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Abstract

Nanoparticle refers to a particle within the scope of a hundred nanometers
and nanoparticles have a wide specific surface area. By controlling their size or
using nanoparticles of various types, the properties of material can be improved

with only a small amount of particulate filler.

Halloysite is a naturally occurring aluminosilicate in the form of nanotubes,
also known as halloysite nanotubes (HNTs). The HNTs are odorless, white
particles with the chemical formula HsAl,O¢Siz - 2H,O. Halloysite nanotubes are
readily obtainable and are much cheaper than other tubular nanoparticles such
as carbon nanotubes. There HNTs have been considered as a functionally
effective material capable of mechanically strengthening resins by restrictive
matrix dislocation movement. Especially, there are studies showing that adding
HNTs to plastics improves tensile strength, impact resistance, fire retardancy
and gives the added advantage of improved cycling time in production by

injection molding.
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In this study, samples consisted of nanocomposites manufactured by adding
HNTs to unsaturated polyester resin (UP). Herein, the contents of HNTs were
0.5, 1 and 3 wt.%. The purpose was to analyze the mechanical properties of
nanocomposites on a function of HNTs content and through this, to find the
optimal conditions for developing UP matrix HNT reinforced nanocomposites.
The HNTs used in this study were treated by heat. Heat-treated HNTs were
divided into 4 groups: untreated HNT (UTHNT), 300°C (300HTHNT), 500¢C
(500HTHNT), 700°C (700HTHNT) and 1000°C (1000HTHNT) heat-treated HNT,
according to treating temperatures. To achieve a uniform distribution of
nanoparticles in the matrix, the factors optimized for dispersion were considered
and a suitable process environment for materials to be used was adopted by
dividing these factors into constants ~and variables. The ultrasonic
homogenization is used in the production of nano-size materials, dispersions and
emulsions, because ~of the potential in  deagglomeration.  Ultrasonic
homogenization is an easy way to separate particle aggregate, and obtain
homogeneous phase. ~ Ultrasonication was carried out by varying some
parameters. The operating time and the volume of the sample were maintained
at fixed values, namely 300 s and 18 ml, respectively. The output power was
divided into two cases, at 45W and 60W.

Finally we established the optimal dispersion condition of HNTs using
ultrasonication, and the reinforcement effect of HNTs was studied by X-ray
diffraction and evaluation of mechanical properties of nanocomposites such as
impact strength and tensile strength. Also, the structural changes of HNT by

heat treatment at various temperatures were evaluated.

KEY WORDS: Unsaturated polyester resin £33 ZZ]o2~HZ %], Halloysite
Nanotube = &=Zo|Alo]E  YXxFH;  Nanocomposites UWxBFAF;  Ultrasonic
homogenization %3} ¥4k, Mechanical property 7| A& &4
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Chapter 1 Introduction

1.1 Nanocomposites

Nanoparticles refer to particles whose diameter ranges typically from a
few to hundreds of nanometers. Nanotechnology is currently a core
technology employed in almost all high-tech industries around the globe.
And Nanotechnology primarily involves producing suitable smart materials
either by controlling the size of the nanoparticles or by using
nanoparticles of various types. When nanoparticles are added to
composite materials, such as in polymer matrix composites (PMC), the
mechanical properties of the material are improved and composites with
added nanoparticles behave as multi-functional materials. For example,
toughness and modulus of elasticity of resin are increased by
compounding filler in particulate form to the resin (Park, JH & Kim,
J.Y., 2002). Since nanoparticles have a large surface area, improved
electrical, mechanical and thermal properties can be achieved with only

a small amount of the particulate filler.

However, these particulate fillers also introduce certain defects within
the resin. This is because the particulate filler can act as sources of
stress concentration. Prior research found that the mechanical strength
of resin depends on the amount of particulate filler added to the resin.
It was found that addition of particulate fillers of diameter less than 10
um could reduce defects in the resin (Moloney, et al., 1987 cited in
Park & Kim, 2002). Such high-strength plastic reinforced by

nanoparticles is an example of nanocomposite.

Generally, a composite material which typically comprises two or more



different materials displays enhanced properties with respect to density,
rigidity and impact resistance. Composite materials mainly originated
from the need for new materials for different requirements. Depending
on the properties and advantages of usage, composite materials have
diverse applications. For example, composite materials used in harsh
environments, such as in the sea can be easily molded and used where
sudden temperature changes occur or in high salt concentration.
Therefore, the composite materials can improve the characteristic such
as strength, stiffness, corrosion resistance, fatigue life, wear resistance,
impact properties, weight ratio and thermal stability (Abdullayev, E.
&Lvov, Y., 2010). Composite materials are used in many applications,
such as the body and wings of airplanes; lamp housings and bumpers of
cars; hull, deck and mast of boats; and pipes, storage tanks, pressure

vessels, furnishings, electronics, sporting goods, etc.

Composite materials generally consist of a matrix and reinforcement
materials (say, nanoparticles), which increase the strength and rigidity of
the matrix. There are 3 kinds of the composite materials depending on
the matrix type, ie. Ceramic Matrix Composites (CMC’ s), PMC’ s and
Metal Matrix Composites (MMC’ s). First, CMC’ s are composed of a
ceramic-based matrix reinforced by short fibers of silicon carbide or
boron nitride. The ceramic matrices are oxides, nitrides and carbides of
different metal elements, e.g. aluminum, silicon, titanium, and zinc. The
ceramic has a strong inter-atomic coherence, high hardness, chemical
stability, low toughness, high brittleness and low impact resistance, and
plays important role as an insulator of electricity and heat. Thus,
CMC’ s can be used in high temperature applications. Second, PMC’ s
are the most common composite comprising polymers, plastics, resins and

various fiber reinforcements, such as glass, carbon, and aramid fibers.



Third, in MMC’ s the matrix is metal based, e.g. aluminum, and fibers,

such as silicon carbide.

In general, polymers have a number of Ilimitations for using in
structural materials because the mechanical properties of the polymer
are not as strong as those of the metals. However, the polymers
distribute the load applied to a composite material to individual fibers,
while preventing damage of the fibers from abrasion and impact. Thus,
when the polymer is used as composite materials rather than as a single
material like metals, it is possible to obtain superior properties from the
polymer than metals. In addition, main properties like high strength and
rigidity, easy formability of complex shapes and excellent environmental
resistance, tend to show up compared to metals, with added benefit of
lower density relevant in a number of application areas. Therefore,
PMC’ s offer unique properties and have received much attention as a

potential composite material.

All resin wused in composite materials requires the following
characteristics: excellent mechanical properties, adhesion performance,
toughness, resistance against environmental degradation. A number of
resins are currently used in industry and each of these has different
properties. However, they all show a common characteristic which is
that the resins are composed of long-chain of macromolecules make up
of a number of molecules in simple recurring units. These resins are
typically classified as thermoplastic resins (Fig. 1.1) and thermosetting
resins (Fig. 1.2) which behave differently under the influence of heat.
The thermoplastic resin has a reversible reaction to heat, showing a
reversible physical change (solid to liquid) under heat, i.e. it is liquefied

by heating and solidified by cooling. The crossing of a softening point or



melting point is repeatable regardless of the physical properties of the
material in the respective states. Also, the chemical structure of

thermoplastics remains unchanged during heating and forming.

Amorphous Resin

Fig. 1.1 Curing reaction of thermoplastic resin

On the other hand, a thermosetting resin is formed by chemical
reaction. The resin and hardener or the resin and accelerator is cured
by an irreversible chemical reaction. In some thermosetting resins, such
as phenolic resin, volatile by-products are formed through condensation
reaction. However, processing of other thermosetting resins, such as
polyester or epoxy is easy since they do not generate volatile

by-products when cured. Unlike thermoplastic resins, when a



thermosetting resin is cured, it is not liquefied by heat even if the
temperature that would greatly change its mechanical properties is
attained. In other words, a thermosetting resin cannot be re-melted.
Undergoing the curing process through heating and shaping causes a
permanent change (called cross-linking) in the molecular structure and
the temperature at a cross-linking time is referred to as the glass
transition temperature (Tg). The T, changes depending on the type of
resin, the curing process and the mixing ratio with hardener and
accelerator. At temperatures above Tg, the thermosetting resin converts
to flexible and amorphous polymers from rigid molecular structure of the
polymer crystals. This change is reversible below Ty (Albdiry, M.T. Ku,
H. & Yousif, B.F., 2013).

Fig 1.2 Structure of thermosetting resin

Depending on the type of reinforcement, a composite material can be
classified into three types- fiber, particle and flake reinforcement.
Generally reinforcement has a major role in the strength and a rigidity

of material. The choice of reinforcements depends on many factors,



such as specific gravity, tensile strength and tensile stiffness,
compressive strength and compressive stiffness, fatigue strength and
fatigue failure mechanism, electrical and thermal conductivities and
price. To determine the physical properties of the reinforcements,
generally the type, amount and lamination angles of the reinforcement
are taken into account, and using this information, relationship between
the matrix and the reinforcement materials can be deduced. For
example, reinforcement fibers can greatly restrict formation of any
crack when used in a matrix having high brittleness (Na, H.Y. Yeom,
HY. Yoon, B.C. & Lee, S.J., 2014). By contrast, for particles, the
composite materials are prone to develop cracks easily. Additionally, the
particles receive considerable mechanical stress, and thus are considered

as a weak reinforcing material.

That is, the particles act as fits of stress concentration. However, the
particles can help suppress plastic deformation of the matrix effectively
even under high load. The third reinforcement material, i.e., the flake
has a more flattened shape than the particles and has similar
characteristics as that of the particles. In addition, reinforcements are
classified as fiber-reinforced, flake-reinforced, particulate-reinforced and
skeletal-reinforced according to the shape of the particles and there are
also various types depending on the strengthening types of
reinforcement. Fig. 1.3 shows a diagram of different components of

composite materials.



‘ Composite Materials ‘

| Flake-remnforced H Skeletal-remforced ‘ ‘ Fiber-reinforced ‘ ‘ Particles-reinforced ‘

Multiple Layers

Single Layers

| Long Fiber Reinforced ‘ ‘ Short Fiber Reinforced ‘ ‘ Mix ‘ ‘ Laminated ‘
Unidirectional | | Bi-directional Disorderly Shorting
Reinforcement | | Reinforcement Reinforcement Reinforcement

Fig. 1.3 Classification of composite material according to the component

Especially in particle reinforced composites, geometric and spatial
characteristics of the dispersed particles affect the properties of the
composite material, and thus, needs special attention. The primary
characteristics of the particles that affect the properties of the
composite materials are concentration, size, shape, distribution and

orientation of the dispersed phase.

For strengthening the polymer by particles, the pores are trapped
inside the matrix/particle colloidal solution which deteriorates the
properties of the composite materials. Water can easily enter through
these pores which also can act as stress concentration. It is difficult to
determine the precise mechanical properties from the dispersing strength
and stiffness data as well as reducing resistant of fatigue. Therefore,

fabrication of such composite materials should target minimal



incorporation of pores within the matrix to achieve maximum particle
reinforcement effect. An optimum processing methodology needs to be
developed depending on the size of the particles used to yield a good

composite material.

1.2 Halloysite Nanotube (HNT) as an Eco-friendly Material

The HNTs are eco-friendly nanotubes with lower cost than carbon
nanotubes (CNTs). Recently, there has been a growing concern on the
effect of CNT on human health and on the environment because of
their possible toxic nature (Kamble, R. Ghag, M. Gaikawad, S. & Panda,
BK., 2012). At the same time, HNTs are nowadays under the spotlight.
Advanced studies showed that HNT are non-toxic toward living cells
(Vergaro, V. et al., 2010 cited in Deen, 1. & Zhitomirsky, 1., 2014).

The HNTs are important inorganic components of composite
nanomaterials in various areas, such as corrosion protection of implanted
alloys, controlled delivery of drugs and antimicrobial agents (Deen, . &
Zhitomirsky, 1., 2014). HNT is a naturally occurring polymorph of
kaolinite,  AlSioOs(OHy) - 2H,O, with a dominant hollow tubular
morphology (Joussein et al., 2005, 2007 cited in Carli, L.N. et al., 2013).
The HNTs are unique and is an all-purpose nanomaterial consisting of a
double layer of aluminum, silicon, hydrogen and oxygen. HNTs are
formed due to strain developed from lattice mismatch between adjoining
silicon dioxide and aluminum oxide layers. The main advantages of the
HNTs are that they are natural and non-toxic materials, have acceptable
particle size, and high surface area (Kamble, R. Ghag, M. Gaikawad, S.
& Panda, B.K., 2012). Furthermore, the HNTs can improve the thermal



and impact characteristics of the composite matrix (Fujii, K. Nakagaito,
AN. Takagi, H. & Yonekura, D., 2014). The addition of nanoparticles
reduces specific wear rate (Romanzini, D. Frache, A. Zattera, AJ. &
Amico, S.C., 2015).

Structurally, the HNT is made up of kaolinite-like aluminosilicate layers
interspersed in the completely hydrated mineral with a sheet of water
molecules. The HNT has two different interlayer surfaces. The external
surface is principally covered by some silanol (Si-OH) and aluminol
(AlI-OH) groups and siloxane (Si-O-Si) groups, but remains uncovered at
the edges of the tube. The internal surface is covered by aluminol
groups (Guo, et al., 2008 cited in Carli, L.N. et al.,, 2013; Zhang, Y. He,
X. Ouyang, J. & Yang, H., 2013). Moreover, HNT, similarly like the other
polymorphs of kaolinite, includes 2 types of hydroxyl groups: the outer
hydroxyl groups (OuOH) and the inner hydroxyl groups (InOH). The
OuOH are located in the outer-upper unshared plane, while the InOH
groups are present in the lower shared plane of the octahedral sheet
(Frost, R.L. & Shurvell, H.F., 1997). However, the dissimilarity between
HNT and kaolinite is that there is a thin layer of water between
continuing layers. This layer relaxes the necessity of positional registry
between the layers and by doing so, permits for bending. The curvature

forms towards the side with the alumina surface (Li, X. et al., 2013).

There are clear advantages in using HNT as filler for reinforced
polymer composites. First is the ease of manufacturing specimens,
because HNTs are mostly nanotubes with no or little surface charge.
Such nanotubes may eliminate the need for intercalation and exfoliation,
as required by other two-dimensional nanoclay fillers, such as

montmorillonites (MMTs), to blend with polymers and achieve



homogeneous particle dispersion (Deng, S. Zhang, J. & Ye, L., 2009).

Prior reports showed that addition of 3 wt.% HNTs to plastics can
improve the tensile strength, impact resistance, fire retardance and give
the added benefit of improved cycling time in manufacturing process
because HNTs are nucleating agents that form a skeletal framework in
polymers. Especially, when considering tensile and inter-laminar shear
strengths in glass fiber-reinforced plastics (GFRP)/HNTs nanocomposites
containing HNTs over 3 wt.%, the strengths were lower than pure
composite, with property improvement limited to a slightly higher extent.
Exceptions were nanocomposites reinforced with 0.5 and 1 wt.% HNTSs
(Kim, Y.H., Park, S.J., Lee, J.W. & Moon, KM., 2015).

However, HNTSs, being inorganic compounds, typically do not have good
interaction with organic polymers, resulting in poor dispersion and
adhesion (Bellucci, et al., 2007 cited in Carli, L.N., 2013).

Thus, in this study, by combining the HNT as an eco-friendly material
with a conventional matrix we attempted to improve the properties of
the composite materials. Especially, when unsaturated polyester resin
(UP) is cured, it displays a relatively large heat shrinkage and low
thermal stability above 80C, so the improvement in the mechanical
properties of UP is required to expand the resin’s range of applications
(Lee, JM. & Cho, D.H., 2003). In this regard, the addition of HNTs is a
good option to obtain a cost-effective and versatile (multi-utility)

nanocomposite.
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1.3 Effective Dispersion of Nanofillers in Nanocomposites

For nanofillers used in reinforcement of matrix, the dispersion method
is an important factor in realizing improved properties of the composite
materials. Recent research shows that the interfacial interactions and
degree of dispersion of fillers in the matrix is important in determining
the final performance of nanocomposites (Prashantha, K. Lacrampe, M.F.
& Krawczak, P., 2013) and that a modification of the conventional
production process is required because of changes in rheological
properties of the matrix caused by the nanofillers. Therefore, it is also
necessary to optimize the dispersion of the nanoparticles in the resin to
achieve a homogeneous distribution and also study the influence of

nanoparticles on the viscosity of the resin (Park, J.H. & Kim, J.Y., 2002).

Nanocomposites are formed when particles with a diameter of 20-200
nm in size are added to the resin. This addition renders new physical
properties to the resin. Recently, many studies have been done with
silicate clay particles which are 8 to 10 wm in size. The silicate clay has
a layered structure having a thickness of 1 nm and the individual clay
layers can be exfoliated by intercalation or delamination to obtain a
higher strength than ordinary solid clay particles (Park, J.H. & Kim, J.Y.,
2002).

A typical method of dispersion involves dispersion of nanofiller by
additives. When using the additive in a homogeneous dispersion,
measurement of the inherent properties of the material is possible.
However, the role and influence of additives on dispersion is not
completely understood to date (Kim, D.H. Zheng, X.R. Kim, M.S. & Park,
C.W., 2012). In addition, dispersion is usually carried out through

1



mechanical dispersion, ball milling and ultrasonic homogenization. The
mechanical dispersion is a passive process and is greatly influenced by
the external environment such as the dispersion rate and input power
and so it is difficult to obtain a standardized system. There also remains
a large characteristic difference between each of the composite
materials prepared through mechanical dispersion. By contrast, for ball
milling and ultrasonic homogenization, the influence of the external
environment is less and the difference in properties between the
composite materials prepared under different external conditions is less,
but technical limitations still exist for these dispersion methods. The
typical usages of ball milling include particle size reduction, solid-state
alloying and particle form alteration and moreover, mixing using a ball
mill are also an effective process to make a homogeneous mixture of
polymer with nanofillers. During ball milling, centrifugal forces of the
grinding balls create high shear forces to segregate the fine particles in
agglomerates of nanofillers, thereby affecting the mixture in the grinding
bowl (Deng, S. Zhang, J. & Ye, L., 2009).

Ultrasound is a representative method for contraction of aggregate
particle size in dispersions and emulsions. The dispersing and
deagglomeration of solids into liquids are an important application of
ultrasonic apparatus. Ultrasound is extensively used in chemical, physical
and biological processes. Homogenizing, dispersing and emulsifying are
physical processes (Hielscher, T., 2005; Lionetto, F. & Maffezzoli, A.,
2013). Ultrasound is also used in laboratory and bench-top scale before
the process is scaled up to the commercial stage. High intensity
ultrasonication is an alternative to these technologies such as high
pressure homogenizers, agitator bead mills, impinging jet mills and

rotor-stator-mixers, and particularly for the particle treatment in the

12



nanosize range, the only effective method to accomplish the required
results. Ultrasonic homogenization imparts an immediate effect by
applying direct pressure to the nanofillers and is considered as an
appropriate dispersion method because the results can be predicted by
adjusting the test conditions unlike in the ball milling.

Fig. 1.4 shows optical micrographs of mechanical dispersion and
ultrasonic homogenization that directly affect the nanofillers most
importantly, ultrasonic homogenization also inhibits aggregation of
nanoparticles in the system. However, for mechanical dispersion, the
nanoparticles remain in large agglomerated forms and no matrix was
found to be combined with the particles. This has a significant effect on
the mechanical properties of the material and in such a scenario the

nanofillers cannot act as a reinforcement material.

(a) Mechanical dispersion | (b) Ultrasonic homogenization

Fig. 1.4 Comparison of nanofiller dispersion method as observed by optical
microscope

13
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Therefore, it is important to choose the appropriate dispersion method
for matrix and nanofillers to realize a reinforced nanocomposite.
Achieving a homogeneous dispersion of nanofillers in the matrix still
remains a problem owing to the agglomeration of nanoparticles that
form large particle clusters (Deng, S. 0Zhang, J. & Ye, S., 2009 cited in
Deng, S. et al., 2008). Thus, in order to establish an optimum dispersion
of the HNTs the current study has selected ultrasonic homogenization,

where variables are easy to set and intended results can be obtained.

14



Chapter 2 Experimental Work

2.1 Materials and Methods

2.1.1 Preparation of UP/HNT Nanocomposites

The purpose of this study was to analyze the variation of mechanical
properties of nanocomposite with respect to the contents of HNTs and
thereby, to find the optimal conditions for the synthesis of HNT

reinforced nanocomposite.

The materials used in this study are shown in table 2.1. The
nanocomposite specimens were composed of unsaturated polyester resin
(UP) as matrix which is a representative thermosetting resin (Osman,
E.A. Vakhguelt, A. Sbarski, I. & Mutasher, S.A., 2012) and HNTSs
reinforcement. The HNT, a naturally occurring aluminosilicate nanotube,
iIs an odorless, white particle ~with  chemical formula of
H4A1209Si2 - 2H20. The samples of HNTs particle-reinforced UP matrix
nanocomposites manufactured were distinguished based on contents of
HNTs added to UP.

15



Table 2.1 Description

of main materials

Materials Provider Specifications

Reinforcement Sigma-Aldrich )
. g - Formula :  HALOGSis  2Hs0

Halloysite Japan G.K.
Nanotub .
anotube Product No. 685445 Molecular weight : 294.19 g/mol
(HNT) CAS-No. 1332-58-7

Hardener - Gelation Time : 19 min

SHOWA DENKO K. K.

Unsaturated

- Optimum Hardening Time : 33 min

Srider BP-1055

Polyester Resin
) (Lot. KE 624PL01)

- Maximum Heat-generating
Temperature : 138°C

Methyl NOF
Ethyl Ketone CORPORATION

- Hardener

Peroxide (MEKP) CAS-No. 1338-23-4

- Specific Gravity : 1.146 g/ml at 20°C

Cobalt Sigma-Aldrich Japan

+ Accelerator

Naphtenate CAS-No. 61789-51-3

- Specific Gravity : 0.921 g/ml at 25°C

Commonly, most of the raw materials for synthesis of polyester resins,

typically referred to as UP, are derived from coal and petroleum (Fig.

2.1). The UP is one of the most widely used thermosetting resins for

their excellent mechanical properties

and simple processing (Osaman,

E.A. Vakhguelt, A. Sbarski, 1. & Mutasher, S.A., 2012; Chiu, H.T. Jeng,
R.E. & Chung, J.S., 2004). However, due to high cross-link density of

the UP and long-chain molecules formed from the polymerization of a

monomer with a pre-polymer that have several C=C bonds, during the

curing system, they come to be stiff and brittle (Albdiry, M.T. & Yousif,

B.F., 2013).

Therefore, the UP is mainly used in its liquid state to make composites

and needs additive to be cured to solid state. The additives used in the

current work were of two types, viz. an accelerator cobalt naphthenate,
and a hardner methyl ethyl ketone peroxide (MEKP).

16
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\ /

Phthalic Anhydride Maleic Anhydride
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‘ Unsaturated Polyester Base | ‘ Monomeric Styrene ‘

s -

‘ UNSATURATED POLYESTER RESIN |

Fig. 2.1 Manufacture of polyester resins based on coal and petroleum

Fig. 2.2 shows the UP and the additives used in the present work. The
proportion of additives used was 1 wt.% of UP. The accelerator and
hardener were used in the ratio 1:1. The UP was formed by
condensation reaction and cured with an accelerator and hardener to
form cross-linked chains. Therefore, UP is a polyester that have been
‘cured’, i.e. treated with a monomer that lead to the chains to crosslink.
Such cross-linking through curing resulted in a material, which was hard

and durable, and will not melt on heating, i.e. a thermosetting resin.



(a) Unsaturated Polyester Resin (UP)

(b) UP + Cobalt Naphthenate

D

(c) UP + Cobalt Naphthenate + Methyl Ethyl Ketone Peroxide (MEKP)

Fig. 2.2 Matrix and addition

The HNT reinforcement has a hollow tubular shape. As shown in Fig.
2.3, HNTs have the following characteristics: the external surface of
HNT is composed of siloxane groups (Si-O-Si), and the internal surface
of HNT consists of aluminum hydroxide groups (Al-OH) (Joo, Y.H. et al.,
2013). Most of HNTs have multi-wall structure (Jia, Z.X. et al., 2009).
The length of the HNT varies from 100nm — 3 um, the inner lumen
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diameter is 10—30mnm and the external diameter ranges from
30 — 150 nm. The actual chemical structure of the HNT wused in this

study is shown in Fig. 2.4.

Fig. 2.3 HNTs at room temperature

The contents of HNTs in the composites were 0.5, 1 and 3 wt.%.

Al on . U 100 nm -3 um

10 - 30 nm

Fig. 2.4 Chemical structure of HNT
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(a) 1 Step

(© 3" Step (d 4™ Step

Fig. 2.5 Sample preparation procedure

The manufacturing method of the sample was divided into 4 steps, as
shown in Fig. 2.5. Glass plates were used to support a fixed silicon mold
on top and bottom. First the silicon plate is put on a glass plate. Next,
the UP/HNT colloidal solution of the same amount was injected into each

slot of the silicon mold using a dropping pipet. After the primary cure
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of UP/HNT colloidal solution progressed, the upper part of silicon mold
was covered with a glass plate such that the silicon mold was
sandwiched by the glass plate and clamped. Next, it was put in a drying
oven at 120C to cure for 3 h. Although the optimum setting time of
the UP is specified as 30 min, all samples required respectively different

real times for complete curing the time.

Figure 2.6 shows the schematic diagram of the wadding process for
manufacturing samples. The UP/HNT colloidal solution was left under the
conditions of blocked air, so to avoid secondary reaction with air on the
sample’s surface, thereby maintaining samples with smooth surface. This
condition such as anaerobic state also prevents any dust or foreign
particles from altering the properties of the nanoparticles in the UP, so

that the role of the pure nanoparticles in the UP can be evaluated.
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Fig. 2.6 Schematic diagram of resin infusion and shape preservation

2.1.2 Heat Treatment of HNTSs at Different Temperatures

The HNTs used in this study were treated by heat using a heat
controller (model SU02-110, CHINO Ltd.) under Ar gas (SHIKOKU
ASECHIREN Ltd.) (Fig. 2.7). Preheating time of the heat controller was
30-40 min. and the processing time of heat treatment was set to 4 h
and then, cooling of heat-treated HNTs for 1 h. The heat-treated HNTs
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used in this study were classified into 4 groups according to their heat
treatment temperatures. They were untreated HNT (UTHNT), 300C
(300HTHNT), 500C  (500HTHNT), 700C (700HTHNT) and 1000C
(1000HTHNT) heat-treated HNT.

(a) Heater (b) Heat Controller (c) Ar Gas

Fig. 2.7 Heat treatment machine

Fig. 2.8 shows the process diagram of heat treatment using the

following steps:
(D 10.0g of HNT powder was calcined at a certain temperature for 4h.
@ Cooled to room temperature in a desiccator.

The current study was done at b5 different heat treatment
temperatures. Additionally, the mechanical behaviors of the HNTs were

compared at both less and greater than 500°C.
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Fig. 2.8 Process diagram of heat treatment
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2.1.3 HNT Dispersion by Ultrasonic Homogenization

In the current work, the parameters of ultrasonic homogenization
considered were applied output power, operating time and volume of the
sample. Fig. 2.9 shows a picture of the sonotrode. The operating time
and the volume of the sample were kept at a fixed value, viz. 300 sec.
and 18 ml, respectively. To examine the effects of the output power on
effective dispersion of nanoparticles under same conditions, the output
power values used were 45W and 60W (Table 2.2). The ultrasonic
distribution inside the sample was of considerable importance. Since
ultrasonic intensity decreases with distance from the expiring surface,
close ranges were preferred, and when the volume of the sample is
small, the distance from the sonotrode should be closer (Hielscher, T.,
2005).

(b) Ultrasonic (c) Operating

(a) Bod
Y homogenizer state

Fig. 2.9 Ultrasonic homogenization machine
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Table 2.2 Conditions of ultrasonic homogenization used

Product Name | ULTRASONIC HOMOGENIZER UH-150
Manufacturer | SMT Co., Ltd. Japan
Experiment Condition

Volume of the Resin 18 ml of Unsaturated Polyester Resin
Sample Accelerator | 1 wt.% Cobalt Naphthenate
(Use of Hardener 1 wt.% Methyl Ethyl Ketone Peroxide
Capacity) (MEKP)
Temperature | Iner Tube for Resn | 44 - 49°C (Starting Point: 24 -27C)
Cherge f the Sape | Outer Tibe for Codrg | 37 - 39°C (Starting Point: 24 -26C)

Operating Time | 300 sec.
Input Power 150 W
Energy Purse | Pulsed at 80 % (Energy Pulse Lasted 0.8 sec.

Output Power 45 W
Operation Type | Nanopartide Addtion 0.5 wt.% 1 wt.% 3 wt.%
Output Power 60 W

Another point to consider is that when the output power energy was
delivered to the sample, a lot of heat was generated. The amount of

heat generated depended on the output power.

If the temperature of the sample is raised due to heat generation, the
rheological property, such as viscosity, of the sample is changed. In
particular, it has a significant effect on the movement of the
nanoparticles. Furthermore, the polymer resin contained nanoparticles
under a high temperature means that the colloidal solution has a
difference condition in the curing process. Curing of a resin has a close
relation to the temperature. Typically, curing is promoted below the
glass transition temperature (7). When 7 is reached, gelation proceeds

quickly, at this time, it is not hardened.
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For UP, the two additives that are required in final curing are curing
agent (i.e. hardener) and curing accelerator. In this study, the additives
were added in a definite order because in addition to HNT as filler it
was also added as a reinforcement material. The resin was first mixed
with the accelerator before the addition of HNT to prevent any
pre-bonding between the accelerator and the HNTs. If the accelerator
was impregnated into the HNT, a combination of the UP with HNT

would not occur smoothly.

That is, to achieving proper stirring process, a different energy is
required. For this reason, in this study, the HNT was dispersed into the
resin by the ultrasonic homogenizer after mixing of UP and the
accelerator. At the same time, to dissipate the heat generated by the
ultrasonic homogenization, a test tube containing UP/HNT colloidal

solution was put in a bath of water (Fig. 2.10).
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Fig. 2.10 Process schematic diagram of ultrasonic homogenization

2.2 Characterization of UP/HNT Nanocomposites

2.2.1 X-ray Diffraction

XRD analysis is a non-destructive analytical method and is used to
obtain the crystal structure and chemical composition of a sample. XRD
also indicates the size of the constituent material. XRD is the
quantitative (element content) analysis of the components by measuring
the respective intensity of diffracted ray. If the crystal structure and

compound type of the material are different, the form of a diffraction
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pattern changes.

In this study, the XRD patterns were recorded on a multiflex (Rigaku
Corporation) with Ni filter and CuK e radiation (A=0.154 nm) generated at
40 kV and 40 mA. The scan rate was 1°20/min. X-ray peaks were
observed in the range of 10°20 to 70°26. This is to be attributed to
crystallographic  properties of the mnanoparticle. The background
knowledge of this angle range is as follows: by observing a
crystallographic change and chemical structure of the heat-treated
HNTSs, structural changes of the HNTs in the actual phenomenon were

demonstrated.

Generally grain size of the nanocrystalline material cannot have a
substructure because it is too small at a size of 10 to 100 nm. The
x-ray diffraction pattern is formed of a series of concentric rings having
the same center. Each of the rings signifies diffraction from the
respective surface of a crystal. To note, if the grain size is larger than
about 10 wm, the diffraction rings from the X-ray-irradiated area of the
specimen will show as discontinuous points. The grain is enough to make
the shape of concentric rings in the size between 500 to 10,000 nm.
The size refers to the ideal grain size. If the grain size is small, 500 to

100 nm, the width of the diffraction ring becomes larger.

However, if the grain size is much smaller than 100 nm, the diffraction
will occur only in a very low angle without creating diffracting ring
because the volume under x-ray illumination is too small. Thus, the size
of HNT used in this study was analyzed and a suitable angle was set for
outer diameter of 30-150 nm and length of 100-3,000 nm.

29



2.2.2 Transmission Electron Microscopy (TEM)

In this study, structural changes in the surface of the HNTSs, caused by
heat treatment, were observed using a TEM (JEOL Ltd, model
JEM-2100). The TEM gets an image through transmitted electrons by
irradiating an electrons to the sample and by obtaining the image using
the electron beam which is diffracted. It is used to analyze the crystal
structure of the material (An, J.P. & Park, J.G.,, 2006). In order to
observe nanocomposites, preferentially nanocomposites were cryogenically
ultra-microtomed to 300 nm thickness (Pal, P.P. Kundu, M.K. Kalra, S. &
Das, C.K., 2012).

The basic specification and structural changes of HNTs due to heat
treatment were investigated using TEM. Generally, research for materials
and development of new design about its structure depends on the
knowledge relating to the chemical, electrical and physical prperties of

the multi-layer materials and in its boundaries.
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2.2.3 Impact Test

Impact test was carried out using an izod impact tester (YASUDA SEIKI

SEISAKUSHO, LTD., No. 12353) (Fig. 2.11-(a)). The impact strength was
calculated from unnotched specimens hit at half specimen’s the length
(following JIS K 7062). The impact specimens produced had final
dimensions of 80.0 mm x 10.0 mm x 4.0 mm (length x width x thickness)
and at least four specimens were made for each specimen fabrication
condition (Fig. 2.11-(b), (c)). At first, the corrected energy (Ec, ]) was
measured from the angle point reached by the hammer after breaking
the specimen (/). The impact strength was calculated from the formula
(D.

E, = WR](cos3— cosa,) —(cosa’ — cosar)( 2:5 )] ey

Where, WR is the moment around the axle of the hammer (2.949040
N -m), « is the initial lift angle of the hammer (150.0C) and «’ is the
real lift angle of the hammer (148.4°C). The izod impact strength

(aiU,KJ/m2) of unnotched specimens was calculated using equation (2):

E, <10

G S @

Where, h is the thickness (mm) and b is the width (mm) of the test

specimen. The test was set at 5.5 J of hammer’ s work.
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80 mm

(b) Impact test specimen according to JIS K 7062

(c) Manufacturing mold of silicon type and specimen

Fig. 2.11 Equipment used for impact test and the samples
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2.2.4 Tensile Test

Tensile test was performed to evaluate the mechanical property of
nanocomposites based on UP/HNTs. The test speed was 1.00mm/min at
room temperature under the condition of JIS K 7055 by Universal Test
Machine from Kyung-do Corporation (KDMT-156). The machine is shown
in fig. 2.12. Tensile strength represents maximum tensile load divided by

specimen’ s cross sectional area.

(a) Universal Test Machnine (b) Operating State

Fig. 2.12 Machine for tensile test

The specimen dimensions were 100 mm x 10 mm x 2 mm (ength x
width x thickness) (Fig. 2.13) and the gage length was 50.00 mm. The
tensile test is the most basic method for the analysis of mechanical

properties of a material.
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In addition, instead of dog-bone or dumbell-shaped specimens, coupon
specimens attached with paper tabs were used in this study. This
specimen has the disadvantage that unlike dog-bone-shaped specimens it
is hard to fracture at the same location. However when fixing the
specimen in a tensile machine, by the tab between the tensile machine

and specimen, it prevents slippage and can get accurate test results.

100 mm

(b) Specimens for tensile test

Fig. 2.13 Samples for tensile test
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Since composites with a polymer matrix is highly brittle, the external
stress applied to the specimen in a tensile machine can cause damage to
the specimen. In other words, the tab prevents damage of the specimen
in a specific direction. By reinforcing by the tab, damage of the
specimen can be prevented. That is, the decision of the appropriate
type of the specimen in accordance with the materials is a very
important factor because it is more likely the creation of defects or

stress concentrating.
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Chapter 3 Results and Discussion

3.1 Observation of Structural Changes by X-ray Diffraction and TEM
Imaging

X-ray diffraction (XRD) analysis of HNTs at different heat-treatment
temperatures showed the structural change of the HNTs as the heat
treatment temperature increased. As shown in Fig. 3.1, a mixture of
HNT-7A and quartz or silicon oxide was measured from UTHNT
(untreated HNT) to 500HTHNT (500°C heat-treated HNT). For 700HTHNT
(700C heat-treated HNT) the HNT-7 A was destroyed and it changed to
a mixture of amorphous substances with quartz or silicon oxide. For
1000HTHNT (1000C heat-treated HNT), amorphous or low crystallinity
HNT was observed such as crystals of quartz or silicon oxide. So it can

be estimated that temperature changed the crystal phase.

Smith et al. (Smith, M.E., Neal, G., Trigg, M.B. & Drennan, J., 1993)
showed that the reaction scheme for the calcination of kaolinite initially
involved dihydroxylation between 600C and 850C, where most of the
OH groups were eliminated, causing reduced coordination of originally
octahedral aluminum. A large exothermic situation at ~ 980 C, thought
to be triggered by elimination of the last hydroxyls, owes to the creation

of a striking alumina-rich phase.

In XRD peak, 12.30° and 24.85° represents the typical diffraction
peaks of HNT. When the temperature changed from 25C to 400C, the
crystal structure of the HNT did not change any further by heat

treatment. However, the crystal structure of the silicate layers were
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broken forming an amorphous one due to dehydration and oxidation of

aluminol groups at a higher heat treatment temperature of 500C.

According to the recent research, the XRD peak of 1000HTHNT shows
a reflection centered around 21.1° 260 which is attributed to the
dissociative amorphous SiO, that divides from the metahalloysite. And
reflections corresponding to peak of around 36.5° (d=0.240 nm),
46.05° (d=0.198 nm) and 67.5° (0.140 nm) should impose to Y-Al:Os; The
reflections assign to Y-AlOs3 are not present but those of mullite are
well resolved over heat treatment temperature of 1200C (Yuan, P. et
al, 2012).

Therefore, the temperature of 500C had a significant impact on the
crystal structure of the HNT. In particular, 26.62° highly likely relates
to quartz and the basic reflection of 26.62° was observed and is
unaffected by the temperature. In 1000HTHNT, mullite was observed,
which led us to think that it was formed around 950C. There is a
possibility that it was partially cristobalite. Furthermore, the peak of the
1000HTHNT did not correspond to the original peak of HNT, and the
mullite or SiO, was created in the peak of 26.62° . The peak at 46.05°

indicated formation of aluminum oxide.
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Fig. 3.1 X-ray observation of HNTs at various heat treatment temperatures
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TEM analysis (Fig. 3.2) showed that HNT in all cases had a tubular
structure in common and formed aggregates. For the case of
heat-treated HNT, the HNT showed broken or bent shapes and formed
clusters. The surface of the heat-treated HNTs at high temperature was

not smooth and had rough spots.

In general, functionalization of HNT introduces many useful
characteristics in HNT. Furthermore, heat treatment can eliminate any
physically bounded water, break the structure of water through
dihydroxylation of the aluminol groups in the HNT structure and result
in a structural rearrangement of HNT, which correspondingly changes
the pore structure and surface characteristics (S.Kadi, et al, 2012 cited
in Q. Wang, J. Zhang, Y. Zheng & A. Wang).

Herein, heat treatment time was invariant. However, heat treatment
temperature was used as an independent variable with various values
and by setting the number of variables, the effect of heat-treated on
HNTs was observed. Past research suggested that the crystal structure
of HNT is retained when the temperature is less than 400°C, but HNT
becomes amorphous owing to the dehydroxylation of structural aluminol
groups when the temperature is up to 500C. On the other hand, the
tubular structure is still the same such as the untreated HNT (Q. Wang,
J. Zhang, Y. Zheng & A. Wang, 2014).

No significant difference in shape was observed between HNTs in Fig.
3.2-(c,d and (a), however, in Fig. 3.2-(c,d) they had more uneven
surface than in Fig. 3.2-(b). No amorphous structure was observed, such
as aluminum silicate in Fig. 3.2-(c). Destruction of the HNT layered
structure occurred at 500C and the layered structure of the HNT have

been partially unified by dehydration phenomenon. According to past
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research, heating at 120 C caused conversion of HNTs to 7A of HNTs
through loss of the water from the interlayers (Yuan, P. et al, 2012). At
1000C, as shown in Fig. 3.2-(e), the silicate-layered structure of the
HNT was destroyed. The unevenness of several nanometers on the
surface was observed distinctly. Also no formation of a bi-layered hollow
tubular structure of HNT was observed. In addition, the HNTs formed
clusters with structural destruction and was observed at room
temperature in a state of agglomeration. The size of particles also
became relatively small (shrinkage phenomenon) due to structural

rearrangement.

The differences between HNT samples could be observed through the
TEM and were consistent with the results of XRD analysis. It was
concluded that the structural changes of HNTs were caused by chemical

change due to heat treatment temperature.
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(a) UTHNT (untreated HNT)
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Fig. 3.2 TEM of HNTs at various temperatures
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3.2 Changes in Mechanical Properties

3.2.1 Impact Properties

To obtain optimized physical properties of heat-treated HNTs at
various temperatures and UP nanocomposites, the output power of the
ultrasonic homogenizer was set as a variable. By observing the impact
behavior of nanocomposites containing dispersed HNTs at 45W and 60W,

the dispersion conditions were optimized for the heat-treated HNTSs.

Figure 3.3 shows the results of impact test performed to evaluate the
effect of heat-treated HNTs on UP under 45W of ultrasonic
homogenization. We preferentially compared only the impact strength
between UP and its nanocomposites. When considering an error range,
the samples showing the ideal strength were the nanocomposites
containing 1 wt.% of 1000HTHNTs. Usually, as the size of particles
increases, fracture toughness and elastic modulus increase, but strength
decreases. Furthermore, the rheological property of resin is changed by
nanoparticles. Therefore, the research for optimal dispersion of
nanoparticles in resin is necessary to evaluate the reinforcing effects of
HNT from the viewpoint of resin viscosity and dispersion of
nanoparticles (Park, J.H. & Kim, 1.Y., 2002).

Looking at heat-treated HNTs at various temperatures, UTHNT
nanocomposites showed the lowest impact strength. As the heat
treatment temperature increased, strength tended to increase. The
heat-treated HNT at high temperature showed a severe structural
change. The layer structure was destroyed and the shape changed to
the single-layer tubes, indicating that the HNT with the layer structure
did not smoothly couple with UP. This implies heat treatment on HNTSs is
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required to realize a reinforcing effect.

Comparing between contents of HNTs, overall it did not show any
specific trend. For UTHNTs and 300HTHNTs, the UTHNT showed a
significantly lower strength than 300HTHNT. This can be considered as a
typical example of a reverse reaction about the basic reinforcing effect
of HNTs. It showed better reinforcing effects when 1 wt.% of HNT was
added, as seen for S500HTHNT and 1000HTHNT. However, 3 wt.%

addition of HNT showed a negative effect on reinforcement.

The above observations were due to particle properties of the
nanoparticles. The limitation of nanoparticles is aggregation. Due to
cluster formation, it was difficult to form a homogeneous dispersion of
nanoparticles in the UP. These HNTs aggregated to achieve the spatial
equilibrium in UP when exceed the appropriate addition amount. Also,
re-aggregation of HNTs occurs over time after dispersion. That is, the
nanoparticles in nanocomposites results in - diminution of strength
phenomenon instead of reinforcement effects due to the action as pore

groups of aggregation.
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Fig. 3.3 Comparison of impact strength of neat UP and its nanocomposites
under 45W of ultrasonic homogenazation condition

Fig. 3.4 is a graph showing the effect of impact reinforcement when
the output power was set to 60W in the UP/HNT colloidal solution.
Overall, the nanocomposites showed similar impact strength as that of
neat UP, except 1000HTHNTSs. In particular, the 700HTHNTs showed a
significantly high reinforcement effect and generally, the reinforcing
effect was greater in every case when 1 wt.% HNTs was added to the
UP. The impact strength of 3 wt.% HNTs was similar to UP than 0.5
wt.% HNTs nanocomposites. However, this numerical value was rather

lower compared to the 1 wt.% HNTs nanocomposites.
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Fig. 3.4 Comparison of impact strength of neat UP and its nanocomposites
under 60W of ultrasonic homogenization condition

In fact, the largest difference with 45W and 60W is the size of the
nanoparticles. The ultrasound is generated by the cavitation of bubbles
while propagating through UP/HNTs colloidal solution. The generated
bubbles transmitted force to HNTs within the UP and collapsing at the
same time due to pressure difference. The bubble explosion was
affected by the power, such as 45W and 60W and the homogeneity of
the dispersion was also affected depending on the strength of the
power. Therefore, in general, the homogeneity is increased by using

larger force and the reinforcing effect of HNTs is revealed more
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clearly. In other words, impact strength behavior and its tendency in
both cases should be the same. It can be expected that the

reinforcement effect will appear more clearly for 60W power.

In practice, however, the reinforcement effect was more pronounced
for HNTs up to 500HTHNT nanocomposites. For 700HTHNTs and
1000HTHNTs, the impact strength was reduced. Especially, for
1000HTHNT, it has a very large difference in strength. The reason is
that due to heat treatment the structural strength of HNTs decreased
and structural detachment was observed. As a result, the HNTs did not
smoothly bond with UP. Appropriate power of ultrasonic homogenizer
improved the dispersion of nanoparticles in the matrix. However, a high
power affected the unique properties of the nanoparticles. High power
also inhibited the original reinforcing effect of the nanoparticles. The
content of HNTs was an important factor. The content of the 1 wt.%
HNTs had the highest property but a small amount, say 0.5 wt.% HNTs

acted as a defect rather than a reinforcing factor.

When more than 1 wt.% was added, the nanocomposites were
influenced by the dispersion of nanoparticles and the reinforcing effect
was also affected. The 1000HTHNT at 45W and the 700HTHNT at 60W
showed quite high impact strength at 1 wt.% HNTs content. Therefore,
the 1000HTHNT at 45W and 700HTHNT nanocomposites at 60W could be

used when a high impact resistance is required.
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3.2.2 Tensile Properties

A tensile test was also performed at room temperature as the basic
evaluation method to find out the mechanical properties of the material.
Generally, the tensile test is simple to operate and relatively
inexpensive. The tensile test is to observe the reaction of the tension of
the material by pulling it. Therefore in this study, when the material is
pulled until failure the reaction of the UP/HNT nanocomposites for
tensile strength were observed. The stress of the highest load point was
calculated. After the heat-treated HNTs at various temperatures were
dispersed in a matrix using ultrasonic homogenization, tensile test was
carried out. From the values of tensile strength and the modulus of
elasticity, which signifies the degree of strength of a material, the

reinforcing behavior of the HNTs was evaluated.

Figure 3.5 shows the graph of tensile strength and modulus of
elasticity of the UP/HNT nanocomposites prepared by an ultrasonic
homogenizer at 45W of output power. Each of the nanocomposite
materials showed a lower strength than the tensile strength of neat UP.
However, 0.5 wt.% UTHNT and 0.5 wt.% HTHNT nanocomposites showed
a similar strength with that of neat UP. Through this graph, a
reinforcing effect of heat-treated HNTs could not be confirmed. In other
words, when the external stress was applied to HNTs along the pulling
direction, the HNTs showed no reinforcing effects in the UP matrix.
Especially when the content of HNTs became high, reducing the

strength was sharply increased.

Comparison of the modulus of elasticity revealed that the
nanocomposites reinforced HNT were 2 times higher than the neat UP.

That is, the strain of the nanocomposites reinforced HNT was lower
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than the strain of the neat UP and it was considered that due to
reinforcing of the UP by HNTSs, the nanocomposites reinforced HNT
became more brittle. By dispersing the HNT in the UP, the strength of
the material was expected to improve. However, tensile tests showed
that the HNT did not affect the reinforcing effect on the tensile force.
It was estimated that the HNT acted as a defect instead of
reinforcement when the external force acted in the longitudinal
direction, since the rupture time was accelerated with an increasing
amount of HNTs excluding content of 0.5 wt.%. Furthermore, by heat
treating the HNT, structural changes were observed due to dehydration.
So heat treatment was likely to be a factor to decrease the coherence
between the UP and HNTSs. Particularly, heat treatment of HNTs up to
700C had significant effect on bonding with polymer manifested as

structural and chemical changes.

Therefore, considering variations in properties caused by agglomeration
and structural destruction of HNTSs, the nanocomposite with 0.5 wt.%
700HTHNT can be regarded as more superior material compared to
traditional neat UP at 45W of ultrasonic output homogenization. This

result was based on the tensile strength and modulus of elasticity.
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Figure. 3.6 displays a graph showing the tensile strength and modulus
of elasticity of the nanocomposites produced using 60W power of
ultrasound. When compared between neat UP and the nanocomposites
with HNT, the UP/HNT nanocomposites showed a much lower intensity
with the exception of the nanocomposites with UTHNT. The heat-treated
HNTs showed a relatively lower intensity in comparison with the test
specimens using the 45W of ultrasonic wave as described above. This
means that the ultrasonic intensity has a large influence on the inherent
properties of the nanoparticles. Although ultrasonic wave was used to
achieve uniform dispersion of the HNTs within the resin, it was found
that ultrasound intensity was not proportional to uniformity in dispersion.
When the ultrasound intensity was high, destruction and deformation of

the nanoparticles occurred.

Therefore, the reinforcing effect along the tensile direction was very
small. In other words, no distinct trend in the graph could be
established. Nevertheless, 1 wt.% UTHNTSs nanocomposites showed the

highest tensile strength under current given conditions.
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3.2.3 Considerations on the Effects of Nanoparticle Dispersion on Mechanical

Strength

To understand the effect of nanoparticles on the properties of
nanocomposites, it is important to investigate the optimal dispersion
properties of the nanoparticles. Especially, HNTs tend to agglomerate
under the van der Waals force (Park, J.J. & Lee, J.Y., 2011). Result of
preliminary research showed that certain amount of HNTs can noticeably
increase the strength, modulus and fracture toughness of polymer
matrix; however, achieving homogeneous dispersion of HNTs in some
matrix remains a challenge owing to agglomeration of large particle
clusters (S. Deng, J. Zhang & L. Ye, 2009).

Therefore, to achieve a uniform distribution of nanoparticles, in this
study, the factors related to dispersion were optimized and suitable
process environment for materials was established by dividing them into
constants and variables. The methods of dispersion can be of various
types, such as mechanical dispersion, ball mill homogenization, ultrasonic
dispersion and electrical dispersion. Each of these methods has its own
advantages and disadvantages. When nanoparticles are uniformly
distributed within a polymer matrix and not present in an agglomerated
state improved properties of the polymer resin can be achieved.
Through ultrasonic homogenization, such homogeneous distribution of

nanoparticles within a polymer can be easily obtained.

In other words, according to the advanced research, the most
significant competitiveness of nanocomposites is that even if only a small
amount is added, the improved results can be obtained with high
characteristics. But, this 1is the possible conclusion when the

nanoparticles are made of a complete detachment in the polymer resin
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(Park, J.J & Lee, 1Y., 2011). The complete detachment means a state in
which the nanoparticles are uniformly distributed, not present in the
agglomerated state in the polymer resin. In a sense, in particular, the
ultrasonic homogenization is easy to separate aggregates to the

homogeneous phase.

When ultrasound propagates through a resin with encapsulated
nanoparticles, bubbles created by cavitation are generated in the colloid
solution. Due to pressure difference between ultrasound and the solution,
the bubbles burst, which locally generate a jet flow forming a pressure
gradient. Due to this phenomenon, the nanoparticles that are bound to
each other through van der Waals force are separated, and form a
homogeneous dispersion within the resin matrix. (Manson & Sperling,
1976 cited in Park & Lee, 201D).

That is, the nanoparticles are dispersed by ultrasonic homogenization.
The ultrasonic wave is applied not only to nanoparticles but also to the
polymer matrix. The ultrasonic waves as mechanical vibration propagate
through very close displacements of atoms and chain segments from
their equilibrium position. So in polymers, the forces acting along the
chain segments and between chains of molecules enable displacements
into adjoining places, thus, generating stress waves through the material
(Krautkramer &Krautkramer, 1977 cited in Lionetto & Maffezzoli, 2013).

The ultrasonic homogenization process depends on a variety of
parameters, such as amplitude, pressure, temperature, viscosity and
concentration. All of them, the important parameter configuration
indicates a function of the energy per processed volume. The function
alters with a change in the individual parameters. Also, the actual power

output per surface area of the sonotrode of an ultrasonic unit relies on
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the parameters (Hielscher, T., 2005). A sonotrode is a tool, which
creates ultrasonic vibrations and applies this vibrational energy to a gas,

liquid, solid or tissue in ultrasonic machining.

In general, the greater the intensity of the ultrasonic dispersion in the
output power the greater the effect of the nanoparticles themselves and
the effects are different depending on the type of nanoparticles. It is
not true that a high output power can produce a uniform dispersion.
The results of the impact and tensile test showed that nanocomposites
dispersed at 45W of ultrasonic intensity displayed a specific trend, while

the dispersion condition of 60W showed none.

And to conclude, 0.5 wt.% 700HTHNTSs nanocomposite showed the best
reinforcing effect and for amounts over 0.5 wt.% the reinforcing effect
decreased markedly. The 700HTHNT acted as a defective element not as
a reinforcement material. By contrast, 1000HTHNT nanocomposite
showed a reinforcing effect and showed a great amount of strength
when the content was 1 wt.%. The reinforcing effect became high when
the content was more than 1 wt.%. Therefore, for the ultrasonic
dispersion at 45W, the nanocomposites with 0.5 wt.% 700HTHNTs and 1

wt.% 1000HTHNTSs were considered as optimum conditions.

For ultrasonic dispersion condition of 60W, there was no tendency of
normalizing possibility in the results of the tensile and impact test. The
1000HTHNT showed excellent tensile strength for the ultrasonic
dispersion of 45W also was recorded for the low impact strength. The
ultrasonic dispersion intensity of 60W was believed as a not suitable

condition for dispersion of the heat-treated HNT.
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Chapter 4 Conclusion

In this study, the UP and HNT based nanocomposites were developed.
The HNTs were divided into 5 types; untreated HNT (UTHNT), 300C
heat treated HNT (300HTHNT), 500C heat-treated HNT (500HTHNT),
700C heat-treated HNT (700HTHNT) and 1000C heat-treated HNT
(1000HTHNT). Two values of the output power of ultrasonic homogenizer
were used, viz. 45W and 60W the HNT dispersion in UP. The
mechanical properties were investigated through impact and tensile test.
The reinforcement effects of HNTs that were heat treated at various
temperatures and the dispersion behavior of nanoparticles in the matrix

with various amount of HNTs (0.5, 1 and 3 wt.%) were also investigated.

The current study aimed to find the optimal dispersion condition in
order to produce the UP/HNT nanocomposites with excellent mechanical

properties. Experimentally, the results obtained are as follows:

(1) When the temperature of heat treatment was increased, structural
changes of HNT were observed. The partial unification of layer
structure began through dehydration from 500C and almost every
layered structures observed were destroyed at about 1000C. Also, the
rough surfaces and inhomogeneous areas increased with temperature.
The decomposition of the HNT structure and generation of metakaoline
phases occurred at 700°C and the HNT adopted an amorphous structure
at 1000°C. Since HNT is sensitive to heat so the structure changed on

heating.
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(2) The reinforcement effect of HNT was partially realized. Results of
impact and tensile test showed that impact reinforcing effect was higher
than the tensile reinforcement effect under same conditions. In terms of
impact reinforcing effects, the 700HTHNT nanocomposite was superior
with high impact strength. At 45W of output power, the 0.5 wt.% HNTs
in UP showed good reinforcement properties. Also, the reinforcement
properties of 1 wt.% HNTs was cut out for condition of 60W output

power.

(3) Especially in tension, there were almost no reinforcing effects of
HNT. It is considered that the changes in the process and material
controlling method is needed and the dispersion method and conditions,

such as in this study, is meaningless.

(4) The rheological property of matrix resin was affected by HNT. The
more HNTs added, the more the aggregation of HNT as clusters
occurred. However, the nanocomposites reinforced HNT were also limited
according to the types of untreated or heat-treated HNT, the dispersion
method, manufacturing process conditions of samples and performance

evaluation method of samples.
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