile strength of 0.3, 0.6, 0.9, 1.2, 1.5, 1.8 and 2.1 wt% nano-

silica was increased to 7-50 MPa with the addition of nano-silica (Figure 2.18).

23



50 1
45 4
40 ~
35 4 ——Tensile Strength (Mpa) —8—Elongation at Break (%)
30 -

25

20 1

12 15 1.8 21 24

Nanocomplex [Yow)

Figure 2.18. Tensile strength and elongation at break of prepared epoxy
nanocomposites %,

The Molecular Dynamics and Finite Element models were performed in order to
predict the mechanical properties of a glass silica nanoparticle/epoxy composite *°. The
addition of 5 wt% of nano-silica was increased the tensile strength from 5 MPa to 12
MPa. The elastic moduli of silica/epoxy nanocomposites determined from molecular
dynamics and finite element models method were found to be very much similar to those
of experimental.

Figure 2.19 shows the effect of silica addition on the tensile strength of different
types of epoxy-based composites. In general, the addition of nano silica increases the
tensile strength. But, at higher concentrations of silica, the strengthening effect vanishes
and the strength starts to decrease after a critical silica content, as seen in Figure 2.19. It
is presumed that until about a critical content, silica nano particles are homogeneously
mixed with epoxy matrix, and above, the agglomeration nanoparticles occur which
decline the tensile properties. The maximum silica content is 10 wt% and the maximum
tensile strength of silica epoxy composite is about 160 MPa. Also, high is the neat epoxy
strength, high is the composite strength.

24



Tensile strength (MPa)

160 ‘}TJ T_"_L‘
140 | & .- -
120 [Lr’ _.(;)__1 - ==
rj -{=r=2 --h--12 =A== 17
100 " --/\=-3 -{4-8 ----13
i -=m=4 -F--9
80 ™ - k=5 =< =15 =-@==20

4

6

Weight (%)
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2.2.2. Silica Modified Styrene-Butadiene Rubber Composites

The elastomer industry's most extensively used synthetic rubber, styrene-

butadiene rubber (SBR), is produced in the highest volume (Figure 2.20). It is a
copolymer of butadiene (CH,=CH-CH=CH>) and styrene (CsHsCH=CH>), generally

containing 77% butadiene and 23% styrene. Although emulsion and solution

polymerization can be used to create SBR, emulsion polymerization accounts for roughly

85-90% of global SBR production ' 12, SBR is synthesized from 1,3-butadiene and
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styrene monomers via two ubiquitous synthetic pathways, by emulsion (ESBR) and
solution (SSBR) processes as illustrated in Figure 2.21. The mechanical properties of

SBR are improved by adding reinforcing fillers such as silica '%.

# Mechanical goods

# Other automotive goods
M Footwear

¥ Building

# Cable and wire

i Adhesives

u Others

M Tyres

Figure 2.20. The main application of styrene-butadiene rubber (SBR) (modified '*?).
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Figure 2.21. Synthesis of styrene—butadiene rubber (modified

102).
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The effects of co-silanized silica on the thermal and mechanical properties of
NR/SBR blends were previously investigated %4, The addition of 4 wt% silica increased
the tensile strength of silica-NR/SBR and co- silica-NR/SBR blends from 18.93 MPa to
23.68 and 25.6 MPa, respectively.

The effect of styrene-butadiene rubber and fumed silica nano-filler on the
mechanical properties and microstructure of glass fiber reinforced unsaturated polyester
resins were examined '*. The tensile strength and modulus of the neat SBR were 21 MPa
and 0.34 GPa, respectively. The addition of 1.33 and 4 wt% of nano-silica particle was
increased the tensile strength of SBR from 21 MPa to 25 to 27 MPa, respectively. The
elastic modulus was increased from 0.34 GPa to 0.39 to 0.43 GPa with the addition of
1.33 and 4 wt% of nano-silica particles, respectively.

The effect of nano-silica surface-capped by bis[3(triethoxysilyl) propyl]
tetrasulfide on the mechanical properties of SBR/BR nanocomposites were studied '°°.
Neat SSBR/BR composites and four kinds of SSBR/BR/Si-Sx nanocomposites, denoted
as neat SSBR/BR, SSBR/BR/Si-Sx-0-0, SSBR/BR/Si-Sx-0-6.5, SSBR/BR/Si-Sx-6.5-0,
and SSBR/BR/Si-Sx-6.5-6.5 were prepared. The tensile strength of SSBR/BR was
increased from 1.20 to 14.88 MPa in SSBR/BR/Si-Sx-6.5-0.

The mechanical, rheological, thermal and morphological properties of in-situ 20,
31.30 and 30.20 wt% silica filled butadiene rubber composites were investigated '°7. The
tensile strength and modulus were increased from 0.97 MPa, to 1.49, 1.98 and 3.17 MPa,
sequentially for 20, 31.30 and 30.20 wt% silica addition. For the same loading, the
modulus increased to 0.98, 1.13 and 1.21 MPa, respectively.

A study focused on the treatment of the silica surface by silane coupling agents to

promote the interaction with styrene-butadiene rubber %%,

Using potassium
peroxydisulfate (KPS) as an initiator, vinyltriethoxysilane (VTES) was grafted onto
styrene-butadiene rubber (SBR) in latex. After that, mechanical mixing was used to create
SBR-g-VTES/silica, SBR/TESPT/silica, and SBR-g-VTES/TESPT/silica with varied
silica loadings of 20.87, 25.85, and 30.17 wt%. Particle reinforced SBR-g-VTES was
examined to see how VTES affected the cure characteristics, physical qualities, and
dynamic mechanical properties. While the elongation at break of all samples showed a
tendency in the opposite direction, all samples showed an increase in hardness and with
increasing silica concentration. The SBR-gVTES/TESPT/silica composites showed the
highest harness and tensile strength. The SBR-g-VTES/silica composites exhibited higher

hardness and tensile strength than SBR/TESPT/silica.

27



The result of the above literature survey is summarized as a tensile strength versus
weight percent of silica graph in Figure 2.22. As is seen clearly in the same figure, an
increase in nano-silica content in the SBR matrix increases the tensile strength. The

maximum silica content is about 32 wt% and the maximum tensile strength is about 27

MPa.
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Figure 2.22. Tensile strength of silica modified styrene butadiene rubber composites 21
104’ 22 105, 23 106’ 24 107, 25 108.
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2.2.3. Silica Modified Natural Rubber Composites

Natural and synthetic rubbers are utilized in numerous industrial products (Figure
2.23). Natural rubber has outstanding tensile and tear strength and good abrasion
resistance '% and therefore it is suitable for the production of o-rings, seals, tires,
conveyor belts, and so on. By adding fillers to achieve desired properties for individual
products, the use of natural rubber in everyday products is continuously expanding ''°.
One of the most popular fillers in the rubber industry is silica !'''"!'3. Additional

advantages and compounding flexibility can be obtained by filling silica 1+11°,

O

Tires Automotive components Flooring Natural rubber
gaskets

Rubber nozzles Erasers Rubber sheet products Ducting

Anti-vibration Rubber swimming

Rubber adhesives Rubber gloves isolation pads tubes

Figure 2.23. Industrial rubber products.

The NR nanocomposites were manufactured by filling ionic liquid 1-allyl-3-
methyl-imidazolium chloride (AMI) modified nano-silica in NR matrix through
mechanical mixing and a following curing process !!7. The bound rubber, vulcanization

characteristics, mechanical properties, and dynamic mechanical properties of the
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modified nano-silica /NR nanocomposites with various morphologies and network
structures were systematically examined. The tensile strength and modulus of the neat
NR were 17.79 MPa and 0.85 MPa, respectively. AMI-modified nano-silica greatly
increased the tensile strength of nano-silica/NR nanocomposites. When unmodified nano-
silica/NR  nanocomposite was compared to AMI-modified nanosilica /NR
nanocomposite, the tensile strength was improved by 102%. The additions of 0.68, 1.35
and 2.02 wt% of AMI-modified nano-silica developed the tensile properties. The tensile
strength of 0.68, 1.35 and 2.02 wt% AMI-modified nano-silica was 23.95, 22.52 and
15.99 MPa and the young modulus of 0.68, 1.35 and 2.02 wt% AMI-modified nano-silica
was 1.18, 1, 0.89 MPa, respectively.

Quaternized polyvinyl alcohol (QPVA) was manufactured and utilized as an
intermedium to develop dispersion of silica in NR. QPV A/silica nanoclusters reinforced
NR nanocomposite was prepared by latex compounding via electrostatic interaction
(Figure 2.24) '8, For silica modified NR films, the tensile strength reduced dramatically
when the silica content was more than 2 wt%. The maximum tensile strength of NR-
QPVA/SiO> films was 34.2 MPa at 3 wt% SiO> loading, which was increased by 60% as
compared with that of neat NR film.

Flectrostatic e
+ i Adsorption » k -
/\AN\ 3 _— + \\\ Q
¥ —_— 2o
QPVA Silica QPVA/SiO2 nanoculsuter  Nature rubber

Electrostatic
Adsorption

P
Bg®

Figure 2.24. The mechanism of preparing NR-QPVA/SiO nanocomposite !5,

30



The mechanical properties of NR, SBR and NR/SBR blends filled with silica
hybrid filler, and their abrasive wear behavior against various counterface materials were
examined '"®. The addition of 3.66, 7.06 and 10.22 wt% of nano-silica particle increased
the tensile strength to 8.97, 10.83, and 10.37 MPa, respectively. The highest modulus was
1.51 MPa.

Natural rubber compound utilizing various silica, containing admicellar modified
silica, unmodified silica and silica with a silane coupling agent, were investigated '*°. The
strength and modulus features of both admicellar silica and silica with silane coupling
agent did not change so much, but they were better than those of unmodified silica. The
reason was that silica compatibility with natural rubber and silica dispersion in rubber.
The tensile strength of unmodified silica, admicellar silica and silica with a silane
coupling agent was 11.7, 29.7 and 25.1 MPa, respectively. Also, the modulus of
unmodified silica, admicellar silica and silica with a silane coupling agent was 1.4, 2.7
and 2.3 MPa, respectively.

The mechanical and thermophysical properties of NR filled with titanium dioxide
and nano-silica were investigated at room temperature with different filler concentrations
121 The tensile strength increased from 16.9 MPa to 18.4 and 26.5 MPa with the additions
of 10 and 20 wt% nano-silica, respectively. Also, the modulus was increased from 8.8
MPa to 17, 26.7 and 27.2 MPa with the additions of 5, 10 and 20 wt% nano-silica,
respectively.

The damping and mechanical features of silica/NR composites prepared from
latex system were studied *°. To make silica/NR master-batches, a well-dispersed silica
suspension was made using a bead mill and then added to NR latex. On a two-roll mill,
various rubber chemicals were combined with the coagulated silica/NR master-batches
with 10-30 parts of silica per hundred parts of rubber (phr) (8.94-20.9 wt%). Without Si-
69, the tensile strength progressively increased with enhancing silica loading up to 14.97
wt%. Due to poor silica dispersion, it had a tendency to decline when more silica was
added. However, the tensile strength of 20.9 wt% silica-filled conventional composite
without Si-69 was not much dissimilar from that of the unfilled NR vulcanizate. At 8.94
wt% silica loading, the tensile strengths of all conventional and master-batch composites
were found to be similar. At higher silica loadings (14.97 and 20.9 wt%) and without Si-
69, the master-batch composites displayed greater tensile strength than the conventional

composites.
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The mechanical properties of NR latex nano-silica composites were investigated
122 Nano-silica, which was utilized as filler, was separately incorporated into the latex
matrix. There was a noticeable increase in the properties when nano-silica was utilized as
filler in the latex matrix due to the developed latex-nanoparticle interaction and better
homogeneity in the distribution of nanoparticles in the latex matrix. The additions of 0.2,
0.4, 0.6, 0.8 and 1 wt% nano-silica to NR latex vulcanizates, the tensile strength increased
gradually and reached a maximum and then slightly declined.

The optimization of the physico-mechanical properties of silica-filled NR/SBR
compounds was studied '**. The tensile strength of the NR/SBR blends was reduced with
increasing SBR content. The tensile strength of NR/silica compounds 6.47, 12.15, 17.19
and 21.68 wt% silica was 15.2, 20.1, 15.5 and 8.1 MPa, respectively.

The effects of cyclohexylamine (CA) modified silica (Sil) addition on the
mechanical properties of a NR were investigated '**. The tensile strength of silica
modified samples increased from 21.5 MPa to 27 MPa. The tensile strength of natural
rubber vulcanizates had a maximum value at about 20.47 wt% silica. Furthermore, the
highest modulus was 5.5 MPa.

The mechanical and fracture mechanical properties of the elastomers filled with
the precipitated silica and nano-fillers based upon layered silicates were studied '*°. The
vulcanizates were filled with various contents (4.52-39.90 wt%) of two filler types. The
fillers were precipitated silica and an organic-modified nano-disperse layered silicate.
The addition of precipitated silica increased the tensile strength of natural rubber from 7
MPa to 23 MPa.

Figures 2.26(a) and (b) show the tensile strength versus silica content of silica
modified natural rubber composites. As is seen clearly in the same figure, an increase in
nano-silica content in the natural rubber matrix increases the tensile strength. The
maximum silica content is about 40 wt% and the maximum tensile strength is about 68

MPa.
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CHAPTER 3

DIATOM FRUSTULES

3.1. Diatom Frustules

Single-celled algae are known as diatoms !7 27 128 responsible ~25% of the

10 and release O> by a photosynthesis process that

world’s primary food production
consumes a significant amount of atmospheric CO», claimed to be more than rain forests
129 Each species of diatom (more than ten thousands) has a unique intricate 3D siliceous
shell/skeleton of transparent, biogenic (or opaline) amorphous nano-silica particles, also
known as frustule, and a surrounding soft organic matrix 3133, The frustule comprises
pores, ridges and protuberance, the sizes, shapes and percentages of which alter locally,
inherited from the different stages of a bio-mineralization process '**. The location
dependent mechanical properties make the diatoms mechanically highly efficient
structures, bearing the loads 1000 times of their weight '*°. The sizes of frustules range
1-500 pum, and the pores 10-200 nm !4 129 135137,

Diatoms are classified in two major groups, pennate (bilaterally symmetric) and
centric (radially symmetric), based on the frustules symmetry (Figure 3.1). Pennate
diatoms exhibit parallel striae, which are rows of holes oriented normally to the long axis
of the silica. The striae are normally spaced 0.3-2 m apart. Costae are the silica rows that

lie in between the striae. Costae are set up in honeycombs or combs (Figure 3.2). Frustules

exhibit an unmatched structural difference in addition to their symmetry 2%,
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Figure 3.1. The SEM pictures of the as-received diatom frustules, centric and pennate
partially crushed frustules.

— Raphe
— Costae
- Striae

Figure 3.2. The pennate diatom displaying the central raphe, the striae and the costae
128

Figure 3.3 shows a diagram of the siliceous parts of the diatom cell walls. The
diatom frustule is made up of two almost equal halves that fit together like a Petri dish
and enclose the majority of the single cell therein (Figure 3.3). The epitheca and
hypotheca are the terms for the exterior and interior frustules, respectively (Figure 3.4).
The bigger outer surface of each half (theca) is formed by a valve, and there are many

girdle bands, which are ring-shaped silica structures (Figures 3.3 and 3.4). Every diatom
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species produces frustules that are distinctively formed, with fine characteristics like
ridges, pores, and protuberances arranged in complex, species-specific patterns.
Amorphous silica skeletons have diameters range ~1-500 pm, but the regular features
scattered across the frustules wall have typical dimensions of 10-200 nm !4 129,

Figures 3.5 demonstrate similarities between the morphology of artificial and
natural silica formations '*%. Macroporous silica can be used as a platform for in situ
synthesis of Thrombin Binding Aptamer for optical biosensing purposes because of its
similar morphology to the diatom Coscinodiscus wailesii, as shown in Figures 3.5 and
3.6. This material is produced by electrochemical etching of crystalline silicon followed
by thermal oxidation at 900 °C (a and b). A chirped photonic-crystal fiber and the valve
of the diatom Arachodiscus wailesii are seen in Figures 3.5(c) and (d), respectively. Both

structures have the property of focusing the light. Synthetic and natural porous silica

nanovectors for drug delivery are also shown in Figures 3.5(e and f), respectively.

EPITHECA

HYFOTHECA

Figure 3.3. Diagram showing the siliceous elements in the diatom cell walls '*°.
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Figure 3.5. Comparative images of synthetic silica and diatom structures. a)
Macroporous silica, b) detail of diatom Coscinodiscus wailesii, ¢) chirped
photonic-crystal fiber, d) valve of diatom Arachodiscus wailesii, e)
graphene oxide-modified porous silicon nanoparticles and f) Diatomite

nanoparticles '3,
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3.2. Potential Applications of Diatom Frustules

The frustules of diatoms are deposited on the ocean floor after the end of their
cellular activities, and form a natural deposit known as diatomaceous earth (diatomite or
Kieselguhr). Diatomaceous earth (DE) is a cheap material, abundant and has diverse
applications in the heat and sound insulation, chemical reactions, sensors, explosives,
filtration, absorption and abrasion '!- 17128 140-143 "Hioh porosity, low density, low thermal
conductivity, and a high melting point (1400 to 1750 °C depending on impurities) are the
qualities that make DE excellent for industrial usage. Diatomaceous Earth (DE) filtration
i1s a process that uses diatoms or diatomaceous earth—the skeletal remains of small,
single-celled organisms—as the filter media. DE filtration relies upon on a layer of DE
placed on a filter element or septum and is frequently referred to as pre-coat filtration.
DE filters are simple to operate and are effective in removing cysts, algae, and asbestos
from water 14,

Diatoms provide raw materials for industry, environmental technologies,
nutraceutical and feeds and microorganisms for genetic engineering (detailed in Figure
3.6). Diatoms are used in bioreactors, hybrid biosensors, drug delivery, water purification,
immunoisolation, immunodiagnostic and immunosensors, nanotechnology, waste
degradation and phytoremediation of heavy metals, nanomedicine, photonic devices and
microfluids (Figure 3.7) *>15%, The nano-sized, porous silica capsule can be exploited for
drug carrier or release, where the drug molecules can be loaded on the internal and
external surfaces of the diatoms '°°. Diatoms offer a possible alternative to non-renewable
energy sources as a feedstock (Figure 3.9) '°7. Diatoms are possible to develop the quality
of biodiesel by optimizing the content of various acids that impact biodiesel properties
such as level of emissions, cetane number, oxidative stability, cold flow, lubricity and
viscosity !°8. Also, diatoms have environmental metabarcoding approach which is based
on DNA diversity in a natural environmental such as flora and fauna '*°. The precise
taxonomic identification of the diatoms included in the eDNA sample is next made using
the sequencing data generated from diatom metabarcoding. These results are then
compared with those from the traditional morphological database to confirm their
efficacy. To measure diatom diversity at the genus and species levels, the diatoms
metabarcoding tool has been greatly improved. A long-term study has been done on the

use of microalgae for wastewater treatment, which might be put to use in conjunction
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with both small- and large-scale companies. Diatoms can utilise the extra industrial waste
that is dumped in the aquatic system as a source of nutrients. Many wastewater types,
including aquaculture (Figure 3.10) °°, brewery '°!, and textile ' have been investigated
for phytoremediation capability. Diatoms are edible and can be utilized to make
substances like vitamins, antioxidants, animal feed, and vegetarian protein supplements.
Diatoms that contain carotenoids like fucoxanthin have been shown to possess a number
of photosynthetic pigments '*°. Furthermore, the extracts of Nitzschia laevis, Nitzschia
inconspicua, Navicula saprophila, and Phaeodactylum tricornutum contain a notable
quantity of DHA and EPA and can be utilized as dietary supplements for both humans
and animals.

Diatom frustules were also previously examined as temporary scaffolds in
processing microscale structures of zirconia '* 14, gold !* and MgO and TiO: '® and also
for the improvement of nano-devices that can be engineered for energy harvesting ' 164
anode composite material in Li-ion batteries '®° and thermal and theranostic applications,
ranging from subcellular imaging to drug delivery '3 1% Moreover, as the cracks moved
around silica particles that were around 40 nm in size, a great deal of energy was

reportedly required to shatter the frustules and a large region of the fracture °.

/?Diatoms m

Raw materials Environmental Nutraceuticals Microorganisms for
for the industry technology and Feeds genetic engineering

SN T L

Protein and Vltammzs,
LlpldS Silica River polyinsaturated carotenmd_s
ecology .- and phenolic

compounds

H lipids
[ Phytoremediation ]
[ Biofuel ] [ Application ]

Figure 3.6. The different applications of diatoms in the green industry (modified '?).
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Figure 3.7. Applications of diatoms in different fields (modified ¢).
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Figure 3.8. The mechanism of drug release from the porous diatom micro-shell '*®.
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Figure 3.9. Biodiesel production steps from microalgae (modified '*%).
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Figure 3.10. a) Recirculating aquaculture systems used for pike perch and catfish
farming and b) potential algal cultivation unit connected to the
recirculating aquaculture systems '¢°.

41



3.3. Mechanical Properties of Diatom Frustules Filled Composites

The natural and heat-treated frustules were previously studied as

167, 168

reinforcement/filler in polymeric matrices, lightweight concrete and also recently

in an Al matrix (Figure 3.11) ¢

. The compression stress-strain curves of hot-extruded
Al-diatom frustules composites with various diatom frustules contents are shown in
Figure 3.12(a). The samples with 3wt% diatom frustules exhibit the maximum strength
(185.2 MPa) at 13.5% strain. While the ductility is apparently undermined with increasing
diatom frustules contents (Figure 3.12(b)). The frustules as a reinforcing phase have a
relatively high surface area (11.777 and 22 m? g' 7% !"!) and the thermoset resins can
infiltrate easily through the regularly arrayed nano and micro pores of the frustules ',
The effect of heat treatment and acid leaching on the shape of diatom frustules
and the enlargement of frustules were also investigated in previous studies '7>!78, The
inclusion of diatom frustules increased the matrix strengthening at a particular heat
treatment temperature. This was attributed to the growth of the nanocrystalline grains
within the frustules and the alteration in the crystal structure (Figure 3.13(a)) '7°. Also,
the effect of diatom frustules shape and size on the compression stress-strain behavior of
a polymer matrix at a quasi-static strain rate was determined '*°. For that, pennate-type
in-house cultured Achnanthes Taeniata frustules and commercial diatomaceous earth
frustules were used as fillers in an epoxy matrix. Although, both frustule additions
increased the compressive strength of neat epoxy, the effect further increased with the
Achnanthes Taeniata frustule addition (Figure 3.13(b)). Centric type diatom frustules
obtained from DE (15 wt%) filter material was used as filler in an epoxy resin in order to
assess the possible effects on the compressive behavior at quasi-static and high strain
rates '8!, The result showed that 15 wt% frustule filling of epoxy increased both modulus
and yield strength values at quasi-static and high strain rates without significantly
reducing the failure strain. The effects of calcined diatom and natural diatom frustules
filling (0-12 vol%) on the quasi-static tensile and quasi-static and high strain rate
compression behavior of an epoxy matrix were studied experimentally '*2. Results of
compression tests revealed that epoxy frustule filling boosted elastic modulus and yield
strength values at quasi-static and high strain rates. While ND frustule filling had a

stronger strengthening impact and a higher sensitivity to strain rate (Figure 3.14).
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Sintering DE were also examined experimentally '3, The bending strength of cold
sintered diatomite exceeded 40 MPa. The failure stress increased up to ~80 MPa after
post-annealing at 800°C, whereas conventionally pressed samples sintered at 800 °C fail
under =1 MPa. Also, DE is also useful in producing lightweight aggregates. So, the
mechanical properties and absorption of lightweight concrete using DE were investigated
167 " The lightweight concrete made with lightweight aggregate from diatomaceous earth
was pelleted and classified as a structural lightweight concrete with compressive strength
above 25 MPa. The addition of 5% sawdust to the mixture improved the mechanical
properties of the lightweight concrete produced as observed in the higher compressive
strength, modulus of elasticity, splitting tensile strength, and flexural strength. Moreover,
Portland cement (PC) in mortar and concrete was mixed with highly-reactive pozzolanic

DE up to 40 6%,
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Figure 3.11. Schematic manufacturing of Aluminum-Diatom frustules composites
alloys '¢°.

43



200

Stress(MPa)

200

180

E=a
=

Strength/MPa
s E

Figure 3.12. Mechanical properties of pure Al and Al-diatom frustules composites

@

150

150

Stress (MPa)

50

5 Strain

10

T T T

—*— Frustules (800 °C) filed epoxy
— — Frustules (300 "C) filed epoxy
—*— Frustules (1000 °C) filled epoxy
7 Frustules {1100 "C) filled epoxy
% Frustules (1200 °C) filled epoxy

T Frustules (25 °C) filled epoxy
Neat apoxy

compressive yield sirength

o

Strain (mm/mm)

06

20
_ Tensile strength

15
10

Yield strength 3

0 4 6 8
Mass pet of DFs
169

200 T T T T
(b) ——The Achnanthes Taeniata frustules filled
—=— Diatomite filled
1501 —+— Neal epoxy |
=
¥
=z ive strangth
-\5 1 00 1 compressive strengt n
8 »
172!
501 4
1] L L L L
0 0.1 0.2 0.3 0.4 0.5
Strain

Figure 3.13. Compression stress—strain curves of (a) as-received and heat-treated
frustules filled epoxy and neat epoxy '”°, (b) neat epoxy, Achnanthes
Taeniata frustule filled epoxy and diatomite filled epoxy

180

Flanoation/®%4

44



. . - (b) o . . . : :

’ G0OTI0 00000
- Fperemrs "'-o.(:c"“% o 1 50 1
o
= ] Fw ]
3 s
2 ] =an 3
ﬁ o Neat epoxy g Neat epoxy
i *— 1.2 vol.% CD g - 2.5v0l.% ND
@ + 1.7 vol.% CD 5 w20 + 4.3vol% ND 1
) & 7.7 vol.% CD 4 6.8v0l.% ND
k= a— 113 v0l% CD ] 10 11.7 vol.% ND ]
C 1 1 1 1 1 0 » L 1 1 L Il
0 0.01 0.02 0.03 0.04 0.05 0.06 0 0.01 0.02 0.03 0.04 0.05 0.06
Strain Strain
5000
(©) G —
sy 283,401 + 0.11581x R’=0,052354 A CD
= 4000 o 70F ——y=52.727 +0.52846x R’=0.86971 e P‘;B o1 7
o o= 1)
= £ = 60
el c
3 3000 £T 50
3 5%
[} s 40
= 2000 it
g 2w 30
7] 2L ’
pa NO g -‘6) y = 27.09 + m2 * MO y = 27.09 + m2 * MO
w 1000+ 1 5 20F Vame]  Ewor Vo Ewor]
= m2 1.1476 | 0.14685 m2 1.3347 | 0.008887
» 10F Chisq | 16.502 NA Chisq | 7.8052 HA || ]
0 i | ! ! ! R?| 0.87255 NA Rr? | 095085 NA
0 2 4 6 8 10 12 % 2 4 6 8 10 12
Vol (%) Vol (%)

Figure 3.14. Tensile stress-strain curves for (a) CD and (b) ND filled epoxy, as well as
variations in (c) elastic moduli and (d) tensile strength at 0.1 strain for
various frustule volume percentages '%2.

3.4. Motivation of Thesis

It is well known that the mechanical properties of composites can be significantly
influenced by the geometrical characteristics of filler. For instance, the elastic modulus
of the matrix has a lesser impact on the composite stiffness than the particle volume
percent. The toughness and strength are increased by the strong particle matrix adherence.
As it directly influences the particle matrix adherence, the surface area of filler material
is also crucial for enhancing the mechanical properties of polymer matrices. Small filler
sizes and extremely rough surfaces are typically associated with high surface area. Until
now, the studies have improved the properties of silica/polymer nanocomposites, their
preparation, characterization, mechanical properties and applications examples of which
can be found in the refs. '¥*+1°2, Nano-silica is generally synthesized by the sol-gel method

which includes complex processes >2. Diatom frustules can be utilized as a reinforcing

45



filler in polymeric composites because of their complex morphology and high surface
area/volume ratio. This thesis is aimed to produce nano-size silica powder from diatom
frustules and to use these powders as reinforcement in a polymer structure. A combined
process of heat-treatment and acid leaching was selected, since the amorphous silica
phase dissolves more rapidly than the crystal phase in hydrofluoric acid 8. After a
leaching process, the leachate was filtered to separate nano-size silica particles. Then, the
filtered frustule was ball milled to obtain nano-size particles. Both powders (under filter
and ball milled over filter) can be directly added to a matrix. Ball milled over filter powder
was directly added to an epoxy matrix and the mechanical behavior of natural nano-

structured diatom frustule added epoxy was experimentally investigated.

46



CHAPTER 4

EXPERIMENTAL STUDIES AND MODELS

4.1. Materials and Methods

The natural diatom frustules (diatomaceous earth) was received from Alfa Aesar,
Johnson Matthey Co., England. The as-received frustules were previously characterized
and the results of the characterization studies are given in several different publications
41,137, 174,177,178, 183, 193

The particle size analysis of natural diatom frustules and the silica powders was
performed in a Malvern Master-sizer 2000 device. The X-Ray Diffraction (XRD) analysis
of frustules and powders were performed in a Philips X Pert Pro device (Cu-Ka radiation,
1.54 A°, 40 kV and (5-70°)). The amorphous and crystal phase percentages of frustules
and powders were determined using Panalytical X Pert Pro High Score Plus and Origin
software. The elemental composition of natural diatoms was determined by an energy
dispersive X-Ray Fluorescence spectrometer (XRF) (Spectro 1Q II). The chemical
bonding was studied by a Perkin Elmer Fourier Transform Infrared (FTIR) System
Spectrum BX Spectroscopy. The morphological and surface topography features of
frustules and the fracture surfaces of tested silica/epoxy composites were examined in an
FEI Quanta 205 FEG SEM in secondary and back scattered electron modes.

The crystallinity was calculated using the following relation

Crvstallinit Area of crystalline peaks 100
= X
rystafiimty Area of crystalline + amorphous peaks 4.1)
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4.2. Nano Silica Powder Processing of Frustules

Four different routes were used to process nano-silica powder from the as-
received diatom frustules: (i) heat treatment, (i1) ball milling (500 rpm, 1 h) and (iii)
hydrochloric (HCI) and hydrofluoric acid (HF) leaching. The schematic of the HF acid
leaching processing steps is shown in Figure 4.1. The as-received frustules were heat-
treated in a box furnace between 900 and 1200 °C at 100 °C intervals for 2 h. The selection
of the lowest heat treatment temperature was based on a previous study, which
demonstrated that the first cristobalite phase appeared at/after about 900 °C '”®. The as-
received and filtered acid leached heat-treated frustules were ball milled in a Retsch PM
200 device at 500 rpm for 1 h in order to determine the effect of ball milling on the powder
size. Milling was done in a 125 ml capacity agate pot using agate balls in 10 mm diameter.
The ratio of frustules to balls was chosen 1:2. The as-received frustules and 900-1200 °C
heat-treated frustules were leached in a HF-solution with 1, 3, 5, and 7 N concentrations
in a polypropylene flask at room temperature (Isolab Laborgerdte GmbH). As shown in
Figure 4.1, the leach solution was then filtered in a vacuum filtration system using a 1000
nm filter paper. The filtered frustule (above filter) was then dried in an oven together with
the filter paper at 110 °C for 2 h. The filtered frustule was then ball milled at 500 rpm for
1 h. The particle size analysis of the nano powders (filter solution and ball milled above
filter) was performed in water by using a Malvern Panalytical Zeta-sizer Nano Range
particle size analyzer.

The schematic of HCI acid leaching processing steps is shown in Figure 4.2. The
as-received frustules and 900-1200 °C heat-treated frustules were leached in a solution of
10% (3.18N) and 20% (6.36N) of HCI (100 ml) in a glass flask at room temperature
(Isolab Laborgerdte GmbH). As-received and heat-treated frustules were kept at 100 °C
4 h, cooled and diluted with 60 °C warm distilled water. As shown in Figure 4.2, the leach
solution was then filtered in a vacuum filtration system using a 1000 nm filter paper.

Finally, filter paper was burned at 700 °C for 1 h.
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4.3. Nano Silica Filled Epoxy Composite Processing and Testing

The diglycidyl ether of bisphenol-A (DGEBA) is the most commonly used epoxy
resin as it has numerous desirable qualities, including fluidity, little shrinkage during
curing, and simplicity of processing. Bisphenol A epoxy resin with hardener was used as
a matrix (Epores 11564 and Epohard 13486). The resin and powder were mixed by
disperser (Arzum AR1023) at 100 rpm 5 min. In order to prevent the production of gas
bubbles, the hardener was added to the solution mixture under vacuum. Amounts of
solution mixtures are tabulated in Table 4.1. Finally, the mixture was poured into a Teflon
mold. As shown in Figure 4.3, the tensile test specimens were made using a rectangular
Teflon mold and cured at room temperature for 24 h, followed by a post-curing process
at 50 °C for 24 h in an oven. The tests were carried out in an AG-I Shimadzu quasi-static
mechanical testing machine using epoxy tensile test specimens that were manufactured
in accordance with ASTM D638M-91a standards (Type IV). The test setup and devices
employed in the system are shown in Figure 4.4. An external digital camera was
employed during the testing to record the deformation. Two-gauge markers were put onto
the upper and lower bounds of the gauge length to make that zone visible to the
extensometer in order to measure the change in the gauge length. At least three tests were
conducted with a strain rate of 1x107 s, and the tested and fractured specimens were

kept in a desiccator until microscopic examination.
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Figure 4.3. Schematic of nano-silica filled epoxy composite processing and testing.

Table 4.1. The solution mixture of the 1200 °C heat-treated, HF-treated (1 N HF 15 min)
and ball milled (500 rpm 1 h) diatom frustules.

Powder Fiber Matrix Fiber Molding Epoxy Hardener Vol Wt

amount density density volume volume (g) (g (%) (%)
(mg) (g/em’) (glem’) (em’)  (em’)

128.15 2.33 1.15 0.055 11 9.44 3.21 0.5 1.165
256.3 2.33 1.15 0.11 11 9.44 3.21 1 2.33
512.6 2.33 1.15 0.22 11 9.44 3.21 2 4.66
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Figure 4.4. Quasi-static tension test setup.

The engineering stress (depg) in the tensile tests was calculated using

P
Oeng = T (4.2)
0

where, A, is the initial cross-sectional area of the specimen and P is the applied load. The

engineering strain (&g, 4) was calculated as

l - lO Al
Eeng = fT =T (4.3)

Where, [ is the final gauge length and [ is the initial of the specimen. The true stress

(0¢rue) and true strain (&) Were sequentially defined as
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Errue = INL (4.5)

lo

P

Otrue = Z (4.4)
i

In above equation, [; and A; are length of the specimen the instantaneous and cross-
sectional area. The engineering stress-strain data were transformed into true stress-strain

data by taking into account no volume change in plastic deformation as

Aply = Ail; (4.6)

Then equation 4.6 is written as
Otrue = Oeng(1 + €eng) (4.7)

And, equation 4.7 is written as
Errue = IN(1 + £eny) (4.8)

The true strain rate (&, ) Was calculated using the following relation

dgtrue

Etrue = “dt (4.9)

where, ¢ 1s the time.



4.4. Theory of Composite Models

Composite models have been investigated for predicting the mechanical and
thermal features of particulate and short fiber composites. Two basic models are the law

of mixtures and Eshelby’s model.

4.4.1. Law of Mixtures

It is considered a composite with N various reinforcing elements dispersed
throughout a matrix. Assume that the elastic modulus and volume fraction of matrix
material are E and V,, and each fiber has a modulus of E; and the volume fraction of fibers

1s V;(i=1,2,3,.....N), respectively. The modulus of composites E,. is considered by

E.

L

N
ViE; (4.10)
=0

where

N
V=1 (4.11)
=0

l

The average strain € can be explained by assuming that the externally imposed strain E,is
is equal to the shear strains in all phases, including the matrix. Since the stress in the i th

phase, o;, 1s given by E;y, the average stress in the composite & can be approached by

N N
i=0

i=0

On the other hand, the average stress & is related to the applied strain &, (= €) by
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g =Ez; (4.13)

From equations (4.12) and (4.13) one can be acquired eq. (4.10). If the moduli E, and E;
are replaced by the strength of composite (o,) and reinforcing materials (o;), composite

strength can be obtained by

N
o, = Z Vio; (4.14)
i=0

In this case of two-phase system, one kind of reinforced element and matrix, Eqn. (4.14)

can be written as

O, = Voo-o + V101
(4.15)
= Vmam + Vfo

The fiber and matrix are demonstrated as f and m, respectively. Because there are
differences in the strains between the fiber and the matrix, the value estimated by low of

mixtures is an upper bound '**,

4.4.2. Eshelby Model

The elastic stress field surrounding an ellipsoidal particle in a finite matrix served
as the basis for the Eshelby model . The Eshelby model provides a solid method for
predicting the Young's modulus of short fiber composites, even though it cannot be
utilized to forecast stress transfer. The Cartesian coordinates, X, X», and X3, are utilized,

and X3 is the axis of symmetry of the ellipsoidal inclusion. A stress, dy, is applied to the

a

composite in the X3 direction. In this case, the remote applied strains, &;;, become
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e1=¢&n =% (4.16.a)
m

(4.16.b)

where v is Poisson's ratio. Without the inclusion, the system experiences uniform
deformation due to the applied strain. In the absence of the inclusion, the deformation
throughout the system is uniform &;;. However, the inclusion's presence perturbs the
deformation, and the strain brought on by this disruption is known as the constrained

strain, £;;. An equivalent inclusion that shares the matrix elastic constants and experiences

t

an equivalent transformation strain takes the place of the real inclusion, &;;, in order to

overcome this issue. The displacement and stress within the equivalent and true inclusions

must, however, be identical for this substitution to work, such that %

K, (e + &%) =K, (e + &% — €Y) (4.17.a)

Ge('ef; +'el) = G ('ef; + '€l — "¢l (4.17.b)

The ellipsoidal inclusion is indicated by the subscript "e," the dilatational and deviatoric

strains are indicated by the subscript € and '¢;;, respectively, and K and G are the bulk

modulus and shear modulus, respectively. When the volume fraction of inclusions is

finite, there are two parts to the constrained strain in the inclusion, such that %7

e =& +& (4.18)

In above equation, eicj' is the constrained strain component a single inclusion can be

connected to the transformation strain by when it is embedded in an infinite matrix '3
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&fj = Sijricia (4.19)

where, S;ji; is the Eshelby tensor and is a function of the aspect ratio of the inclusion and
Poisson's ratio of the matrix. The second constrained strain component, sicj" is introduced

to account for the effect of the presence of other inclusions on an inclusion, and can be

related to the transformation strain by '*°

(11— el +f(ef; — ) =0 (4.20)

The solutions of the strain components, ;; and sl-tj can be obtained by solving Egs. (4.16)

-(4.20). The stress/strain relationship can be used to calculate the stress in the ellipsoidal

inclusion in the loading direction, g, such that '3

_ VeE (e + &%) E.(e5; + €55)
T (1+v.)(1-2v,) 1+ v,

Oe

4.21)

The composite's effective Young's modulus in the loading direction, E,, can be obtained
by dividing the applied stress with the average strain in the composite in the loading

direction, such that '’

Ep=— 92

) = 4.22
efs + fess (4.22)

It is noted that formulations of the solutions of &;; and sl-tj (and hence g,and E,) are lengthy

and have been obtained by Tandon and Weng '%%-2%,
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4.5. Numerical Modelling

Solid structure modeling, mesh application, pre-processing of the simulation, the
solution, and numerical result confirmation are the steps of numerical modeling that are
shown in Figure 4.5. The 3D modeling of the geometries was performed in Solidworks
and then saved as IGES files that could be accessed with Hypermesh meshing software.
Quad elements were used to mesh the composite samples. To specify material properties,
contacts, boundary conditions, termination time, test conditions, and mass scaling for
quasi-static testing. The meshed structures were saved as. k files and exported to LS-
PrePost software. The solution was used in LS-DYNA SOLVER, and the numerical and
experimental results were compared. MAT ISOTROPY ELASTIC (MAT 001) and
MAT PIECEWISE LINEAR PLASTICITY (MAT 024) (LSTC, 2016) is an elasto-

plastic material model, used in the numerical modelling.

it

LS-PREPOST®

Experlmental results |

_>| Material model | LS-DYNA solver

‘;{ Boundary condition |—> 5 _"l Numerical results |

—)l Numerical parameters

Figure 4.5. Steps in numerical model.



4.5.1. Unit Cell Model

The matrix is supposed to contain spherical, elastic, and uniformly dispersed silica
nanoparticles. A particle in a cylinder-shaped matrix phase is utilized to model the entire
composite structure as the unit cell (Figure 4.6). Only one quarter of the axisymmetric
unit cell was utilized in the model calculations due to symmetry. Figure 4.7 shows the
model's geometrical parameters which are the particle radius, unit cell cylinder radius,

and height.

() (b) o (©

Figure 4.6. The axisymmetric unit cell model showing a) composite, b) unit cell and c)
a quarter of the unit cell.

T

Height=R

T
Particleradius

Figure 4.7. Geometrical parameters of the model.
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The effect of reinforcement volume fraction on the stress-strain behavior of the
silica nanoparticles was investigated using 2 volume percent of silica nanocomposites. In
the composite, it is assumed that the particles are spherical and evenly dispersed. The
square shape of the particle packing geometry was adopted. It was assumed that the unit
cell would be 5 cm in length. The particle radius was calculated using the following

equation:

1
r= (Rsff > ’ (4.23)

In above, R is the length of the unit cell, r is the particle radius, and f'is the particle volume
fraction. The cylinder's height and diameter are equal since the particle packing geometry
is square.

Quadrilateral axisymmetric elements were used in the meshing of the unit cell.
Two mesh sizes were investigated: coarse meshing includes 500 elements (300 silica and
200 epoxy) 0.75 mm length and fine meshing includes 2000 elements (1200 silica +and
800 epoxy) 0.375 mm length. Figure 4.8 displays the meshing unit cells with boundary
conditions. The unit cell's left edge was fixed on the x-direction, with dx=0, and its bottom
edge was fixed on the y-direction, with dy=0, due to the symmetry. For geometric fitting,
the top edge's y-direction constraint was dy/y=0. Additionally, the unit cell's right edge

was fixed at dx=0 in the x direction.
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Figure 4.8. Meshed unit cell model and boundary conditions (a) coarse and (b) fine
meshing applied.

The model was subjected to a simulation of uniaxial loading by having an
incremental y-direction displacement imposed. The deformation of the composite was
modeled using the effective plastic strain of plastic flow of the epoxy matrix and the
elastic properties of the silica reinforcement. The elastic modulus and the density of the
silica reinforcement were taken as 65 GPa and 2.32 g/cm?®, respectively. The Poisson’s
ratios of silica were taken 0.001 and 0.17. Also, the elastic modulus, density and Poisson’s
ratio of the epoxy matrix were taken as 4.23 GPa, 1.15 g/cm?, 0.33, respectively. The

macroscopic stress was calculated using,

(4.24)

Where N is the total number of gauss points, oj is the element stress at the gauss points
and og; is the average composite stress at ith increment. Macroscopic strain was

calculated using,
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g =In— (4.25)

where, / is the final and lo is the initial length of the unit cell and i is the increment number.

62



CHAPTER 5

EXPERIMENTAL RESULTS

5.1. Characterization of Natural Diatom Frustules

The X-Ray Florescence spectrometer (XRF) analysis showed that the natural
diatom frustules were composed of 90.08% of SiO> and with minor quantities of other
oxides as tabulated in Table 5.1. The highest amount of other oxides was Al>O3 with an
amount of ~5.5%. The XRD pattern of the as-received frustules shown in Figure 5.1(a)
indicated that the structure was mainly composed of Opal-A and quartz (SiO2, Ref. 82-
0511).

Table 5.1. Chemical composition of diatom frustules.

Constituents Natural Diatom (wt%)
Si0; 90.08
ALO3 5.53
Fe20s 1.52
CaO 0.51
MgO 1.03
TiO; 0.21
NaxO <0.02
P>0s 0.23
MnO <0.002
K->O 0.48
Cr203 0.089
Loss on ignition 1

The XRD patterns of the heat-treated frustules are shown in Figure 5.1(b) at
different heat-treatment temperatures. As is seen in the same figure, the peak intensity of

quartz at approximately 20=26° declines as the heat treatment temperature of natural
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diatom frustules rises to 900 °C, signaling the beginning of the transformation of the

amorphous phase into crystal structure. The XRD pattern of natural diatom heat-treated

at 1200 °C displays a crystal structure (Figure 5.1(b)). The percent crystallinity of the as-

received frustule is calculated 9.3% and the crystallinity increases to 19.9, 33.5, 38.8 and

46.2% as the heat-treatment temperature sequentially increases to 900, 1000, 1100 and

1200 °C, respectively. The FTIR chart of the as-received frustules as seen in Figure 5.1(c)

has three distinctive broad bands at 1066, 803, and 541 cm™!. The Si-O-Si anti-symmetric

stretching mode occurs at 1076-1100 cm™!, the symmetric Si-O-Si stretching mode at 750-

850 cm™! and the bands at 618 and 450 cm™ are specific to the Si-O-Si framework.
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Figure 5.1. X-ray diffraction pattern of (a) as-received, (b) heat-treated frustules and
(c) FTIR chart of natural diatom frustules.
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Figures 5.2(a-f) are the SEM micrographs of the as-received diatom frustules at
different magnifications. The multilevel pore sizes of a valve are clearly seen in the high
magnification SEM pictures in Figures 5.2(d-f). The valve seen in these figures is an
areola, which includes four densely porous membranes: cribellum, the sieve membrane
(outer), loculate wall structure and the pore membrane (inner). As seen in Figure 5.2(f),
the cribellum has different sizes of pores (the outermost is around 100 nm and the inner
is about 50 nm in size). The external foramina ranges from 1.2 to 2 um, the diagonal of
the hexagonal cavity is approximately 2.6 um, and the size of the internal foramina varies

between 0.8 and 1 um (Figure 5.2(f)).
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Figure 5.2. The SEM pictures of as-received natural diatom frustules at (a,b) low, (c,d)
intermediate and (e,f) high magnifications.



The particle size distribution of as-received and heat-treated diatom frustules is
shown in Figures 5.3(a and b). Ninety percent of the sizes of the as-received natural
diatom frustules is less than 44.4 pm, 50% less than 15.6 pm and 10% less than 3.8 um,
as tabulated in Table 5.2. The mean particle sizes of heat-treated frustule ranges 14.7-
13.7 between 900-1200 °C as tabulated in same table.
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Figure 5.3. Particle size distribution of (a) as-received and (b) heat-treated diatom
frustules.

Table 5.2. Particle size distribution of as received and heat-treated natural diatom

frustules.
Frustule D(0.1) D(0.5) D(0.9)
25 °C (as-received) 3.8 15.6 44 4
900 °C 3.7 14.7 38.9
1000 °C 3.6 14.5 39.1
1100 °C 3.5 14.4 40.2
1200 °C 33 13.7 41.4
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5.2. Ball Milling of Natural Diatom Frustules

The particle size distributions of the as-received and heat-treated natural diatom
frustules (900 and 1200 °C) before ball milling and after ball milling are shown in Figures
5.4(a-c), respectively. BB and AB in the same figures refer to before ball milling and after
ball milling, respectively. The particle sizes of powders before ball milling range 1-100
um and ball milling shifts the particle distribution to lower particle sizes, as seen in the
same figures. For example, 90% of the sizes of the as-received natural diatom frustules is
less than 44.4 um, 50% less than 15.6 um and 10% less than 3.8 um before ball milling
(see Table 5.3). After ball milling, these values were almost reduced to half and
sequentially 20.9, 7.2 and 1.9 pm. Similar size reductions are also seen in the heat-treated
frustules as shown in Figures 5.4(b) and (c). The mean particle sizes of the powders with
the heat-treatment temperature before and after ball milling are depicted in Figure 5.4(d),
together with the percent crystallinity. As is seen in the same figure, the mean particle
sizes before and after ball milling tend to decrease slightly with increasing heat treatment
temperatures. The mean particle size of the as-received frustule decreases from 15.6 um
to 14.7, 14.5, 14.4, and 13.7 um after heat-treatment sequentially at 900, 1000, 1100, and
1200 °C and from 7.2 pm sequentially to 7.6, 7.6, 7.4, and 6.7 um after ball milling.
Percent crystallinity, on the other side, increases from 9.2% at room temperature to 19.9,
33.5, 38.7 and 46.2% after the heat-treatment at 900, 1000, 1100, and 1200 °C,

respectively.
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Figure 5.4. Effect of ball milling on the particle size (a) as-received and heat-treated
frustules at (b) 900 and (c) 1200 °C and (d) variation of mean particle size
and crystalline with the heat treatment temperature.

Table 5.3. Particle size distribution of as received and heat-treated natural diatom
frustules (500 rpm 1 h ball milling).

Ball millin D(0.1 D(0. D(0.

Frustule time (h) g (S:n)) (;(J,(:ns)) (S:n9))
25 °C (as-received) (1) :I’ g 175.‘26 ‘2‘33
900 °C i s Te
1000 °C (1) Zig 1;.65 329(.)1
we
1200 i e ol i




5.3. Hydrochloric Acid Leaching

Figures 5.5(a and b) illustrate the particle size distribution of 10% (3.18 N) and
20% (6.36 N) HCI (100 ml) acid leached frustules heat treated at 25, 900, 1000, 1100 and
1200 °C, respectively. The powder sizes corresponding to D0.1, D0.5 and D0.9 of HCI-
treated frustules are further tabulated in Table 5.4, together with the heat-treatment
temperatures. With the increase of the heat treatment temperature from 25 to 1200 °C, the
mean powder size decreases from 14.2 to 10.6 um after leaching with 10% HCI solution
and from 12.5 pm to 9.5 um after leaching with 20% HCI solution. As shown in Figures
5.6(a and b), the mean particle size of the as-received and heat-treated frustules is almost

reduced to half by applying ball milling and the values are tabulated in Table 5.5.
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Figure 5.5. The particle size distribution of (a) 10% (3.18 N) and (b) 20% (6.36 N) HC1
(100 ml) acid leached frustules heat-treated at 25, 900, 1000, 1100 and 1200
°C.
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Figure 5.6. The particle size distribution of (a) 10% (3.18 N) and (b) 20% (6.36 N) HC1
(100 ml) acid leached and ball milled (500 rpm , 1 h) frustule heat treated
at 25, 900, 1000, 1100 and 1200 °C.

Table 5.4. The particle size distribution of 10% HCI acid leached diatom frustules.

Samples

Particle size distribution

No ball milling 500 rpm, 1 h ball milling

10% (3.18 N)HC1 | D(0.1) D(@0.5 D(@0.9) | D@0.1) D(@0.5 D(.9
nm nm nm nm nm nm
25 °C (as-received) 59 14.2 314 33 7.5 18.4
900 °C 5.6 13.4 39.9 2.9 7.4 17.1
1000 °C 5.1 12.7 28.2 2.8 6.8 15.5
1100 °C 4.8 11.8 26.8 2.6 6.4 14.9
1200 °C 4.2 10.6 254 2.5 5.8 13.7

Table 5.5. The particle size distribution of 20% HCIl acid leached diatom frustules.

Samples Particle size distribution
No ball milling 500 rpm, 1 h ball milling
20% (6.36 N)HC1 | D(0.1) D(@0.5) D@09 | D@0.1) D(0.5 D(0.9
nm nm nm nm nm nm
25 °C (as-received) 53 12.5 29.6 3.1 7.1 17.1
900 °C 4.8 12.1 28.7 2.9 6.8 16.3
1000 °C 4.5 11.5 25.9 2.7 6.4 14.4
1100 °C 4.3 10.0 23.5 2.6 5.8 13.7
1200 °C 3.4 9.5 223 23 53 12.7
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The weight percentage of dissolved and undissolved under-filter frustules is
shown in Figure 5.7 as a function of the heat-treatment temperature and acid
concentration. About 12% of the as-received frustule passes under filter after 10% (3.18
N) HCI acid leaching and this value increases to ~14% when the acid concentration
increases to 20% (6.36 N). The effect of heat-treatment is also seen on the weight of the
under-filter frustule. For example, leaching 900 °C heat-treated frustules at 10% (3.18 N)
HCI increases the under filter weight from ~13% to ~15%. In the under filter solution
with 10% (3.18 N) HCI acid leaching, undissolved frustule particles were weighed after
sequential washing and drying and ~8% of the as-received frustule, ~9% of the frustule
heat-treated at 900 °C, ~11% of the frustule heat-treated at 1000 °C, ~13% of the frustule
heat-treated at 1100 °C and ~18% of the frustule heat-treated at 1200 °C were found not

dissolved in the under filter solution.
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Figure 5.7. The weight percentage of dissolved and undissolved under-filter frustules.
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5.4. Hydrofluoric Acid Leaching

Figures 5.8(a-e) demonstrate the XRD spectra of the filtered frustules heat-treated
at 25, 900, 1000, 1100 and 1200 °C using 1 N, 3 N, 5 N, and 7 N solution for 15 min and
the percentage of the crystalline silica, respectively. The increased peak intensities at
increasing heat-treatment temperatures in the same figures refer to the increased
crystallinity. Both HF-leaching and heat treatment are seen, in the same figures, effective
in increasing the crystallinity. For example, the percentage of crystal phase of natural
frustule (Figure 5.8(f)) increases from 9.2% to about 12, 29, 35 and 42% when leached
sequentially by 1, 3, 5, and 7 N HF solution for 15 min. This also confirms a higher rate
of amorphous phase dissolution with acid leaching of the as-received frustule. On the
other side, the increased percent crystallinity of heat-treated frustule without HF-leaching
shows a further increase after acid leaching (Figure 5.8(f)). The crystal phase percentage
of the filtered acid leached frustules also increases with increasing acid concentration; the
crystallinity reaches 50-60% when the acid concentration is increased to 7 N as seen in
Figure 5.8(f).

Figures 5.9(a-h) show the XRD spectra of the filtered frustules leached with 1, 3,
5 and 7 N solution by 15, 30 and 60 min acid leaching, respectively. The percentage of
crystal phase of natural frustule increases from 9.2% to about 12, 27 and 36% when
leached sequentially by 1 N HF solution at 15, 30, and 60 min, respectively. The crystal
phase percentage of the filtered acid leached frustules also increases with increasing
leaching times; the crystallinity reaches ~60% when the acid concentration is increased

to 7 N for 60 min in 900 °C heat-treated frustules.
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Figure 5.8. XRD spectra of the filtered frustule heat-treated at (a) 25 °C, (b) 900 °C, (¢)
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Figure 5.9. XRD spectra of the filtered frustule at (a) 1 N, (b) 3N, (c) 5N and (d) 7N

(15, 30 and 60 min) acid leached as-received and (e) I N, (f) 3 N, (g) 5N
and (h) 7 N (15, 30 and 60 min) acid leached 900 °C heat-treated frustules.

The weight percentage of dissolved and undissolved under-filter frustules are
shown in Figure 5.10(a) as function of the heat-treatment temperature and acid
concentration for 15 min leaching. A strong dependence of the under filter frustule weight
percentage on the acid concentration is evident in the same figure; for example, 38% of
the as-received frustule passes under filter after 1 N HF acid leaching and this value
increases to 85% when the acid concentration increased to 7 N. The effect of heat-
treatment is also seen in the weight of the under filter frustule. For example, leaching 900
°C heat-treated frustules at 1 N HF for 15 min increases the under filter weight from 38%
to 59%, while heat treatment above this temperature decreases the weight of the under
filter frustule, even below that of the as-received frustule in 1100 and 1200 °C heat-treated
frustules. In the under filter solution with 1 N HF 15 min leaching, undissolved frustule
particles were weighed after sequential washing and drying and ~25% of the as-received
frustule, ~39% of the frustule heat-treated at 900 °C and 2.64% of the frustule heat-treated
at 1200 °C were found not dissolved in the under filter solution. The effect of the starting
frustule weight (1000, 3000, and 5000 mg) on the weight percentage of dissolved and
undissolved under-filter frustules for the as-received frustule is shown in Figure 5.10(b).
As seen in the same figure, more than 80% of the starting as-received frustules pass under
filter at 3, 5 and 7 N HF solutions when the weight of the starting frustule is 1000 mg,
while increasing the weight of the starting frustule decreases the weight percentage under
filter frustules. The leaching experiments were continued using a 3000 mg starting

frustule weight.
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Figure 5.10. The weight percentage of dissolved and undissolved under-filter frustules
(a) at different heat treatment temperatures and acid concentrations (3000
mg) and (b) the effect of the weight of starting frustule.

The effect of leaching time on the percentage of the under-filter frustule is shown
in Figures 5.11(a) and (b) for the as-received and 900 °C heat-treated frustules,
respectively. Increasing leaching time from 15 to 30 min increases the percentage of the
under filter as-received frustules (Figure 5.11(a)). After 30 min, the percentage however
reaches a steady value, 90% or over. The percentage of the under filter of the 900 °C heat-
treated frustules, as seen in Figure 5.11(a) is over 90%, when leached by 5 and 7 N HF
solution. As is noted in the same figure, the heat-treated frustule shows lesser passage to
under filter in 1 and 3 N HF solution leaching. The percent crystalline phase in the filtered
frustule also increases with increasing leaching time regardless of acid concentration, as
depicted in Figure 5.11(b). This proves a higher rate of passage of amorphous phase to
under filter.

Figures 5.12(a-e) show the SEM pictures of an as-received 1N HF-leached (15
min) frustule at five different magnifications. The shallow small-size pits seen on the
ridges of regular circular holes as marked by the arrows in Figures 5.12(d) and (e) are
likely due to the dissolution or separation of nano-silica particles by acid leaching. The
number and size of these surface pits increase significantly in the 1N HF leached (15 min)
900 °C heat-treated frustules as clearly seen in the SEM pictures in Figures 5.13(a-e).
These are also consistent with the increased weight percentage of the under filter frustules
in the 900 °C heat-treated frustule (59%) as compared with the as-received frustules
(39%), as also noted in Figure 5.10(a). Gradually, the size and number of the surface pits
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decrease when the heat-treatment temperature increases to 1000 and 1100 °C as seen in
Figures 5.14(a-e) and Figures 5.15(a-e), respectively. The weight percentages of the
under filter frustules also decrease to ~52% and ~21% for 1000 and 1100 °C heat
treatments, respectively. The cracks seen on the surface of frustules (Figure 5.15(e)
confirms the increased rates of crystal phase transformation at these temperatures. Note
that in Figure 5.15(e) and Figure 5.14(e), the pit sizes are smaller in the 1100 °C heat-
treated frustules than the 1000 °C heat-treated frustules. This is in accord with lower
percentages of under filter frustules of 1100 °C heat-treated frustules than that 1100 °C
heat-treated frustules. On the other side, large crystal grains are seen after 1 N HF leaching
for 15 min in the frustules heat-treated at 1200 °C, Figures 5.16(a-¢). At the same time,
the percentage of under filter in these frustules (~24%) is very much similar with the

frustules heat-treated at 1100 °C.
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Figure 5.11. (a) The weight percentage of under-filter and (b) the crystallinity in the
filtered as-received and 900 °C heat-treated frustules leached at different
acid solutions for 15, 30 and 60 min.
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Figure 5.12. The SEM pictures of the as-received frustules 1N HF-treated (15 min)
showing the structure (a,b) low, (c) intermediate and (d,e) high
magnification.
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Figure 5.13. The SEM pictures of the 900 °C heat and 1N HF-treated (15 min) showing
the structure (a,b) low, (c) intermediate and (d,e) high magnification.
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Figure 5.14. The SEM pictures of the 1000 °C heat and 1IN HF-treated (15 min)
showing the structure (a,b) low, (c,d) intermediate and (e) high
magnification.
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Figure 5.15. The SEM pictures of the 1100 °C heat and 1N HF-treated (15 min)
showing the structure (a,b) low, (c,d) intermediate and (e) high
magnification.
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Figure 5.16. The SEM pictures of the 1200 °C heat and 1IN HF-treated (15 min)
showing the structure (a,b) low, (c,d) intermediate and (e) high
magnification.
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The pictures of silica powders after ball milling acid-leached and filtered as-
received and 900, 1000, 1100 and 1200 °C heat-treated frustules are shown sequentially
in Figures 5.17(a-e). The powders are composed of both small and large nano size
particles, while smaller particle size is notable in the powders obtained from heat-treated
frustules as seen in the same pictures. The particle size distribution and cumulative
volume curves of the powders are shown in Figure 5.17(f). As the heat-treatment
temperature increases, the mean particle size decreases and the particle distribution
becomes narrower. The powder sizes corresponding to DO0.1, D0.5 and D0.9 of the ball
milled HF-treated frustules are further tabulated in Table 5.6, together with the heat-
treatment temperature and the corresponding percent crystallinity. With the increase of
the heat treatment temperature from 25 to 1200 °C, the mean powder size decreases from
774 nm to 547 nm and the crystallinity increases from 12% to 48%. Figure 5.18(a) shows
the pictures of the ball milled acid-leached and heat-treated frustules. The color of the as-
received frustule is light gray, while the heat-treatment changes the color into light brown.
The color does not change with acid leaching and ball milling. The color change is likely
due to the oxidation of iron oxide into Fe;O3 during the open-air heat-treatment process.
Also, the XRD spectrum of the filtered and ball milled frustule is illustrated in Figure
5.18(b). Crystallinity increases from 12% (as-received) to 48% 1200 °C heat-treated

diatom frustules.

Table 5.6. The particle sizes of the ball milled HF-treated frustules (1 N HF 15 min + 500
rpm 1 h ball milling).

D(0.1) D(0.5) D(0.9) CR

Frustule ) ) i) (%)

25 °C (as-received) 322 774 1794 12
900 °C 318 760 1785 23
1000 °C 287 668 1494 41

1100 °C 316 644 1291 44
1200 °C 268 547 719 48

84



co
(=]

2]
o

Volume (%)

P
(=]
Cumulative volume (%)

N
o

o

Particle size (nm)

Figure 5.17. The SEM pictures of the IN HF-treated (15 min) and ball milled (500 rpm
1 h) frustule powders (a) as-received and heat-treated at (b) 900, (c) 1000,
(d) 1100 and (e) 1200 °C low and (f) particle size distribution.
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Figure 5.18. (a) The pictures of the heat-treated, acid leached (1 N), ball milled frustule
powders and (b) XRD spectrum of frustule powders (Q: Quartz, C:
Cristobalite).

The effects of acid leaching and heat treatment on the mean particle sizes of the
frustules are shown in Table 5.7. The mean particle size of the as-received and heat-
treated frustules is almost reduced to half by applying ball milling (without acid leaching),
while ball milling the filtered acid-leached frustules reduces the mean particle sizes
significantly; the reduction is more than twenty times. Figure 5.19 shows the under filter
frustule particle sizes of the as-received and 900 °C heat-treated frustules at increasing
acid concentrations and the values are tabulated in Table 5.8, together with the percent
frustules passing under filter. The mean particle size as seen in the same table is smaller

in the frustules heat-treated at 900 °C than the as-received frustules. This proves a higher
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reactivity of the frustules heat-treated at 900 °C to the HF leaching than as-received
frustules. Table 5.9 tabulates the weights and weight percentages of the above and under
filter acid leached frustules (3000 mg, 1 N HF 15 min). Although, a marginal effect of
heat treatment temperature on the mean particle size is seen (Table 5.7), the weight
percentages of the frustules passing under filter is significantly affected by the heat
treatment temperature as tabulated in Table 5.9. The weight percentage of the under filter
is higher in the frustules heat-treated at 900 °C than the as-received frustules. But the
under filter weight percentage decreases significantly in 1100 and 1200 °C heat-treated
frustules, ~21-25%. This is almost half that of the as-received frustules (38%) and 1/3 of
the frustules heat-treated at 900 and 1000 °C (59-51%). As is noted, the highest amount
of above-filter is seen in 1100 and 1200 °C heat-treated frustules and the lowest in 900
°C heat-treated frustules. The weight of the above filter as-received leached frustules is
noted in the same table higher than those 900 and 1000 °C heat-treated frustules.
Although the amount of crystal phase in 1000 °C heat-treated frustules are almost in the
same order with 1100 and 1200 °C heat-treated frustules, the under filter weight
percentage of 1000 °C heat-treated frustules is higher. The weight of dissolved frustules
is noted to be very much similar for the all heat-treated frustules and lower than that of
as-received powder. Note that 2-3 wt% of the under filter powder particles of 1100 and
1200 °C heat-treated frustules are undissolved in the HF solution. While, the highest
undissolved under filter powder is obtained in 900 °C heat-treated frustules. The
crystallinity of under filter not dissolved powder is also tabulated in the last column of
Table 5.9. Except for the as-received frustules, the crystallinities of under filter powders
of heat-treated frustules are lower than those of above filter acid leached frustules. This
also confirms a higher rate of amorphous silica dissolution during acid leaching. While,
the evaporation of under filter acid+water solution resulted in the formation of SiF4

precipitates (seen in the XRD of under filter powder) (Figure 5.20).
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Table 5.7. The mean particle sizes of the ball milled frustules without and with acid
leaching (1 N HF 15 min + 500 rpm 1 h ball milling).

Frustule Ball milling ~ A¢idleaching — ~p
(nm) and ball milling °
(nm) i (%)
25 °C (as-received) 15.6 7.2 774 12
900 °C 14.7 7.6 760 23
1000 °C 14.5 7.6 668 41
1100 °C 14.4 7.4 644 44
1200 °C 13.7 6.7 547 48
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Figure 5.19. The under filter frustule particle sizes of the (a) as-received and (b) 900
°C heat-treated frustules at increasing acid concentrations.



Table 5.8. The particle sizes of the frustules powder of filter solution of as-received and
900 °C heat-treated frustules leaching with different concentration of HF and
leaching times.

25°C (as-received)

IN HF 15 min
3N HF 15 min
5N HF 15 min
7N HF 15 min
900 °C

IN HF 15 min
3N HF 15 min
SN HF 15 min
7N HF 15 min
7N HF 30 min
7N HF 60 min

D (0.1) (nm)

105
102
100
78

D (0.1) (nm)

72
66
64
56
45
38

D (0.5) (nm)

347
337
325
271
D (0.5) (nm)

245
221
158
145
127
111

D(0.9) (nm)

870
810
768
712
D (0.9) (nm)

694
539
430
416
388
275

Under filter
(%)

38
55
75
85
Under filter
(%)
59
80
91
93
93
94

Table 5.9. The weights and weight percentages of the above and under filter acid leached
frustules (3000 mg, 1 N HF 15 min).

Under
filter not
LELee. Above filter Under filter Und(fr lli5s Un'd il dissolved
treatment () (mp and %) not dissolved dissolved owder
O g ¢ g ¢ (mg and %) (mg and %) P CR
(%)
25°C 1860 (62%) 1140 (38%) 769 (25.6%) 371 (12.4%) 13.71
900°C 1226 (40.85%) 1774(59.15%) 1177 (39.2%) 597 (19.95%) 15.27
1000°C 1442(48.05%) 1558 (51.95%) 935 (31.19%) 623 (20.76%) 19.45
1100°C 2355 (78.5%) 645 (21.50%) 99 (3.3%) 546 (18.2%) 33.20
1200°C 2265 (75.5%) 735 (24.5%) 79 (2.64%) 656 (21.86%) 35.46
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Figure 5.20. The XRD spectrum of under filter powder.

5.5. Mechanical Behavior of Nano-Structured Frustules Filled Epoxy

Figures 5.21(a-c) show the pictures of neat epoxy and 0.5, 1 and 2 vol% silica-
epoxy composite tensile test specimens inside the Teflon mold, after curing at 50 °C for
24 h and after the tensile test, respectively. These specimens were prepared using the
silica powders obtained by balling (500 rpm 1 h) HF-leached (1 N HF 15 min) 1200 °C
heat-treated frustules. Three quasi-static stress-strain curves of neat epoxy and 0.5, 1 and
2 vol% of silica-epoxy composites are shown together in Figure 5.22. The tensile stress-
strain curves in the same figure are seen much repeatable, proving the attainment of a
homogeneous microstructure in each test specimen. The stress-strain curves are
composed of two distinct regions: elastic and inelastic regions (Figure 5.22). The elastic
regions continue until about 0.01 strain for both neat epoxy and composite and the
inelastic deformation continues until failure strain. Both, elastic modulus, yield strength

and tensile strength increases as the vol% of silica particles increases as seen in Figures
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5.23(a and b). The failure strain also increases as the vol% of silica particle increases.
The modulus of the epoxy resin increases from 4.23 GPa to 5.50 GPa with the addition
of 2 vol% frustules (Figure 5.23(a)). The increase in elastic modulus is about 30%. The
tensile strength of epoxy increases from ~79 MPa (neat epoxy) to ~108 MPa in the 2 vol%
silica composite, corresponding to a 37% increase (Figure 5.23(b)). The increase in yield
strength is about 50%. The fracture strain increases from 0.028 for neat epoxy to 0.0305
for 2 vol% of silica composite. The elastic moduli of 2 vol% silica composites are also
calculated using rule of mixtures and the Eshelby model. As is seen in Figure 5.23(b),
rule of mixtures shows very good agreement with the experimental elastic modulus for 2

vol% composite.

Figure 5.21. The pictures of neat epoxy and 0.5, 1 and 2 vol% silica-epoxy composite
tensile test specimens (a) inside the Teflon mold, (b) after curing at 50 °C
for 24 h and (c) after the tensile test, respectively.
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Figure 5.22. The tensile stress-strain curves of HF leached (1 N HF 15 min) and ball
milled (500 rpm 1 h) 1200 °C heat-treated frustules filled epoxy samples.
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filled epoxy samples.



5.6. Fracture Surface Analysis

The tensile fracture SEM surface micrographs of neat epoxy are shown in Figures
5.24(a-d). The fracture surface of neat epoxy is similar to the typical flat fracture surface
of a brittle thermosetting matrix. The crack starting zone is noticeably smooth and the
facture surface consists of riverbed lines in the crack propagation zone (Figure 5.24(a)).
The crack propagating traces are all in the direct radiation directions and there are
numerous minor lines as shown in Figures 5.24(a-d). This is because neat epoxy with no

fillers shows a typical brittle material behavior.

Figure 5.24. The SEM images of the neat epoxy fracture surfaces.
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The appearance of the fracture surface varies from wavy in neat epoxy to ribbed
(jagged) form in the composite as the frustule content increases. The micrographs in
Figures 5.25(b-d) show that the dispersion of nano-silica powder in epoxy matrix is
relatively uniform, no noticeable powder agglomeration is seen. This further
demonstrates the effective frustule mixing in the matrix. The appearance of debonded
(small black holes) and non debonded silica particles (white) on the fracture surface also
show that these nano particles played a main role on the crack formation and progression
in the composite. A completely embedded silica party in the epoxy matrix with a good

adhesion to the epoxy matrix is seen particularly in Figure 5.25(d).

Figure 5.25. The SEM images of fracture surfaces of (a) neat epoxy, (b) 0.5 vol%, (c)
1 vol%, and (d) 2 vol% nano-structured frustules filled epoxy samples.

Figures 5.26(a-f) shows a main crack growth in a nano-structured diatom frustules
through a shear band region at ~135° to the loading axis. The interfacial crack

propagation was along the interface of the 1200 °C heat-treated, HF leached and ball
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milled 0.5 vol% nano-structured frustules sides and cracks extend from the interface to

the matrix in Figure 5.26(c) and (d).

Figure 5.26. The SEM pictures of HF leached, ball milled and 1200 °C heat-treated 0.5
vol% (1.165 wt%) nano-structured frustules filled epoxy samples.
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While the volume percentage of frustules increases, the concentration on the fracture
surfaces of nano-silica increases (Figures 5.27(a-f) and 5.28(a-f)). Significantly higher
content of nano-structured frustules led to induce massive sub-cracks or micro-cracks, as
shown in Figures 5.27(f) and 5.28(f), which could encounter more flaws during crack

propagation in the nanocomposite.

Figure 5.27. The SEM pictures of HF leached, ball milled and 1200 °C heat-treated 1
vol% (2.33 wt%) nano-structured frustules filled epoxy samples.
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Figure 5.28. The SEM pictures of HF leached, ball milled and 1200 °C heat-treated 2

vol% (4.66 wt%) nano-structured frustules filled epoxy samples.

Figure 5.29(a) shows the fracture surface of 0.5 vol% silica added composite. On
the fracture surface, a partially debonded silica particle is seen. The corresponding energy
dispersive X-ray spectroscopy analysis and the composition of this silica nano particle
are shown in Figures 5.29(b and c). The elemental mapping results indicate the existence
of Si, O and Al. The particle is composed of 45.53 wt% of Si, 53.09 wt% O and 1.3 wt%
Al. The elemental mapping of the fracture surface of the 2 vol% silica added composite
is shown in Figure 5.30. The nano-silica powder (light blue), carbon (red), and oxygen

(green) are clearly seen in the same figure. Figure 5.31 shows the fracture surfaces of a
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0.5 vol% nano-structured diatom frustules filled epoxy sample. The measured powder
size of silica on the fracture surface is shown in the same figure. The particle size ranges

425-685 nm, which fairly complies with the mean particle size in Table 5.6.

200
4 Oxide % 100%
=
& 100-]
A E

50

ke

(¢)  Element Wt (%)  Atomic (%)
0 53.09 66.50
Si 45.53 32.48
Al 138 1.02
Total: 100.00 100.00

Figure 5.29. (a) Cross-sectional SEM image, (b) the corresponding energy dispersive
X-ray spectroscopy (EDX) and (c¢) mapping results of acid leached (1 N,

15 min), ball milled (500 rpm, 1 h) and 1200 °C heat-treated 0.5 vol%
nano-structured frustules filled epoxy sample.
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Figure 5.30. A cross-section SEM image of colorized energy dispersive X-ray
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Figure 5.31. The fracture surfaces of 2 vol% acid leached (1 N, 15 min), ball milled
(500 rpm, 1 h) and 1200 °C heat-treated nano-structured frustules filled
epoxy sample.
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5.7. Numerical Modelling

Figures 5.32(a and b) shows the composite, computational, and experimental flow
stress-strain curves. As it is seen in these figures within the studied Poisson’s ratio, the
experimental flow stresses are higher than those of numerical ones. Numerical analyzes
show that the elastic and inelastic regions are similar to the experimental 2 vol% silica
filled composite. Furthermore, the tensile strength of composites increases from ~88 MPa
(Poisson’s ratio: 0.17) to ~90 MPa (Poisson’s ratio: 0.001). Furthermore, the effect of
mesh size is investigated. As seen in Figures 5.32(a and b), as the mesh size increases,
the model predicts lower stress valleys and elastic and inelastic regions become more
similar. The mesh size has an obvious effect on the peak stresses in the composite. The
best agreement between the numerical and experimental results of the stress-strain curves
was achieved in the fine mesh model. Rupture starts at 54000 times 90 MPa and 0.0213
strain in the 0.001 and 0.17 Poisson’s ratios in the coarse mesh model and rupture starts
at 52000 times 85 MPa and 0.0205 strain in the 0.001 Poisson’s ratios. Beside, rupture
starts at 50000 times 83 MPa and 0.0198 strain in the 0.17 Poisson’s ratios.

Using the unit cell model, it is also possible to contour the effective plastic strain
within the unit cell. Strain distributions in the y-direction for the different Poisson’s ratios
(0.001 and 0.17) coarse and fine models are shown sequentially in Figures 5.33, 5.34,
5.35, and 5.36. There is no difference in 0.005 strain value between 0.001 and 0.17
Poisson’s ratios. At the beginning, stress occurs at the top of the left edge in the spherical
silica particles as seen in Figure 5.33(b). Stress increases continue on this side and lastly,
rupture starts in this field. There is little difference between Poisson’s ratios in the coarse
mesh model. Figures 5.35 and 5.36 show a more sensitivity between silica and epoxy
interphase. Experimental studies and numerical modeling have an agreement in the elastic

and inelastic regions.
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Figure 5.32. The numerical analyzes of (a) coarse and (b) fine meshed silica filled
epoxy composites.
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Figure 5.33. The 0.001 Poisson’s ratio coarse meshed (a) 0.005, (b) 0.010, (¢) 0.015,
(d) 0.0205, (e) 0.0213 and (f) 0.0253 strain of silica filled epoxy
composites.
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Figure 5.34. The 0.17 Poisson’s ratio coarse meshed (a) 0.005, (b) 0.010, (c) 0.015, (d)
0.0205, (e) 0.0213 and (f) 0.0230 strain of silica filled epoxy composites.
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Figure 5.35. The 0.001 Poisson’s ratio fine meshed (a) 0.005, (b) 0.010, (c) 0.015, (d)
0.020 and (e) 0.0205 strain of silica filled epoxy composites.
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Figure 5.36. The 0.17 Poisson’s ratio fine meshed (a) 0.005, (b) 0.010, (c) 0.015, (d)
0.019 and (e) 0.0198 strain of silica filled epoxy composites.
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CHAPTER 6

DISCUSSION

6.1. The effect of heat treatment and acid leaching

Diatom frustules are formed by a bio-based precipitation reaction in which silica
nano-spheres are agglomerated amorphously during cell division '*’. A living diatom
frustule has a de-polymerized amorphous silica structure, resulting from Si-OH silanol
group 2°!. While, the diatom frustules are converted into opal-CT and quartz during
deposition onto the ocean floor 2°2. The amount of silica in the as-received frustule was
about 90% and the rest is composed of other oxides. Macroporous silica can be used as a
platform for in situ production of Thrombin Binding Aptamer for optical biosensing
applications. Macroporous silica is produced by electrochemically etching crystalline
silicon, followed by thermal oxidation at 900 °C '*¥; its morphology is similar to that of
900 °C heat-treated and HF leached (1 N HF 15 min) diatom frustules, as illustrated in
Figures 6.1(a and b).

Figure 6.1. Comparative images of (a-c) 900 °C heat-treated and HF leached (1 N HF
15 min) diatom frustules and (d) synthetic silica '** (Macroporous silica).
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The XRD analysis of the as-received frustules complies with the above and it is
mainly composed of amorphous silica (88%) with a small amount of crystalline quartz
(about 10%). The organic matter and water molecules were reported to disappear in the
natural diatom frustule after about 600 °C and partially ordered crystalline low-quartz and
or precursor to low-cristobalite started to form at about 800 °C, while heating until about
1200 °C lead to the formation of low-cristobalite '°*2%. A similar observation was made
in the present study. Figure 6.2 exhibits the TGA curve of the as-received frustule and the
weights of the frustules after a heat treatment at 900, 1000, 1100, and 1200 °C. The
weight reduction in the TGA curve of the as-received frustule until about 600 °C is due
to the removal of adsorbed water and the decomposition of organic material. This comes
with a 3% reduction in weight. The weight then increases until 1200 °C with an amount
of one percent. The weight reduction in the heat-treated frustules is about 4% at 900 °C,
and then it increases by 1.5% when the heat-treatment temperature is increased to 1200
°C. The weight increase in the heat-treated frustules at increasing temperatures is
therefore in accord with the TGA curve. The increase in the weight of the frustules is

likely due to the oxidation of iron oxide.
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Figure 6.2. TGA curve and weight of heat-treated frustules.

108



Diatom frustules mainly consist of very small silica crystal particles agglomerated
amorphously. Although silica is a very hard material, the bonds between these crystals in
frustules are weaker than intra-particle bonds . It is well known that silica is quite inert,
being attacked by HCI and HF acid. About 12% of the as-received frustule passed under
the filter after 10% (3.18 N) HCI acid leaching and this value increased to ~14% when
the acid concentration increased to 20% (6.36 N). Furthermore, leaching 900 °C heat-
treated frustules at 10% (3.18 N) HCI increased the under-filter weight from ~13% to
~15%. Undissolved frustules particles in the under-filter solution were weighed which
were ~8, ~9, ~11, ~13 and ~18% 25, 900, 1000, 1100, and 1200 °C, respectively (Figure
5.7). Itis also observed in Tables 5.3, 5.4, and 5.5 that HCl acid is not effective in reducing
the particle size of diatom frustules. The rate of dissolution of crystalline and amorphous
silica is essentially independent of the HCI acid '®.

The heat treatment at and above 900 °C until about 1200 °C resulted in the
formation of low-cristobalite. As the heat treatment temperature increased to 900, 1000,
1100, and 1200 °C, the crystallinity increased sequentially to 20, 34, 39, and 46% without
acid leaching (Figure 5.8(f)). Almost half of the frustule structure was converted into
crystalline silica at 1200 °C for 2 h heat treatment. Acid leaching of the frustules heat-
treat at 1200 °C etches the crystalline grain borders (Figure 5.16(¢e)). Figure 6.3 shows an
SEM micrograph of a cell wall of a frustule heat-treated at 1200 °C and acid leached (1
N, 15 min). The measured crystalline grain sizes shown in the same figure (208-523 nm)
fairly comply with the mean particle size of 1200 °C heat-treated frustules in Table 5.6.
The light grey area between two grains marked by an arrow (A) in Figure 6.3 is most
likely a partially dissolved amorphous phase. The surfaces of the leached crystalline
particles are also seen to accommodate 60 nm particles on its surface as marked by the
arrows (B) in the inset of Figure 6.3. These particles are most likely amorphous silica, the

remnant of acid leaching.
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Figure 6.3. The SEM cell wall of a frustule heat-treated at 1200 °C and acid leached (1
N, 15 min) showing the crystalline and amorphous phases.

The microscopic observations demonstrate that the amorphous phase is mostly
found in between the crystalline particles and acid leaching removes the outer amorphous
phase faster than the crystalline grains. The thermodynamics of the dissolution reaction

of silica in hydrofluoric acid is

Si0, + 6HF = H,SiF, + 2H,0 (6.1)

In silica materials, both crystalline and amorphous structures are made of four-
dimensional SiO4, combined by covalent = Si — O — Si = (siloxane) bond to form three-
dimensional silicate structures. The four siloxane keys must be broken to dissolve the
silica network structure. It was shown that the dissolution rate of crystalline a-quartz in
HF solution was slower than fused silica and the dissolution rate of both depended on the
concentration of HF and time '®. Almost linear relations were found between the
dissolution rate and concentration and between the dissolution rate and time. The

increased percentage of under-filter as-received frustule with increasing acid
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concentration at 15 min leaching time is clearly seen in Figure 5.11(a). At increasing
leaching times, 30 and 60 min, the percentage increases abruptly and reaches about 92%,
regardless of the acid concentration. The percentage of under filter 900 °C heat-treated
frustules however shows a gradual increase at 1 and 3 N HF concentrations with time,
reaching 80 and 90% at 60 min, respectively. At higher acid concentrations of 5 and 7 N,
the percentage of under-filter frustules are above 90% regardless of the time. On the other
side, the higher crystalline concentration of the heat-treated frustules at increasing acid
concentration and times shown in Figure 5.11(b) indicates a higher rate of amorphous
phase passage to the under the filter. It is interesting to note that the amount of under-
filter frustule increased in the frustules heat-treated at 900 and 1000 °C as tabulated in
Table 5.9. This is most likely that the crystal phases formed at these temperatures have
relatively small sizes and the density difference between the amorphous and crystalline
phases develops internal stresses which lead to higher dissolution/disintegration of the
frustules. The cracks were seen on the frustules in Figure 5.14(e) are presumed to be
formed due to high internal stresses. At increasing temperatures, the size of crystal grains
increases leading to reduced dissolution/disintegration of the frustules. The increased
dissolution rate of under-filter frustules in the heat-treated frustules as compared with the
as-received frustules listed in Table 5.7 is likely due to decreased frustule particle size in
the under-filter solution. This is also seen in Table 5.7 in which the under-filter particle

sizes of the frustules heat-treated at 900 °C are smaller than those of as-received frustules.

6.2. Mechanical Behavior of Nano-Structured Frustules Filled Epoxy

The studies summarized in the literature surveys on the use of silica nanoparticles
in polymer matrices have proven that the addition of silica nanoparticles to polymers
improves their mechanical properties. One of these investigations reports toughening
epoxy resin with nano-silica fabricated from rice husk using a thermal treatment method
with a particle size distribution in the range of 40-80 nm °2. 1 wt% nano-silica fabricated
from rice husk increases the tensile strength of epoxy from 38 MPa (neat epoxy) to 42
MPa, corresponding to a 10% increase in the tensile strength (Figure 6.4). Biorenewable
silica increases the mechanical properties of nanocomposites and has considerable

potential for use as matrix materials for high-performance composites. Other
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examinations include producing or purchasing nano-silica particles. The highest values
of the tensile strength (156.20 MPa) and modulus (10.06 GPa) are seen for 3 wt%
purchasing of nano-silica filled epoxy as expected which is 45% and 12% higher than
those of neat epoxy (Figure 6.5) *. It can also be observed that each nanocomposite has
higher values of for tensile properties than those of neat epoxy, credited to the effect of
nano-silica reinforcement. Due to the homogenous dispersion of nano-silica into the
matrix and the good surface contacts it produces, a 3 wt% nano-silica filled epoxy sample

provided the greatest values of tensile characteristics among all nanocomposites *°.
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Figure 6.4. Comparison of (a) (1) tensile strength, (2) Young’s modulus and (b) tensile
strain of epoxy resin were modified with 0—1 wt% nano-silica fabricated
from rice husk 2.
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Figure 6.5. Tensile strength and tensile modulus of nano-silica added glass composites
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The results of the above literature survey and HF-leached, ball-milled, and 1200
°C heat-treated nano-structured silica including frustules-filled epoxy are illustrated in
Figure 6.6 which shows tensile strength versus weight percent of silica. The strength
values alter significantly in each study. An increase in nano-silica content in the epoxy
matrix generally increased the tensile strength. The results of the tensile tests demonstrate
that the addition of silica nanoparticles to the epoxy increased the samples elastic modulus
and tensile strengths as a result of the potent interfacial interactions between the epoxy
matrix and the nanoparticles. These interfacial interactions would probably be enhanced
by the high surface area and three-dimensional pore structure of the silica nanoparticles
85 When the increased amount of nanoparticles, considering the possible interaction of
nanoparticle agglomeration with epoxy resin can be said that it has a reducing effect on
strength 8!. The maximum silica content in Figure 2.19 is about 10% and the maximum
tensile strength is about 160 MPa. Furthermore, nano-silica filled epoxy nanocomposites
increase the modulus of elasticity in the literature survey (Figure 6.7). The tensile strength
and modulus of the neat epoxy are sequentially 79 MPa and 4237 MPa. The tensile
strengths of 1.16, 2.33 and 4.66 wt% HF-leached, ball-milled and 1200 °C heat-treated
nano-structured frustules are 79 MPa, 87 MPa, 95 MPa, and 108 MPa, respectively. The
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highest increase in the tensile strength happens when 4.66 wt% nano-structured diatom

frustules are added to the epoxy matrix. As seen in Figure 6.7, the increases in elastic

modulus are about 30%.
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Figure 6.6. Tensile strength of silica modified epoxy composites 1 82,283 3 84 485 5
86, 6 87, 7 88, 8 89, 9 90, 10 91’ 11 92’ 12 93’ 13 94’ 14 95’ 15 81, 16 96’ 17 lOO, 18
9719 % and HF leached (1 N HF 15 min) and ball milled (500 rpm 1 h)
1200 °C heat-treated frustules filled epoxy samples.
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Figure 6.7. Elastic modulus of silica modified epoxy composites 1 82,283 3 84 485 5
868,78 8% 992 10%, 11 %,127, 13 °7 and HF leached (1 N HF 15
min) and ball milled (500 rpm 1 h) 1200 °C heat-treated frustules filled
epoxy samples.

6.3. Fracture Surface Analysis

The fracture mode of a composite could be predicted by looking at how its cracks
spread. A ductile fracture has slow-moving fissures that are significantly deformed by
plastic deformation. On the other hand, in a brittle fracture, the cracks propagate quickly
and are either accompanied by minimal or even no plastic deformation. In addition, the
neat epoxy matrix possesses a brittle fracture and a reasonably smooth fracture surface.

It should be emphasized that these observations support the tensile property research

115



results. The propagation zones, which can be loosely divided into two typical regions: the
crack initiation zone and the crack propagation zone, are where all the fracture surfaces
radiate outward from the initial site with numerous minor fracture steps *°. The stress-
strain graphs and the striking improvement in the epoxy's toughness and strain caused by
the addition of silica nanoparticles to the samples showed that the epoxy's brittle behavior
would change to become ductile at the yield point. This is related to the silica
nanoparticles' surrounding microcracks. Some microcracks developed on the surface of
the nanoparticles when stress was applied to the nanocomposites. This resulted in yielding
behavior by wasting some of the applied energy %. Also, nano-structured frustules take
part in interface with cracks. This also partly proves the homogeneous loading of the
frustules. The density and number of fracture branches in epoxy/nanocomposites increase
with reinforcements. There is a significant amount of nano-silica particles in the extension
direction of cracks which can absorb the rupture energy and prevent the propagation of
cracks (Figure 6.8(b)). This shows that the nano-silica particles in the epoxy resin
dispersed quite well and they have a strong interface with the epoxy resin, which provides
consistently higher levels of strengthening for silica nanoparticle additions than those
reported in the literature (Figure 6.6) 811 The crack paths are deviated by nano-silica
particles, increasing the strength (Figure 6.8(a and b)) **. It should be noted that the epoxy
matrix nano-silica particle interaction affects crack initiation 2*#; cracks tend to move

through weak epoxy matrix nano-silica particle interfaces and avoid strong interfaces.

()

Figure 6.8. Crack path in the (a) nanoparticle-filled *> and (b) HF leached, ball milled
and 1200 °C heat-treated 0.5 vol% (1.165 wt%) nano-structured frustules
filled epoxy samples.
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6.4. Numerical Modelling

The majority of common materials have a positive Poisson's ratio, which means
they become fatter when compressed and thinner when stretched. Auxetic materials, on
the other hand, have negative Poisson's ratios (i.e. they get thinner when compressed and
fatter when stretched) (Figure 6.9) 2*°. According to the traditional theory of elasticity,
anisotropic solids are permitted to have Poisson's ratios in the range—1 < v < 0.5, but
isotropic materials are permitted a larger range 2%. The use of auxetic materials may lead
to the creation of products of higher quality because it has been demonstrated that
negative Poisson's ratios produce many positive improvements in other features of
materials, such as enhanced resistance to indentation 2°” and enhanced material properties
208 In recent years, auxetic behavior has been predicted and/or experimentally measured

209, 210

in a number of materials including synthetic foams , nano- and micro-structured

212 213,214

polymers 2!!, metals 2!2, silicates and zeolites 2!°. The negative Poisson's ratios in
these materials are caused by the specific geometry of the material's micro- or
nanostructure, as well as the way the micro/ nanostructure deforms when subjected to

uniaxial stress.
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Figure 6.9. Differences in deformation behavior between conventional and auxetic
materials (a) extension and (b) impact compression.

Low-cristobalite exhibits a negative Poisson’s ratio (-0.17) at room temperature,
meaning that isotropic polycrystalline aggregates of low-cristobalite, such as fired silica
refractory without residual quartz and with negligible tridymite content, should behave
auxetically. Auxetic behavior has been verified by theoretical (analytical) model

calculations as well 2'6

, and many mechanisms have been developed to explain this
behavior 2!7. The elastic characteristics of quartz and cristobalite, the standard silica
polymorphs, are investigated, with a focus on the structural phase transition and the high-
temperature phase. According to the molecular dynamics simulations performed by
Kimizuka and coworkers, the temperature dependence of the elastic, shear and bulk
modulus, and the Poisson’s ratio are calculated >'* 2!, According to these results, the

Poisson’s ratio remains negative in the whole range of temperatures from room

temperature up to more than 1500 °C, i.e. low- and high cristobalite are both auxetic. A
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recent attempt to achieve a combination of auxetic behavior and enhanced mechanical
properties was made by Assidi and Ganghoffer 220, who suggested embedding auxetic
inclusions in a non-auxetic matrix. The effect of Poisson’s ratio on the mechanical
behavior of an isotropic material can be derived from eq. (6.2), with Young’s modulus

assumed to be constant 22!,

3K —2G

VT 20K + 6)

(6.2)

The shear modulus (material response to shear stress), bulk modulus (material
response to volumetric stress), and Poisson's ratio are each represented by the G, K, and
v, respectively. The sign of a Poisson’s ratio is determined by the relationship between K
and G, as seen in eq. (6.2). As can be seen, materials with a Poisson's ratio of 0.5 or above,
such as rubber, are easily deformed in shear but not in volume. As the Poisson's ratio for
isotropic materials approaches the negative limit of (-1), the shear modulus approaches
infinity and the material maintains its shape under loading. The material is strong in shear
but easy to deform. At this point, it must be indicated that these relationships are valid
only for isotropic materials, since in the case of anisotropic materials the bounds on
Poisson’s ratio are theoretically larger 22!, Auxetic materials do not maintain volume
during elastic deformations; however, the volume of the material rises during tensile
deformations, and vice versa. Since the Poisson's ratio has no effect on the deformation
behavior while the material is yielding, this statement only relates to the deformation
behavior before the material achieves the yield stress. Thereafter, the material maintains
the volume attained at yield.

To examine the dependability of the components, it is crucial to look at the
mechanism of the composite's fracture. Due to the complex behavior of failure, which is
greatly influenced by the fiber orientation, fiber length, and the fiber/matrix bond
strength, etc., the mechanism of the composite's fracture, however, seems not to have
been fully clarified 222. The findings demonstrate that the mechanical characteristics of
composite materials improve as the percentage of frustules increases, and the key
strengthening mechanisms involved are fracture deflection, frustules debonding and

crushing. Stronger interactions between the matrix and fibers may enable the fiber to
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debond rather than pull out, thereby allowing high energy to diffuse over a greater
interfacial area 2?3, The elastic moduli of 2 vol% silica composites were calculated using
the rule of mixtures and the Eshelby model. Rule of mixtures exhibits very good
agreement with the experimental elastic modulus for 2 vol% composite. The numerical
modelling results of true stress-strain curves are summarized in figure 5.32 along with the
experimental data presented in section 5.5. At first, it could be noted that the stress values
increase linearly in the elastic region. This linear trend was also reported in a numerical
work 22*. An increase in the number of elements (mesh density) is known to increase the
accuracy of any finite element unit cell model. The best agreement between the numerical
and experimental results of the stress-strain curves was achieved in the fine mesh model.
While Poisson’s ratio decreases from 0.17 to 0.001, the tensile strength of the composite
increases from 83 MPa to 85 MPa. Combine these results with experimental 2 vol%
composite (HF leached (1 N HF 15 min) and ball milled (500 rpm 1 h) 1200 °C heat-
treated frustules filled epoxy composite), tensile strength increasea to 108 MPa. This

difference can explain the Poisson’s ratio effect.
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CHAPTER 7

CONCLUSIONS

The present work investigated obtaining nano-silica particles by means of ball
milling of the acid-leached natural and heat-treated frustules and used these nanopowders
as reinforcing phases in an epoxy matrix. Besides, the mechanical properties of natural
nano-structured diatom frustules were assessed.

The characterization of frustules showed that the as-received diatom frustule was
composed of 90.08% silica with a minor quantity of other oxides. The heat treatment of
as-received frustules at 900, 1000, 1100, and 1200 °C increased the crystallinity from 9.3
(25 °C) sequentially to about 20, 34, 39, and 46% without acid leaching. The mean
particle size of the as-received frustule decreases from 15.6 um to 14.7, 14.5, 14.4, and
13.7 um after heat treatment at 900, 1000, 1100, and 1200°C and from 7.2 pm
sequentially to 7.6, 7.6, 7.4, and 6.7 um after ball milling.

Thermal treatment, acid leaching, and ball milling were performed to obtain nano-
silica powder from diatom frustules. With the increase of the heat treatment temperature
from 25 to 1200 °C, the mean powder size decreased from 14.2 pm to 10.6 um 10% HCI.
Furthermore, the mean powder size decreased from 7.5 pm to 5.8 um 20% HCI. The
mean particle size of the as-received and heat-treated frustules was almost reduced to half
by applying ball milling (500 rpm 1 h) (HCl acid leaching). Undissolved frustule particles
in the under-filter solution were weighed which were ~8, ~9, ~11, ~13, and ~18% 25,
900, 1000, 1100, and 1200 °C, respectively. The results showed that HCI acid is not
effective in reducing the particle size of diatom frustules.

The percentage of crystal phase of natural frustule increased from 9.2% to about
12, 29, 35, and 42% when leached sequentially by 1, 3, 5, and 7 N HF solution for 15
min. This also confirmed a higher rate of amorphous phase dissolution with acid leaching
of the as-received frustule. Furthermore, the increased percent crystallinity of heat-treated
frustule without HF-leaching exhibited a further increase after acid leaching. The crystal
phase percentage of the filtered acid-leached frustules also increased with increasing acid
concentration and time of leaching; the crystallinity reached 50-60% when the acid

concentration was increased to 7 N. With the increase in the heat treatment temperature
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from 25 to 1200 °C, the mean powder size decreased from 774 nm to 547 nm and the
crystallinity increased from 12% to 48%. Both acid leaching and heat treatment were
found to be very effective in decreasing the particle size of the frustules. The amorphous
silica was observed in between crystal silica grains and acid leaching removed the
amorphous phase faster than the crystalline grains. This resulted in an easy fracture side
during ball milling and a nano-size powder with a crystallinity between 12 to 48%. On
the other side, the highest weight of under-filter nanopowder, 245 nm, was obtained by
leaching (1 N HF and 15 min) 900 °C heat-treated frustules.

The tensile strength of epoxy increased from ~79 MPa (neat epoxy) to ~108 MPa
in the 2 vol% silica composite, corresponding to a 37% increase. The increase in yield
strength was about 50%. The fracture strain increased from 0.028 for neat epoxy to 0.0305
for 2 vol% of silica composite. The modulus of the epoxy resin increased from 4.23 GPa
to 5.50 GPa with the addition of 2 vol% frustules. The increase in elastic modulus was
about 30%. The increase in modulus of the nano structured frustules filled composites
indicated an increase in the rigidity of epoxy. The elastic moduli of 2 vol% silica
composites were also calculated using the rule of mixtures and the Eshelby model. The
rule of mixtures demonstrated very good agreement with the experimental elastic
modulus for 2 vol% composites.

Numerical modelling of 2 vol% silica filled epoxy composites was investigated
and compared with experimental results. The best agreement between the numerical and
experimental results of the stress-strain curves was achieved in the fine mesh model.
While Poisson’s ratio decreased from 0.17 to 0.001, the tensile strength of the composite
increased from 83 MPa to 85 MPa. Combine these results with experimental 2 vol%
composite (HF leached (1 N HF 15 min) and ball milled (500 rpm 1 h) 1200 °C heat-
treated frustules filled epoxy composite), tensile strength increased to 108 MPa.

Microscopic analysis of the fracture surfaces of samples indicated that as the
frustules content increased, the fracture surface appearance changed from wavy form in
neat epoxy to ribbed (jagged) form. The elemental mapping results exhibited the
existence of elements Si (45.53 wt%), O (53.09 wt%), and Al (1.38 wt%), on the HF
leached and ball-milled 1200 °C heat-treated nano-structured frustules. The fracture
surfaces of frustules showed that the measured crystalline grain sizes were between 425
and 685 nm fairly complying with the mean particle size of 1200 °C heat-treated frustules.
Also, the micrographs demonstrated that the dispersion of frustules in the epoxy matrix

was relatively uniform and that there was no agglomeration in the composites. There was
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a significant amount of nano-silica particles in the extension direction of cracks which
can absorb the rupture energy and prevent the propagation of cracks. While the volume
percentage of frustules increased, the concentration on the fracture surfaces of nano-silica
increased. Addiction to significantly higher content of nano-structured frustules led to
induce massive sub-cracks or micro-cracks which could encounter more flaws during

crack propagation in the nanocomposite.
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