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CHAPTER 1 
 

INTRODUCTION 
 
Recently polymer nanocomposites have been receiving special attention 

because of its advantages and unique properties in comparison to the traditional 
polymer composite. Nanocomposites consists of polymer matrix and small amount of 
nanoparticles (Park et al., 2001), such as Zinc oxide (ZnO), Titanium dioxide (TiO2). 
Millions of tons of polymer/filler composites are consumed in numerous applications 
every year. In addition to homogeneous dispersion of fillers, strong interfacial 
adhesion between polymer matrix and filler is essentially crucial to obtain high-
performance polymer/filler composites. In the past, a great effort has been made to 
enhance the interaction between polymer and fillers, with most attention on the 
strengthening of polymer/filler interface focused on four strategies: (1) chemical or 
physical surface modification of the filler, (2) functionalization of the polymer matrix, 
(3) adding compatibilizer, and (4) preparing polymer composites via in situ 
polymerization method (Ning et al., 2012). Polymer composites filled with inorganic 
or organic fillers could be widely used in the industries including electronics, 
packaging, medical and health cares, tools, and automobile, etc., due to their superior 
mechanical, thermal, optical, and electrical properties compared to those of pure 
polymeric materials. Inorganic polymer composites have the advantages of the 
polymeric properties together with the characteristics of the inorganic particles. The 
homogeneous dispersion of the filler particles in the polymeric matrix may improve 
the material characteristics (Jung et al., 2010). 

It is, in general, known that the properties of an inorganic or organic filler 
dispersed polymer could be greatly enhanced when the fillers have the nanometer 
scales. There is a high tendency of agglomeration of the nano-particles due to its high 
surface energy when they are mixed in the polymeric matrix. This might be one of the 
major difficulties for the preparation of the polymer nanocomposites leading them to 
the unwanted thermal and mechanical properties. In this respect, it is critical that the 
nano-particles must be uniformly dispersed within the polymer matrix to achieve the 
proper property enhancement (Jung et al., 2010). 

This research interested polymer 3 types because they had different 
properties. The first, acrylonitrile butadiene styrene (ABS) plastics generally possess 
medium strength and performance and medium cost. ABS is often used as the cost and 
performance dividing line between standard plastics (Polyvinyl chloride) and 
engineering plastics (nylon). ABS possesses outstanding impact strength and high 
mechanical strength, which makes it so suitable for tough consumer products. 
Additionally, ABS has good dimensional stability and electrical insulating properties. 
Molded ABS products are used in both protective and decorative applications in many 
industrial and consumer products, such as automotive parts, office machines, house 
appliances etc. ABS has certain limitations, e.g., low thermal stability and poor flame 
(Tjong et al., 2000). 
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The second, high density polyethylene (HDPE) is a widely used material in outdoor 
applications, so its life time is determined by various environmental factors as solar 
radiation, temperature, thermal cycling, humidity, weather, pollutants, but most 
importantly by ultra-violet (UV) radiation. Its highly crystalline structure, in 
comparison to other kinds of polyethylene, results in very high tensile strength.  On 
the other hand, HDPE offers a good barrier for humidity and resistance to abrasion 
and corrosion, and it presents inertness to the most of chemicals. Additionally, it has 
light weight and low thermal conductivity. Nevertheless, HDPE has the limited using 
non polar because of restricted due to the limited interaction between the inorganic 
materials and the polymer matrix (Grigoriadou et al., 2011).  

And the last, polystyrene acrylonitrile (SAN) copolymers are 
thermoplastics that have found a wide range of applications due to their chemical and 
thermal stability, mechanical and optical properties and easy processability 
(www.patterson-rothwell.co.uk). SAN has higher heat distortion temperature (HDT), 
better chemical resistance, stiffness, fracture toughness and environmental stress 
corrosion resistance than polystyrene (PS) (Kirschnick et al., 2004). SAN has 
limitation, e.g., higher water absorption than PS, low thermal capability, low impact 
strength, yellows more quickly than PS, higher processing temperatures and 
flammable with high smoke generation. For the reason, this research interested to 
improve the property of polymer in order to use widely. This research bring polymer 
combine with ZnO. Their size has nanometer which is the additive type for enhance 
the mechanical properties of polymer. But in case of ABS, HDPE and SAN has less 
study so this research interest to improve these polymers for the better properties. 

In this work, we focus on the study the effect of ZnO with and without 
surface treatment on mechanical, thermal and morphological properties of 
polymer/ZnO nanocomposites. Polymer/ZnO nanocomposites with varying 
concentration of ZnO were prepared by internal mixer. The dispersion of ZnO particle 
in polymer matrix and morphology were studied by scanning electron microscope 
(SEM). The thermal properties was investigated by thermogravimetric analysis (TGA) 
and differential scanning calorimetry (DSC). The mechanical properties of 
polymer/ZnO nanocomposites were investigated by tensile and impact testing. 
Electrical properties also were investigated by inductance, capacitance, and resistance 
(LCR) meter equipment. 

   ส
ำนกัหอ

สมุดกลาง



 

3 
 

CHAPTER 2 
 

THEORY 
 

1. Zinc Oxide (ZnO) 
ZnO has some interesting characteristics, such as wide band gap (3.20 

electron volt), large exciton binding energy (60 milli-electron volt), friendliness to the 
environment and cheapness. One-dimensional ZnO nanostructures have been proved 
to be valuable candidates for many applications, such as solar cells, field emission 
displays, sensor and other devices (Wu et al., 2008). ZnO is an important 
semiconductor with significant catalytic and photocatalytic, optical, and electrical 
properties. ZnO nanoparticles have attracted much attention, because, as is the case 
with many other semiconductor nanoparticles, their band-gap can be tuned by 
changing their size, state of aggregation, shape, or surface properties, allowing the 
tailoring of their properties. Given the surge of interest in ZnO nanoparticles, several 
synthesis methods have appeared in the literature. ZnO nanoparticles can be prepared 
by many methods (Moleski et al., 2006). Most of the group II–VI binary compound 
semiconductors crystallize in either cubic zinc blende or hexagonal wurtzite structure 
where each anion is surrounded by four cations at the corners of a tetrahedron, and 
vice versa. This tetrahedral coordination is typical of sp3 covalent bonding nature, but 
these materials also have a substantial ionic character that tends to increase the 
bandgap beyond the one expected from the covalent bonding. ZnO is a II–VI 
compound semiconductor whose ionicity resides at the borderline between the 
covalent and ionic semiconductors. The crystal structures shared by ZnO are wurtzite 
(B4), zinc blend (B3), and rocksalt (or Rochelle salt) (B1) as schematically shown in 
Figure 1. B1, B3, and B4 denote the Strukturbericht designations for the three phases. 
Under ambient conditions, the thermodynamically stable phase is that of wurtzite 
symmetry. The zinc blende ZnO structure can be stabilized only by growth on cubic 
substrates, and the B1 structure may be obtained at relatively high pressures, as in the 
case of Gallium nitride (GaN) (Özgür et al., 2005). As a direct and large bandgap 
material, ZnO is attracting much attention for a variety of electronic and 
optoelectronic applications. Advantages associated with a large bandgap include high-
temperature and high-power operation, lower noise generation, higher breakdown 
voltages, and ability to sustain large electric fields. The electron transport in 
semiconductors can be considered for low and high electric fields. (i) At sufficiently 
low electric fields, the energy gained by the electrons from the applied electric field is 
small compared to the thermal energy of electrons and therefore the energy 
distribution of electrons is unaffected by such a low electric field. Because the 
scattering rates determining the electron mobility depend on the electron distribution 
function, electron mobility remains independent of the applied electric field, and 
Ohm. S law is obeyed. (ii) When the electric field is increased to a point where the 
energy gained by electrons from the external field is no longer negligible compared to 
the thermal energy of the electron, the electron distribution function changes 
significantly from its equilibrium value. 
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Figure 1 Stick and ball representation of ZnO crystal structures: (a) cubic 
rocksalt (B1), (b) cubic zinc blend (B3), and (c) hexagonal wurtzite (B4). Shade grey 
and black spheres denote Zn and O atom, respectively. 
Source :  Özgür, Ü. et al. “A comprehensive review of ZnO  materials and 
devices,” Journal of Applied Physics 98 (2005) : 2-4. 

 
These electrons become hot electrons characterized by an electron 

temperature larger than the lattice temperature. Furthermore, as the dimensions of the 
device are decreased to submicron range, transient transport occurs when there is 
minimal or no energy loss to the lattice during a short and critical period of time, such 
as during transport under the gate of a field effect transistor or through the base of 
bipolar transistor. The transient transport is characterized by the onset of ballistic or 
velocity overshoot phenomenon. Because the electron drift velocity is higher than its 
steady-state value, one can design a device operating at frequencies exceeding those 
expected from linear scaling of dimensions (Özgür et al., 2005). 
 
2. Silane Coupling Agent  

Silicon compounds, especially organosilicon chemistries, have been the 
subject of extensive development for more than fifty years, producing commercial 
advances in polymeric and composite materials which have fueled industrial 
innovation in the automotive, aerospace, and electronics markets. A basic review of 
relevant chemical property characteristics easily reveals the motivation for such 
experimentation. Silicon has a normal oxidation state like that of carbon; however, 
silicon is more electropositive, resulting in bond strengths, bond angles, and bond 
lengths that are quite different from most organic compounds, especially those 
including electronegative elements, such as oxygen, fluorine, and chlorine. Such 
“inorganic” compounds often display enhanced properties including thermal 
endurance, chemical or moisture resistance, increased mechanical strength, and 
electrical performance over materials with a completely organic nature. One general 
class of monomers and oligomers with a large variety of organic functionalization, 
called alkoxysilanes, were identified early on by researchers as excellent coupling 
agents, a material which assists in adhesive bonding between dissimilar surfaces, 
allowing for better bulk and interface properties. Trialkoxysilanes and similar silicon 
compounds are currently the subject of intensive research due in significant part to the 
need for “green” technology in the metal-finishing and the adhesive industries. The 
general silicon compound type that Plueddemann first explored as coupling agents has 
already gained industrial accepted application as adhesion promoting surface 
treatment for metals. Compounds of this sort, so called “mono-silanes”, have the 
general structure X3Si(CH2)nY, where X represents a silicon ester which can 
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transform using a hydrolysis reaction to a silanol group; Y represents an 
organofunctional group such as chlorine, primary or secondary amines, or vinyl. 
Typically, the value of n is around 3, but individual moieties can vary. Both the type 
of Y group and the value of n have a strong influence on whether a particular 
monomer is water soluble, but in general most of them are. The standard application 
method is solution deposition followed by an immediate condensation reaction upon 
drying with any available hydroxyl groups present on the inorganic substrate or metal 
surface to form stable siloxane bonds (Ooij et al., 2005). 

Silanes form a large group of organic compounds that essentially contain 
silicon (Si) atom or atoms. Silanes resemble orthoesters, and they can be bifunctional, 
i.e. they have a dual reactivity. The organic functional part (eg, vinyl –CH=CH2, allyl 
–CH2CH=CH2, amino –NH2, isocyanato –N=C=O) can polymerize with an organic 
matrix. The alkoxy groups (e.g. methoxy –O–CH3, ethoxy –O–CH2CH3) can react 
with an inorganic substrate, in both cases forming covalent bonds between the 
matrices. Generally, silanes may or may not contain reactive groups. A reactive group 
can also be, e.g. chloride (–Cl).  There can be a propylene link (–CH2CH2CH2–) 
between Si and the organic functionality, especially when the silane is used for metal 
pretreatment (Matinlinna et al., 2004). 

Silanes may be monofunctional (when there is one Si atom with three 
alkoxy groups in the molecule) or bisfunctional, ie, there are two Si atoms, each with 
three alkoxy groups, e.g. bis(3-trimethoxysilyl)propyl-ethylenediamine. Trisfunctional 
silanes with three Si atoms also exist, e.g. tris(3-trimethoxysilylpropyl)isocyanurate. 
Vinyltriethoxysilane is an example of a monofunctional silane (Figure 2). Silanes, 
hybrid organic-inorganic compounds, can function as mediators and promote adhesion 
between dissimilar, inorganic and organic, matrices through dual reactivity. They are 
called primers, coupling agents, or sizes, depending on their function and substrates. 
They can also be used as filler surface treatment agents. Silanes have been widely 
used in various industrial fields during approximately the last 40 years. Basically, 
organosilanes are either hydrophilic or hydrophobic; they can also be anionic or 
cationic. The environmentally harmful and toxic traditionally used chromates could be 
substituted by certain silanes (Matinlinna et al., 2004). 

 
2.1 Chemical Reactions of Silanes 
To be able to act as coupling agents in the interface between organic-

inorganic substances, silanes must first be hydrolyzed (activated) and condensed. In 
an aqueous solution, their alkoxy groups react with water to form reactive, 
hydrophilic, acidic silanol groups, Si–OH, and release free alcohols as side products. 
The acidity of the silanol groups depends upon the organofunctional group of the 
silane. The simplified chemical reactions are described as: 

 
R'-Si(OR)3 + 3H2O R'-Si(OH)3 + 3R-OH  

(1) 
The equation 1 is the oxonium ion [H3O+] (ie, in acidic solution) catalyzed. 

At about pH 4 (for organotrialkoxysilanes), the rate of condensation between silanol 
groups of monomeric silane molecules to larger oligomers is at the minimum, and the 
silane solutions have the highest stability. Acetic acid is often used for the pH 
adjustment. The hydrolysis time varies depending on the silane concentration, 
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solution, and temperature, but usually 0.5 to 2.0 hours is enough. Aminosilanes in 
which the organofunctional group is –NH2 are usually stable as such. During the 
condensation reaction, silane molecules react with each other, forming dimers: 

 

 
(a) Monofunctional silane,-

vinyltriethoxysilane 

 

 
(b) Monofunctional silane, γ-

methacryloxypropyl-trimethoxysilane (or 3- 
trimethoxysilylpropyl methacrylate) 

 

  
I Bisfunctional silane, bis(3-

trimethoxysilyl)propyl-ethylenediamine 

  

 
(d) Trisfunctional silane, tris(3-

trimethoxysilyl-propyl)isocyanulate 
 

Figure 2 The molecular structure of silane coupling agent  
Source :  Matinlinna, J. P. et al. “An  introduction to silanes and their clinical 
applications in dentistry,”  The International Journal of  Prosthodontics (2004) : 
155-164. 

 
R'-Si(OH)3 + R'-Si(OH)3 R'-Si(OH)2-O-Si-(R')(OH)2 + H2O

(2) 
 

Then, dimers condense to form siloxane oligomers. Also, hydrogen 
bonding between the siloxane monomers and oligomers occurs in the solution. In the 
equation 2 show the silane oligomers react with each other, forming branched 
hydrophobic siloxane bonds, –Si–O–Si–, and with an inorganic matrix (e.g. silica, 
metal oxides that contain hydroxyl –OH groups) they can form –Si–O–M– bonds (M 
= metal). Fresh metal surfaces have very high surface energies. In air, the surfaces are 
oxidized and become covered by hydroxyl groups. The acidic silanol groups then can 
react with the OH– groups on the metal. The basicity of the metal surfaces depends 
upon, e.g. the metal itself and the pretreatment before the silane treatment. On the 
inorganic substrate (metal), thus will be formed siloxane bonds of both types, –Si–O–
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M–, and above and between them, –Si–O–Si–. According to the latest theories, there 
will be a film, a hydrophobic and branched polysiloxane layer that may also contain 
free hydrogen-bonded oligomers.  Also, free water molecules can appear in the film. 
If the substrate is silica (quartz, SiO2) or silicate, only a siloxane layer, –Si–O–Si–, 
will be formed. A simplified schematic equation 3 for the reaction of silanols with the 
metal surface reaction can be presented :  

 

...R'-Si-(OH)2-O-Si-(R')(OH)-... + 2OH-M R'-Si-O-Si-O-... +

R' R'

O O

M M

etc

 
(3) 

The branched siloxane layer (film) thickness is dependent on the 
concentration of the silane solutions. Theoretically, it should be a monolayer, but in 
practice it is essentially thicker, e.g. 50 to 100 nm, and the silane molecules are likely 
randomly oriented. If the substrate is aluminum bonds seem to have poor hydrolytic 
stability. Numerous factors affect the adhesion of silanes to metals (e.g. isoelectronic 
point of the metal oxide, chemical character of oxide bond, metal hydroxide solubility 
in water). The silane most commonly applied in dental laboratories and chairside is a 
monofunctional γ-methacryloxypropyltrimethoxysilane or 3-trimethoxysilylpropyl 
methacrylate (MPS), usually dilute, often less than 2 wt% in water-ethanol solution, 
with its pH of 4 to 5, adjusted with acetic acid, being prehydrolyzed. More 
concentrated solutions are also known and in use. MPS is used to optimize and 
promote the adhesion, through chemical and physical coupling, between metal-
composite, ceramic-composite, and composite (Matinlinna et al., 2004). 

Silanes are applied in polar aqueous alcohol solutions (e.g. ethanol, 
isopropanol) and in ethyl acetate. The organic functional end of the silane molecule 
copolymerizes with the organic matrix. A polymer-silica interface study concluded 
that a silane with two Si functional groups (i.e. two Si atoms, each with three alkoxy 
groups) is more stable at the interface than silanes with mono- or trisilicon functional 
groups. The generation of a water-resistant, cross-linking siloxane phase that forms an 
interpenetrating, covalent polymer network polymerized into the matrix resin is 
crucial (Matinlinna et al., 2004). 

 
3. Acrylonitrile-Butadiene-Styrene  

ABS plastics are polymerized from the three monomers acrylonitrile, 
butadiene, and styrene. The family name is based on the first letter of each of these 
monomers. These plastic consist of a continuous phase of SAN, with a dispersed 
phase of butadiene type rubber onto which a similar SAN copolymer has been grafted. 
ABS is not a single material but represents a family of thermoplastic polymers that are 
hard and tough. ASTM D1788 defines ABS as a plastic containing at least 13% 
acrylonitrile, 5% butadiene, and 15% styrene. Through variations in composition, 
molecular weight, and morphology of the rubber phase, the ABS family exhibits a 
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wide range of properties. Each of the monomers used in ABS can be 
homopolymerized and the homopolymers are each offered commercially (Philichody 
and Kelly, 1990). 

Polyacrylonitrile is a rigid, amorphous material with outstanding chemical 
and solvent resistance. It decomposes before melting and thus is not of importance in 
articles fabricated by melt processes. Polybutadiene is a rubber material that maintains 
its flexibility down to extremely low temperatures [below -76oF (-60oC)]. The 
presence of double bonds in the polymer permits cross-linking to a thermoset rubber. 
It is available commercially from many companies, both as a homopolymer and 
copolymerized as styrene butadiene rubber (SBR) and nitrile butadiene rubber (NBR) 
rubbers.  Butadiene contributes a low glass-transition temperature (Tg) to these 
elastomers. Polystyrene is an amorphous thermoplastic that flow easily but is hard and 
brittle in its unmodified form (Philichody and Kelly, 1990). 

The family of ABS products provides a broad range of engineering 
performance, with a balance of properties at a price that effectively fills a gap between 
the low-cost commodity plastics and the higher-priced specialty plastics. Rather than 
exploiting a unique single property, the utility of ABS lies in its balance of properties. 
It has excellent chemical resistance and impact resistance with fairly high strength, 
combined with good processibility and good aesthetics at reasonable price. For many 
application that require higher performance properties than those available in PS, 
polyvinyl chloride (PVC), or polypropylene (PP), a “stepping up” to ABS successful. 
Conversely, all of the premium properties of metal or higher price plastics are not 
needed in many of their applications, and significant savings can be realized in 
“stepping down” to ABS (Philichody and Kelly, 1990).  

 
Figure 3 The properties of ABS  
Source : Philichody, C.T. and Kelly, P.D. “Acrylonitrile-Butadiene-Styrene 
(ABS),” In Rubin, I. I. Handbook of Plastic Materials and Technology (1990) : 25-
42. 
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4. Styrene–Acrylonitrile  
Styrene-acrylonitrile (SAN) copolymer is a random copolymer of styrene 

and acrylonitrile. SAN copolymers are stiff, brittle thermoplastics providing 
significantly improved impact and chemical resistance (compared to general purpose 
polystyrene (GPPS)) and excellent clarity. Various produce offer grades emphasizing 
each of those property attributes. SAN copolymer resins have an excellent balance of 
physical and chemical properties. Also, these clear, low-cost thermoplastics offer 
excellent dimensional stability and long-term toughness. SAN copolymers provide 
essentially all of the transparency of GPPS but also possess other superior physical 
properties. They can withstand more impact and can be exposed to a wider range of 
chemicals without fear of degradation. The SAN copolymers exhibit solvent 
resistance to liquids such as water, aqueous acids, aqueous alkalies, bleaches, 
detergents, gasoline, and some chlorinated hydrocarbons. However, they may 
evidence attack by some aromatic compounds, and they are soluble in ketones. SAN 
copolymer is use in many critical applications because of proper design engineering of 
the SAN parts, coupled with appropriate part testing. Often there is an economic 
advantage over other clear polymers that are higher priced or more difficult to mold 
such as acrylics and polycarbonates (Reihel, 1990). 

Advantages : SAN copolymers are optically clear, hard, rigid, and strong 
products having excellent dimensional stability and good environment stress-crack 
resistance. They are readily fabricated using conventional procedures. SAN 
copolymers also are relatively inexpensive materials. The thermal properties of SAN 
copolymers are considerably superior to those of GPPS over a wide range of 
temperature 

Disadvantages : The using of SAN copolymers is an inherently pale straw-
yellow color when used in its uncolored state. When this natural color is undesirable 
for specific applications, a very small amount of blue dye commonly is added to give 
the final product a very slight bluish color. Some of the current SAN copolymers are 
essentially color-free and crystal clear in appearance. 

As more acrylonitrile is added to the copolymer, the chemical resistance 
and physical properties improve, but SAN resin also will display a more distinct 
yellow color. Higher level acrylonitrile copolymers also exhibit a greater tendency to 
increase in yellowness during fabrication. Because SAN resin are highly polar, they 
exhibit a slightly hygroscopic tendency, and drying is suggested to ensure adequate 
performance during fabrication. Excessive moisture present in SAN can cause 
streaking and spray marks to appear on the surface of the item (Reihel, 1990).  

 

 
Figure 4 The repeating unit of SAN  
Source : Svoboda, P. et al. “Competition of phase dissolution and crystallization 
in poly(e-caprolactone)/poly(styrene-co-acrylonitrile) blend,” European Polymer 
Journal 44 (2008) : 329-341. 
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4. High Density Polyethylene  

High-density polyethylene (HDPE) (0.941 < density < 0.965) is a 
thermoplastic material composed of carbon and hydrogen atoms joined together 
forming high molecular weight products. Methane gas is converted into ethylene, 
then, with the application of heat and pressure, into polyethylene. The polymer chain 
may be 500,000 to 1,000,000 carbon units long. Short and/or long side chain 
molecules exist with the polymer’s long main chain molecules. The molecular weight, 
the molecular weight distribution and the amount of branching determine many of the 
mechanical and chemical properties of the end product (Pub. No.: US2006/0243297 
A1). 

 
 

 
Figure 5 Polyethylene molecular chain  
Source : Pub. No.: US2006/0243297 A1 
 

The property characteristics of polyethylene depend upon the arrangement 
of the molecular chains. The molecular chains, shown schematically in Figure 5, are 
three-dimensional and lie in wavy planes. Not shown, but branching off the main 
chains, are side chains of varying lengths. The number, size and type of these side 
chains determine, in large part, the properties of density, stiffness, tensile strength, 
flexibility, hardness, brittleness, elongation, creep characteristics and melt viscosity 
that are the results of the manufacturing effort and can occur during service 
performance of polyethylene pipe. Polyethylene is characterized as a semi-crystalline 
polymer, made up of crystalline regions and amorphous regions. Crystalline regions 
are those of highly ordered, neatly folded, layered (in parallel) and densely packed 
molecular chains. These occur only when chains branching off the sides of the 
primary chains are small in number. Within crystalline regions, molecules have 
properties that are locally (within each crystal) directionally dependent. Where tangled 
molecular chains branching off the molecular trunk chains interfere with or inhibit the 
close and layered packing of the trunks, the random resulting arrangement is of lesser 
density, and termed amorphous. An abundance of closely packed polymer chains 
results in a tough material of moderate stiffness (Pub. No.: US2006/0243297 A1). 

HDPE resin has a greater proportion of crystalline regions than low-density 
polyethylene. The size and size distribution of crystalline regions are determinants of 
the tensile strength and environmental stress crack resistance of the end product. 
HDPE, with fewer branches than medium density polyethylene (MDPE) or low 
density polyethylene (LDPE), has a greater proportion of crystals, which results in 
greater density and greater strength which shows in Figure 6. LDPE has a structure 
with both long and short molecular branches. With a lesser proportion of crystals than 
HDPE, it has greater flexibility but less strength. Linear low density polyethylene 
(LLDPE) structurally differs from LDPE in that the molecular trunk has shorter 
branches, which serve to inhibit the polymer chains becoming too closely packed. 
Hypothetically, a completely crystalline polyethylene would be too brittle to be 
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functional and a completely amorphous polyethylene would be wax like, much like 
paraffin. Upon heating, the ordered crystalline structure regresses to the disordered 
amorphous state; with cooling, the partially crystalline structure is recovered. This 
attribute permits thermal welding of polyethylene to polyethylene. The melting point 
of polyethylene is defined as that temperature at which the plastic transitions to a 
completely amorphous state. In HDPE and other thermoplastic materials, the 
molecular chains are not cross-linked and such plastics will melt with the application 
of a sufficient amount of heat. With the application of heat, thermoplastic resins may 
be shaped, formed, molded or extruded. Thermosetting resins are composed of 
chemically cross-linked molecular chains, which set at the time the plastic is first 
formed; these resins will not melt, but rather disintegrate at a temperature lower than 
its melting point, when sufficient heat is added (Pub. No.: US2006/0243297 A1). 

 
(a) HDPE (Linear) 

 
(b) HDPE (Branch) 

 
Figure 6 Schematic of linear and branched arrangements  
Source : Pub. No.: US2006/0243297 A1 
 

During processing, elevated temperatures and energy associated with 
forming and shaping the polyethylene cause random orientations of molecules within 
the molten material to directionally align in the extruding orifice. At room 
temperatures, the ordered arrangement of the layered crystalline polyethylene 
molecules is maintained. Tie molecules link the crystalline and amorphous regions. 
When the capacities of the polymer chains are overwhelmed by tension, the polymer 
flows (alters its shape). Tensile forces (stresses) then initiate brittle fracture, evidenced 
by cracking. In HDPE this may occur at very high strain rates. Once a crack is 
initiated, tensile forces (stresses), which were contained prior to the event of cracking, 
are released. These released tensile forces (stresses) are captured by the material at the 
leading tips of the crack, thereby greatly increasing the intensity of the stress field and 
the likelihood of continued cracking at that point and all points forward. The terms 
stress riser and stress intensity factor are used to identify and quantify the increase in 
the stress field at the tips of a crack. If these regions contain and adequately respond to 
this increased burden, then the cracks will not propagate; if they do not, crack 
propagation will result. This characterizes the mechanism of slow crack growth. Stress 
risers are proportional to the measure of stress. Cracks will not propagate in a stress-
free environment or where the level of stress at the tip of a crack is at a sufficiently 
low threshold. When the tip of a propagating crack leaves a crystal, it enters the 
disordered, non-layered, more loosely packed, tangled molecules of the amorphous 
region where the energy associated with the stress field is partially dissipated as the 
tangled mass of molecules adjusts in time to the sustained forces. When polyethylene 
is pulled at low strain rates, in those areas where stretching has taken place, elongated 
rearrangement of the mass will be irreversible when molecular chains begin to slip by 
one another. Ultimate tensile strength occurs when the bonds between the molecular 
chains are fractured. The energy that would otherwise be stored in the system and 
which would otherwise be available to restore the region to its original geometry, is 
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dissipated and unrecoverable with the event of the fracture. The new arrangement of 
molecules alters the stress/strain response of the remaining region. With increasing 
load and fewer bonds to resist, the material is less stiff and therefore takes less force to 
cause a unit of deformation. This phenomenon is noted on a stress-strain curve by an 
ever-decreasing slope as the curve bends increasingly to the right as the process 
continues. This is what defines strain softening, a characteristic of polyethylene and 
all materials that yield under increasing load. With sustained loads, the continuing 
deformation is defined as plastic flow. If, at some point in the deformation process the 
deformation is maintained, the loads and resulting internal stresses relax. This process 
of adjustment is called stress relaxation (Pub. No.: US2006/0243297 A1). 

 
5. Internal Mixing  

This machine has the ability to exert a high localized shear stress to the 
material being mixed (a nip- action) and a lower shear rate stirring (a homogenizing 
action). The effective of dispersive mixing results from the combination of high shear 
stress and large shear deformation. There are two basic designs of rotor in internal 
mixers: nonintermeshing (e.g., Banbury, Boiling and Werner-Pfleiderer types) and 
intermeshing (e.g., Inter-mix and Werner-Pfleiderer types). Intermeshing rotors 
provide superior heat transfer and are therefore better for heat-sensitive compounds 
with long mixing cycles. However, in general, rotor design has little effect on internal 
mixer efficiency.  This is probably a result of the importance of elongation flow being 
the result of converging flow lines irrespective of rotor design. Internal mixer design 
is a compromise to best accommodate the wide range of compounds typical of a 
manufacturing operation involving mixed product (Cheremisinoff, 2006)  

 
6. Compression Molding  

Figure 7 shows the process of compression molding.  The mold bottom 
half, containing one or more bottom cavities, is bolted to the bottom platen of the 
molding press. In this diagram an upward-closing press is shown. Compression 
molding can also be done in downward-closing presses. The mold halves are kept 
heated to about 150°C, more or less, depending on the plastic being molded. A 
metered charge of molding compound, granular or preformed, is placed in the open 
bottom cavities. The press is then actuated to close, generally fast upward movement 
(200 to 800 in/min) until the molding material contacts the upper mold half. Then the 
closing speed is reduced (0 to 80 in/min) as the material in the cavities is heated by the 
mold and becomes fluid.  As the mold continues to close, the material is forced to 
flow so as to fill the cavities. The metered charge contains about 3 to 5% more 
material than is required for the molded parts, including runner and cull. As the mold 
halves are moving together to fully close the cavities, the slight excess of material is 
squeezed out along the land surfaces, the flat areas sealing off the cavities and causing 
the plastic to be compressed for the polymerization or cure. The slight excess of 
material on the land area cures into a very thin flash, which is readily separated from 
the molded part following cure and removal of part from the mold (Hull, 2006). 
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7. Mechanical Properties 

7.1 Tensile Test 
Tensile properties indicate how the material will react to forces being 

applied in tension. A tensile test is a fundamental mechanical test where a carefully 
prepared specimen is loaded in a very controlled manner while measuring the applied 
load and the elongation of the specimen over some distance. Tensile tests are used to 
determine the modulus of elasticity, elastic limit, elongation, proportional limit, 
reduction in area, tensile strength, yield point, yield strength and other tensile 
properties. The main product of a tensile test is a load versus elongation curve which 
is then converted into a stress versus strain curve. Since both the engineering stress 
and the engineering strain are obtained by dividing the load and elongation by 
constant values (specimen geometry information), the load-elongation curve will have 
the same shape as the engineering stress-strain curve. The stress-strain curve relates 
the applied stress to the resulting strain and each material has its own unique stress-
strain curve. A typical engineering stress-strain curve is shown below. If the true 
stress, based on the actual cross-sectional area of the specimen, is used, it is found that 
the stress-strain curve increases continuously up to fracture (http://www.ndt-ed.org). 

 

 
Figure 7 Compression molding sequence: (a) molding material is placed into 
open cavities; (b) the press closes the mold, compressing material in the hot mold for 
cure; (c) the press opens and molded parts are ejected from the cavities  
Source : Hull, J. “Compression and transfer molding,” In C. A. Harper, 
Handbook of  Plastic Processes, (2006) 455-457. 
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Figure 8 Stress-Strain Curve  
Source : Available from http://www.sciencentral.com access 29 September 
2011. 
 

7.1.1 Linear-Elastic Region and Elastic Constants 
As can be seen in the figure, the stress and strain initially increase with a 

linear relationship. This is the linear-elastic portion of the curve and it indicates that 
no plastic deformation has occurred. In this region of the curve, when the stress is 
reduced, the material will return to its original shape. In this linear region, the line 
obeys the relationship defined as Hooke’s Law where the ratio of stress to strain is a 
constant. The slope of the line in this region where is the stress and it is proportional 
to strain and is called the modulus of elasticity or Young’s modulus. The modulus of 
elasticity (E) defines the properties of a material as it undergoes stress, deforms, and 
then returns to its original shape after the stress is removed. It is a measure of the 
stiffness of a given material. To compute the modulus of elastic, simply divide the 
stress by the strain in the material. Since strain is unitless, the modulus will have the 
same units as the stress. The modulus of elasticity applies specifically to the situation 
of a component being stretched with a tensile force. This modulus is of interest when 
it is necessary to compute how much a rod or wire stretches under a tensile load. 
There are several different kinds of moduli depending on the way the material is being 
stretched, bent, or otherwise distorted. When a component is subjected to pure shear, 
for instance, a cylindrical bar under torsion, the shear modulus describes the linear-
elastic stress-strain relationship. Axial strain is always accompanied by lateral strains 
of opposite sign in the two directions mutually perpendicular to the axial strain. 
Strains that result from an increase in length are designated as positive and those that 
result in a decrease in length are designated as negative. Poisson’s ratio is defined as 
the negative of the ratio of the lateral strain to the axial strain for a uniaxial stress state 
(http://www.ndt-ed.org). 

In ductile materials, at some point, the stress-strain curve deviates from the 
straight-line relationship and Law no longer applies as the strain increases faster than 
the stress. From this point on in the tensile test, some permanent deformation occurs 
in the specimen and the material is said to react plastically to any further increase in 
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load or stress. The material will not return to its original, unstressed condition when 
the load is removed. In brittle materials, little or no plastic deformation occurs and the 
material fractures near the end of the linear-elastic portion of the curve. With most 
materials there is a gradual transition from elastic to plastic behavior, and the exact 
point at which plastic deformation begins to occur is hard to determine. Therefore, 
various criteria for the initiation of yielding are used depending on the sensitivity of 
the strain measurements and the intended use of the data. For most engineering design 
and specification applications, the yield strength is used. The yield strength is defined 
as the stress required to produce a small, amount of plastic deformation. The offset 
yield strength is the stress corresponding to the intersection of the stress-strain curve 
and a line parallel to the elastic part of the curve offset by a specified strain (in the US 
the offset is typically 0.2% for metals and 2% for plastics) (http://www.ndt-ed.org).  

To determine the yield strength using this offset, the point is found on the 
strain axis (x-axis) of 0.002, and then a line parallel to the stress-strain line is drawn. 
This line will intersect the stress-strain line slightly after it begins to curve, and that 
intersection is defined as the yield strength with a 0.2% offset.  A good way of 
looking at offset yield strength is that after a specimen has been loaded to its 0.2 
percent offset yield strength and then unloaded it will be 0.2 percent longer than 
before the test. Even though the yield strength is meant to represent the exact point at 
which the material becomes permanently deformed, 0.2% elongation is considered to 
be a tolerable amount of sacrifice for the ease it creates in defining the yield strength. 
Some materials such as gray cast iron or soft copper exhibit essentially no linear-
elastic behavior. For these materials the usual practice is to define the yield strength as 
the stress required to produce some total amount of strain (http://www.ndt-ed.org).  

 
 7.1.2.1 True elastic limit is a very low value and is related to the 

motion of a few hundred dislocations. Micro strain measurements are required to 
detect strain on order of 2 x 10-6 in/in.  

 
 7.1.2.2 Proportional limit is the highest stress at which stress is 

directly proportional to strain. It is obtained by observing the deviation from the 
straight-line portion of the stress-strain curve.  

 
 7.1.2.3 Elastic limit is the greatest stress the material can withstand 

without any measurable permanent strain remaining on the complete release of load. It 
is determined using a tedious incremental loading-unloading test procedure. With the 
sensitivity of strain measurements usually employed in engineering studies (10 -
4in/in), the elastic limit is greater than the proportional limit. With increasing 
sensitivity of strain measurement, the value of the elastic limit decreases until it 
eventually equals the true elastic limit determined from micro strain measurements. 

 
 7.1.2.4 Yield strength is the stress required to produce a small-

specified amount of plastic deformation. The yield strength obtained by an offset 
method is commonly used for engineering purposes because it avoids the practical 
difficulties of measuring the elastic limit or proportional limit. 
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7.1.3 Ultimate Tensile Strength 
The ultimate tensile strength (UTS) or, more simply, the tensile strength, is 

the maximum engineering stress level reached in a tension test. The strength of a 
material is its ability to withstand external forces without breaking. Figure 9 shows the 
graph plot between stress and strain which shows ductile and brittle fracture. In brittle 
materials, the UTS will at the end of the linear-elastic portion of the stress-strain curve 
or close to the elastic limit. In ductile materials, the UTS will be well outside of the 
elastic portion into the plastic portion of the stress-strain curve. On the stress-strain 
curve above, the UTS is the highest point where the line is momentarily flat. Since the 
UTS is based on the engineering stress, it is often not the same as the breaking 
strength. In ductile materials strain hardening occurs and the stress will continue to 
increase until fracture occurs, but the engineering stress-strain curve may show a 
decline in the stress level before fracture occurs. This is the result of engineering 
stress being based on the original cross-section area and not accounting for the 
necking that commonly occurs in the test specimen. The UTS may not be completely 
representative of the highest level of stress that a material can support, but the value is 
not typically used in the design of components anyway. For ductile metals the current 
design practice is to use the yield strength for sizing static components. However, 
since the UTS is easy to determine and quite reproducible, it is useful for the purposes 
of specifying a material and for quality control purposes. On the other hand, for brittle 
materials the design of a component may be based on the tensile strength of the 
material (http://www.ndt-ed.org). 

 
Figure 9 Graph plot between stress and strain which show ductile and brittle 
fracture  
Source : Available from http://www.sciencentral.com access 29 September 
2011. 
 

7.1.4 Measures of Ductility (Elongation and Reduction of Area) 
The ductility of a material is a measure of the extent to which a material 

will deform before fracture. The amount of ductility is an important factor when 
considering forming operations such as rolling and extrusion. It also provides an 
indication of how visible overload damage to a component might become before the 
component fractures. Ductility is also used a quality control measure to assess the 
level of impurities and proper processing of a material. The conventional measures of 
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ductility are the engineering strain at fracture (usually called the elongation) and the 
reduction of area at fracture. Both of these properties are obtained by fitting the 
specimen back together after fracture and measuring the change in length and cross-
sectional area. Elongation is the change in axial length divided by the original length 
of the specimen or portion of the specimen. It is expressed as a percentage (Figure 
10). Because an appreciable fraction of the plastic deformation will be concentrated in 
the necked region of the tensile specimen, the value of elongation will depend on the 
gage length over which the measurement is taken. The smaller the gage length the 
greater the large localized strain in the necked region will factor into the calculation. 
Therefore, when reporting values of elongation, the gage length should be given. One 
way to avoid the complication from necking is to base the elongation measurement on 
the uniform strain out to the point at which necking begins. This works well at times 
but some engineering stress-strain curve are often quite flat in the vicinity of 
maximum loading and it is difficult to precisely establish the strain when necking 
starts to occur. Reduction of area is the change in cross-sectional area divided by the 
original cross-sectional area. This change is measured in the necked down region of 
the specimen. Like elongation, it is usually expressed as a percentage 
(http://www.ndt-ed.org). 

 
Figure 10 Typical graph show the tensile strength testing of a plastic  sample  
Source : Available from http://www.lloyd-instruments.co.uk access 30 
September 2011. 

 
7.2 Impact Strength 
The impact properties of the polymeric materials are directly related to the 

overall toughness of the material. Toughness is defined as the ability of polymer to 
absorb applied energy. The area under stress-strain curve is directly proportional to 
the toughness of a material. Impact strength is a measure of toughness. The higher the 
impact strength of a material, the higher the toughness and vice versa. Impact 
resistance is the ability of a material to resist breaking under a shock loading or the 
ability to resist the fracture under stress applied at high speed. The theory behind 
toughness and brittleness of the polymers is very complex and therefore difficult to 
understand. The molecular flexibility plays an important role in determining the 
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relative brittleness or toughness of the material. For example, in stiff polymers like 
polystyrene and acrylics, the molecular segments are unable to disentangle and 
respond to the rapid application of mechanical stress and the impact produces brittle 
failure. In contrast, flexible polymers such as plasticized vinyls have high-impact 
strength due to the ability of the large segments of molecules to disentangle and 
respond rapidly to mechanical stress (http://polymer-filler.blogspot.com). 

Impact properties of the polymers are often modified simply by adding an 
impact modifier such as butadiene rubber or certain acrylic compounds. The addition 
of a plasticizer also improves the impact strength at the cost of rigidity. Material such 
as nylon, which has relatively fair impact strength, can be oriented by aligning the 
polymer chains to improve the impact strength substantially. The other way to 
improve the impact strength is to use fibrous fillers that appear to act as stress transfer 
agents (http://polymer-filler.blogspot.com). 

Most polymers, when subjected to the impact loading, seem to fracture in a 
characteristic fashion. The crack is initiated on a polymer surface due to the impact 
loading. The energy to initiate such a crack is called the crack initiation energy. If the 
load exceeds the crack initiation energy, the crack continues to propagate. A complete 
failure occurs when the load has exceeded the crack propagation energy. Thus, both 
crack initiation and crack propagation contribute to the measured impact strength. 
There are basically four type of failures encountered due to the impact load.  

 
7.2.1 Brittle fracture: In this type of failure the part fractures extensively 

without yielding. A catastrophic mechanical failure such as the one in the case of 
general-purpose polystyrene is observed. 

 
7.2.2 Slight cracking: The part shows evidence of slight cracking and 

yielding without losing its shape or integrity. 
 
7.2.3 Yielding: The part actually yields showing obvious deformation and 

stress whitening but no cracking take place. 
 
7.2.4 Ductile failure: This type of failure is characterized by definite 

yielding of material along with cracking. Polycarbonate is considered a ductile 
material. 

The distinction between the four types of failures is not very clear and some 
overlapping is quite possible. Impact strength is one of the most widely specified 
mechanical properties of the polymeric materials. However, it is also one of the least 
understood properties. Predicting the impact resistance of plastics still remains one of 
the most troublesome area of product design. One of the problems with some earlier 
Izod and Charpy impact test was that the tests were adopted by the plastic industry 
from metallurgists. The principles of impact mechanism as applied to metals do not 
seem to work satisfactorily with plastics because of the plastics’ complex structure 
(Shah, 1951). The two tests use different specimens and methods of holding the 
specimens, but both tests make use of a pendulum-testing machine. For both tests, the 
specimen is broken by a single overload event due to the impact of the pendulum. A 
stop pointer is used to record how far the pendulum swings back up after fracturing 
the specimen. The impact toughness of a metal is determined by measuring the energy 
absorbed in the fracture of the specimen. This is simply obtained by noting the height 
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at which the pendulum is released and the height to which the pendulum swings after 
it has struck the specimen. The height of the pendulum times the weight of the 
pendulum produces the potential energy and the difference in potential energy of the 
pendulum at the start and the end of the test is equal to the absorbed energy. Since 
toughness is greatly affected by temperature, a Charpy or Izod test is often repeated 
numerous times with each specimen tested at a different temperature. This produces a 
graph of impact toughness for the material as a function of temperature (Figure 11). 
An impact toughness versus temperature graph for a steel is shown in the image. It 
can be seen that at low temperatures the material is more brittle and impact toughness 
is low. At high temperatures the material is more ductile and impact toughness is 
higher. The transition temperature is the boundary between brittle and ductile 
behavior and this temperature is often an extremely important consideration in the 
selection of a material.  
 

 

 
Figure 11 AKA Impact strength  
Source : Available from http://www.ndt-ed.org access 29 September 2011. 
 
8. Thermal Analysis 

8.1 Differential Scanning Calorimetry (DSC)  
DSC is a thermoanalytical technique in which the difference in the amount 

of heat required to increase the temperature of a sample and reference are measured as 
a function of temperature. Figure 12 shows schematic of DSC. Both the sample and 
reference (ref) are maintained at very nearly the same temperature throughout the 
experiment. Generally, the temperature program for a DSC analysis is designed such 
that the sample holder temperature increases linearly as a function of time. The 
reference sample should have a well-defined heat capacity over the range of 
temperatures to be scanned. The basic principle underlying this technique is that, 
when the sample undergoes a physical transformation such as phase transitions, more 
(or less) heat will need to flow to it than the reference to maintain both at the same 
temperature. Whether more or less heat must flow to the sample depends on whether 
the process is exothermic or endothermic (www.depts.washington.edu).  
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Figure 12 Schematic of DSC  
Source : Available from http://plc.cwru.edu access 30 September 2011. 
 

8.2 Thermogravimetric Analysis (TGA) 
TGA is one of the members of the family of thermal analysis techniques 

used to 20ehydrate20ze a wide variety of materials. TGA measures the amount and 
rate (velocity) of change in the mass of a sample as a function of temperature or time 
in a controlled atmosphere. The measurements are used primarily to determine the 
thermal and/or oxidative stabilities of materials as well as their compositional 
properties. The technique can analyze materials that exhibit either mass loss or gain 
due to decomposition, oxidation or loss of volatiles (such as moisture). It is especially 
useful for the study of polymeric materials, including thermoplastics, thermosets, 
elastomers, composites, films, fibres, coatings and paints. TGA measurements provide 
valuable information that can be used to select materials for certain end-use 
applications, predict product performance and improve product quality   
(http://www.flemingptc.co.uk). 

 
9. Dielectric Properties 

Dielectric constant of an insulating material is defined as the ratio of the 
charge stored in an insulating material placed between two metallic plates to the 
charge that can be stored when the insulating material is replace by air (or vacuum). 
Defined another way, the dielectric constant is the ratio of the capacitance induced by 
two metallic plates with an insulator place between them and the capacitance of the 
same plates with a vacuum between them. Simply state, the dielectric constant 
indicates the ability of an insulator to store electric energy (Shah, 1951). 

 
                 (4) 

In many applications, insulating materials are required to perform as capacitors. Such 
applications are best served by plastic materials having a high dielectric constant. 
Materials with a high dielectric constant have also helped in reducing the physical size 
of the capacitance. Because of this fact plastic foils are extensively used in 
applications requiring high capacitance. One of the main function of an insulator is to 
insulate the current-carrying conductors from each other and from the ground. If the 
insulator is used strictly for this purpose, it is desirable to have the capacitance of the 
insulating material as small as possible. For these applications, one is looking for the 
materials with very low dielectric constant. Table1 lists typical dielectric constant 
values of various plastics. The dielectric constant for air (or vacuum) is 1 at all 
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frequencies. The dielectric constant of plastics varies from 2 to 20. The dielectric 
constant test is fairly simple. The test specimen is placed between the two electrodes, 
as shown in figure1, and the capacitance is measured. Next, the test specimen is 
replaced by air and once again, the capacitance value is measured. The dielectric 
constant value is determined from the ratio of the two measurements. Dielectric 
constant values are affected by factors such as frequency, voltage, temperature, 
humidity, etc (Shah, 1951). 

 
Table 1 Dielectric constanta of Various plastics  

plastics Dielectric constant 
Melamines 
Polyvinylidene fluoride (PVF2) 
Cellulose acetate 
Phenolics 
Nylons (30 percent glass filled) 
Epoxies 
Polyesters (thermoset) 
Polystyrene (high impact) 
Acetal copolymer (25 percent glass filled) 
Nylons 
Acetals 
Polycarbonate (30 percent glass filled) 
Polysulfone (30 percent glass filled) 
Polyester (thermoplastic) 
ABS 
SAN 
Polystyrene (general purpose) 
Fluorocarbon (PFA,FEP) 

5.2-7.9 
7.5 

3.0-7.0 
4.0-7.0 
3.5-5.4 
4.3-5.1 

4.7 
2.0-4.0 

3.9 
3.5-3.8 

3.7 
3.48 
3.4 
3.2 
3.2 
3.0 
2.7 
2.1 

a At 106 Hz. 
Source : Shah, V. “Electrical Properties,”Handbook of plastics testing 
technology (1951) : 9-51, 117-118. 
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CHAPTER 3 
 

LITTERATURE REVIEW 
 
This chapter contains the research reviews of surface treatment of filler 

with silane coupling agent and polymer nanocomposites properties. 
 

1. Surface Treatment of Filler with Silane Coupling Agent 
Grasset et al. (2003) studied the surface modification of ZnO nanoparticles 

by 3-aminopropyl triethoxysilane (APTES). The ZnO nanoparticles (20-30 nm) were 
treated by APTES under three conditions (acid, basic and toluene). In the acid 
process, the grafting seems to be very fast and was controlled by the condensation 
process. In basic process, the starting concentration of silane appeared to be a very 
important parameter in the control of the silica contents and the grafting. In the 
toluene process, the grafting was mainly controlled by the amount of the water on the 
ZnO nanoparticle surface. The APTES coupling agent plays a role of growth inhibitor 
even at 800 oC. 

Park et al. (2003) studied the effect of silane coupling agent on the 
crosslink density and thermal stability of rubber/SiO2 composites. The crosslink 
density of SiO2 treated with silane coupling agent was increased when compared with 
SiO2 untreated. And the increasing of crosslink density showed the increasing 
mechanical properties. The thermal stability was measured from onset temperature of 
TGA. The SiO2 treated with MPS increased the crosslink density, thermal stability and 
mechanical properties of rubber/SiO2 composites.   

Hashimoto et al. (2006) studied the increasing of mechanical strength of 
HDPE/TiO2 composites for bone repair with silane-coupling treatment. TiO2 surface 
was treated with 3-trimethoxysilylpropyl methacrylate (MPS). The mechanical 
strength of TiO2/HDPE composites was increased by both the silanation of TiO2 and 
the increase of the hot-pressing pressure applied to shape the composites. The 
HDPE/TiO2 composites without MPS presented very weak physicomechanical 
adhesion. The step for mechanism of treated TiO2 and adhesion between HDPE and 
TiO2 could explain in Figure 13-14. The first step (Figure 13) showed the 
hydrolyzation of MPS and absorption of hydrolyzed alkoxysilanol on TiO2. And the 
last was mechanism of adhesion of the silane coupling agent treated TiO2 on HDPE 

Ma et al. (2006) studied the morphological, mechanical, electrical and 
thermal properties of PS/ZnO nanocomposite. PS/ZnO nanocomposites were prepared 
by melt-blending. In this research used spherical ZnO and ZnO whisker (ZnOw). The 
vinyltrietoxysilane (VTES) coupling agent and phenyltriethoxysilane (PTES) were 
used to improve the compatibility between ZnO and PS. The spherical ZnO and 
ZnOw (treated with VTES and PTES) reduced the surface resisitivities. The ZnO 
nanoparticle increased the flexural modulus and reduces the flexural strength. ZnO 
treated silane coupling agent improved the flexural properties of nanocomposite. The 
glass transition temperature and thermal degradation temperature of PS/ZnO 
nanocomposite increased with increasing ZnO content. Treatment with silane 
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coupling agent increased the glass transition temperature and thermal degradation 
temperature of composite. 

 

 
Figure 13 Scheme of hydrolyzation of MPS and absorption of hydrolyzed 
alkoxysilanol on TiO2  
Source : Hashimoto, M. et al. “Enhancement of mechanical strength of 
TiO2/high-density polyethylene composites for bone repair with silane-coupling 
treatment,” Materials Research Bulletin 41 (2006) : 515-524. 
 

 

 
Figure 14 Mechanism Adhesion for silane-treated TiO2 and HDPE  
Source : Hashimoto, M. et al. “Enhancement of mechanical strength of 
TiO2/high-density polyethylene composites for bone repair with silane-coupling 
treatment,” Materials Research Bulletin 41 (2006) : 515-524. 

 
Wang et al. (2007) studied the effect of the coupling agents on the 

crystallization behavior of PP/tetra-needle-shaped zinc oxide whisker (T-ZnOw) 
composites. T-ZnOw was treated with three coupling agents; APTES, 3-
glycidoxypropyltriethoxysilane (GPTES) and isopropyl trioleic titanate (NDZ-105), in 
order to improve the compatibility between PP and T-ZnOw. The result found that T-
ZnOw treated with silane coupling agent could improve the crystallization 
temperature of the composites 

He et al. (2008) studied the toughening and stiffening of PS/T-ZnOw 
composites. The surface of T-ZnOw was modified by APTES. The impact toughness 
and stiffness increased when added T-ZnOw particles. SEM showed the impact 
fracture surface of pure PS was very smooth and after added T-ZnOw the impact 
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fracture surface was not smooth. Because of T-ZnOw treated with APTES so the 
interfacial interaction between T-ZnOw and PS was strengthened. 

Li et al. (2008) studied the surface modification of self-healing poly(urea-
formaldehyde) (PUF) microcapsules using the silane coupling agent. PUF 
microcapsules were prepared by in situ polymerization method and modified by 
APTES. The action mechanism of silane coupling agent on PUF microcapsules 
surface shows in Figure 15-16. From the amplificatory Fourier transform infared 
spectroscopy (FT-IR), the silane coupling agent was bind to or chemisorbed on the 
PUF microcapsules surface. SEM indicated there was a thin layer on the surface of 
PUF microcapsules and the surface modification of PUF microcapsules improves the 
interfacial adhesion performance of microcapsules and matrix.  

 

 
Figure 15 The action mechanism of silane coupling agent on the PUF 
microcapsules surface 
Source :  Li, H. et al. “Surface modification of self-healing poly(urea-
formaldehyde) microcapsules using silane-coupling agent,” Applied Surface Science 
255 (2008) : 1894-1900 . 
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Figure 16 The action mechanism for modified PUF microcapsules and 
epoxy resin.  
Source :  Li, H. et al. “Surface modification of self-healing poly(urea-
formaldehyde) microcapsules using silane-coupling agent,” Applied Surface Science 
255 (2008) : 1894-1900 . 

Shi et al. (2008) studied the effects of the coupling agents on the impact 
fracture behaviors of T-ZnOw/polyamide6 (PA6) composites. Two different silane 
coupling agents, APTES and GPTES, were used to treat T-ZnOw. Different coupling 
agents and different contents of the coupling agent were introduced to treat the T-
ZnOw to provide the corresponding interfacial interaction between T-ZnOw and 
matrix. The composites with untreated induced the decrease of impact strength while 
the addition of treated T-ZnOw induced the improvement of the impact strength.  

Lin et al. (2009) studied the characterization and properties of PP/silica 
(SiO2) nanocomposites. In activation process, 1 %mol of sodium hydroxide was 
enough to increase the concentration of hydroxyl (–OH) group on the surface of SiO2. 
After that the number of –OH group on the surface of SiO2 was estimated by titration 
method. And then, the surface of SiO2 was treated by APTES and neopentyl 
(dially)ox, tri(dioctyl) phosphate titanatev (titanate Lica 12). The result found that the 
SiO2 treated by APTES showed better tensile strength and Young’s modulus (at 1 
%wt SiO2 content).  

Shi et al. (2009) studied the tensile fracture behaviors of PA6/T- ZnOw 
composites. The surface of T-ZnOw was modified by APTES. The addition of T-
ZnOw improved the tensile strength greatly of composites. The treated T-ZnOw 
reinforced PA6 composites exhibited higher yield stress and smaller strain-to-fracture 
compared with virgin PA6. The morphologies of tensile-fractured surfaces showed 
that the addition of T-ZnOw changed the fracture mode from crazing–tearing/brittle 
fracture mode of virgin PA6 into fibrillation/brittle fracture of composites. 

Yang et al. (2009) studied the dispersion of alumina which treated with the 
silane coupling agent by inverse gas chromatography (IGC). The content of silane 
coupling agent was varied from 0.2-2 g and used alumina 30 g. The result from that 
alumina which treated with silane coupling agent was chosen at1g/100 ml as the 
standard sample for IGC experiment. Because of it was a multilayer of silane coupling 
agent. The result showed the surface free energy of alumina treated with the silane 
coupling agent. The surface free energy of alumina treated with APTES was low so it 
was suitable for epoxy polymer. And the surface free energy of alumina treated with 
MPS was high so it was suitable for polyester.   
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Liu et al. (2012) studied the effect of ZnO treated with APTES on 
mechanical and crystallization of poly(butylenesuccinate)/ZnO composites. The ZnO 
fillers were employed for this research was two type (tetrapod-shaped and solid 
spherical). The process for modification of ZnO was simply. The result showed that 
when added ZnO treated with APTES improved the mechanical properties of 
poly(butylenesuccinate) and the dispersion of ZnO particles was good.  

 
2. High Density Polyethylene Nanocomposite Properties 

Wang et al. (2009) studied the crystallization and mechanical properties of 
HDPE/T-ZnOw composites. Mechanical test of T-ZnOw induced the gradual decline 
of impact toughness of composites due to the weak interaction between T-ZnOw and 
HDPE matrix. As expected, addition of T-ZnOw induced the gradual enhancement of 
the modulus of the composites with the increasing content of T-ZnOw. On the other 
hand, T-ZnOw exhibited good stiffening effect but weak reinforcement effect in 
HDPE composites. 

Li et al. (2010) studied the mechanical and antibacterial properties of 
HDPE/modified nano-ZnO composite films with a low doped content of nano-ZnO. 
Surface of nano-ZnO particles were modified by APTES. HDPE/ZnO nanocomposite 
films were prepared via melt blending and a hot compression-molding process. The 
HDPE films of the tensile strength and elongation at break was achieved by the 
incorporation of modified ZnO nanoparticles up to 0.5 %wt in contrast with the 
original HDPE/ZnO nanocomposites films.  

 
3. Acrylonitrile Butadiene Styrene Nanocomposite Properties 

Kim et al. (2006) studied the synthesis and characterization of ABS/ SiO2 
hybrid nanocomposites. The spherical SiO2 nanoparticles (10–20 nm diameter) into 
ABS were using a strong acid-base interaction between hydroxyl groups of SiO2 
surfaces and cyano-groups of ABS. The nanocomposites with 1.0–1.8 %wt of SiO2 
nanoparticles exhibited the improvement of impact strength by calculate 30%, without 
sacrifice of elastic modulus, hardness, and tensile strength. The interfacial interaction 
between the SiO2 and the ABS phases played a major role in controlling the 
microstructures and the properties of the composite materials. 

Kar et al. (2008) studied ABS nanocomposites filled with nanosized 
alumina. A polymer nanocomposite was produced by ABS and α-alumina (Al2O3) 
nanoparticles through melt blending. The nanosize Al2O3 was prepared through sol-
gel process using aluminum nitrate and citric acid. The particle size was analyzed by 
X-ray diffraction (XRD) which was in range of 5-35 nm. SEM studies of 
nanoparticles showed the mixture of spherical and pellet shape, and in range of 30-
200 nm, whereas transmission electron microscope (TEM) studies showed in range of 
15-150 nm. The ABS/Al2O3 nanocomposites were found to had slightly higher 
Young’s modulus, but lower tensile strength, percent strain at break, flexural and 
impact strength than the virgin ABS. But its flexural modulus increased with 
increasing Al2O3 content in ABS matrix. The ductile fracture of ABS was converted 
to brittle fracture with addition of Al2O3.   
 
4. Zinc Oxide Synthesis 

Vafaee et al. (2007) studied the preparation and characterization of ZnO 
nanoparticles by a novel sol-gel route. ZnO nanoparticles with 3 to 4 nm size and 
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spherical shape have been prepared. For the first time, triethanolamine as a surfactant 
has been used for the preparation of ZnO nanoparticles. The best concentration of 
each component was adjusted through comparison between different sol absorption 
spectra.  

Suwanboon (2008) studied the structural and optical properties of 
nanocrystalline ZnO Powder from sol-gel method. Nanocrystalline ZnO powders have 
been synthesized in an aqueous solution by simple method using zinc acetate 
27ehydrate and polyvinylpyrrolidone (PVP) as precursors. The calcined powders in 
air at 600 oC for 1 hour have been characterized by XRD, indicating the wurtzite or 
hexagonal structure with crystallite size of about 45 nm. The morphology of ZnO 
powders has been changed from platelet-like to rod shape with increase in PVP 
concentrations.  

Lee et al. (2009) studied the evolution of ZnO nanostructures in sol-gel 
synthesis. ZnO nanostructures were prepared by reacting zinc acetate 27ehydrate with 
sodium hydroxide in water at 50-60 oC. The optical and structural characteristics of 
the precipitates depended on the reaction or ageing time. XRD, FT-IR and energy 
dispersive spectroscopy (EDS) confirmed that these initial products were zinc 
hydroxyl double salts, not ZnO. On ageing the reaction mixture, ZnO nanoparticles 
with wurtzite structure evolved. The hexagonal ZnOw nanostructures were formed 
only after ageing the reaction mixture, which suggests that ZnO results from a 
relatively slow but thermodynamically favored dissolution/reprecipitation process.  

Alias et al. (2010) studied the effect of pH on ZnO nanoparticle properties 
synthesized by sol–gel centrifugation. ZnO nanoparticles were synthesized at different 
pH values by the sol–gel method and centrifuged at 3000 rpm for 30 min. The ZnO 
powders agglomerate when synthesized in acidic and neutral conditions. Fine powders 
were obtained when the pH of the sols was increased to 9. The maximum crystallite 
size (25.36 nm) of the ZnO powder was obtained at pH 9. The particles sizes of the 
ZnO synthesized between pH 6 and 11 were in the range of 36.65–49.98 nm. 
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CHAPTER 4 
 

EXPERIMENTAL PROCEDURE 
 

 This chapter describes the experimental procedures for materials the 
sample preparation, and characterization of HDPE/ZnO, SAN/ZnO, ABS/ZnO 
composites with and without surface treatment of ZnO. Figure 17 shows the schematic 
diagram for step in this study. 

 
Figure 17 Schematic diagrams for step in this study 
 

1. Materials 
Pure HDPE (POLENE V1160) with a melt flow rate of 0.8-1.2 g/10 min 

was supplied by IRPC Public Co., Ltd. ABS was supplied with the trade name of 
“INEOS” by INEOS ABS (Thailand) Co.,Ltd. The melting temperature of the ABS 
was around 105 oC and a melt flow rate of 38.2 g/10 min. SAN with a melt flow rate 
of 24.2 g/10 min was supplied with the trade name of “INEOS” by INEOS ABS 
(Thailand) Co.,Ltd. ZnO (5.606 g/cm3) with an average particle size 60 nm was 
supplied by S.M. Chemical Supplies company, 80 nm was synthesis by sol-gel 
method and 150 nm produced by Ajax Finechem company in form of white powder, 
respectively. The three silane coupling agents were vinyltriethoxysilane 
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(VTES 97%, density: 0.903 g/cm3), 3-aminopropyltriethoxysilane (APTES 99%, 
density: 0.951 g/cm3) and octyltriethoxysilane (OTES 97.5%, density: 0.879 g/cm3) 
were supplied by S.M. Chemical Supplies company. The molecular structures of 
silane coupling agent as shown in Figure 18.  
 

 

 
 
APTES 

 

 
VTES 

 

 
OTES 

Figure 18 The molecular structure of silane coupling agent.  
Source : Available from http://www.chemnet.com access 9 August 2012 

 
2. Synthesis ZnO by Sol-Gel Method  

Zinc acetate 0.2 M in methanol was stirred by magnetic stirrer 500 rpm for 
5 min. After that slowly dripped 0.1 M potassium hydroxide into the solution until pH 
change from 5 to 9 and stirred the milky solution for 1 hr. And then put the milky 
solution in the room temperature for 7 day. Centrifugation the milky solution 3000 
rpm 30 min for 3 times and dried in the oven 110oC for 4 hrs to get the solid particles 
(Alias et al., 2010).     

 
3. Surface Treatment of ZnO with VTES, APTES and OTES  

Surface treatment of ZnO surface was carried out in liquid phase. ZnO 
particles were dried in an oven at 110oC for 3 hrs before surface treatment of ZnO 
particles with APTES, VTES and OTES. ZnO particles and ethanol 100 g were mixed 
with ultrasonator for 30 min. Then, Silane coupling agent (0.1 g of APTES, VTES or 
OTES), which was prehydrolyzed for 1 hr in an water/ethanol (1/10w/w) solution, 
was slowly dipped into the system. The solution was stirred at room temperature for 1 
hr and rotation speed 650 rpm. After mixing the mixture was filtered to remove the 
solvent and dried at 110oC for 4 hrs to get solid particles. If changed the ZnO particle 
sizes, the quality of ZnO will change follow equation (5) (S.-C. Li and Y.-N. Li, 2010) 

                            
                             (5) 

 
Table 2 Specific wetting surface area (m2/g)  

Type of silane Specific wetting surface area(m2/g) 
3-Aminopropyltriethoxysilane 353 

Octyltriethoxysilane 316 
Vinyltriethoxysilane 411 

Source: Karabela, M.M. and Sideridou, I. D. “Effect of the structure of silane 
coupling agent on sorption characteristics of solvents by dental resin-
nanocomposites,” Dental Materials 24 (2008) : 1631-1639.  
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In case of HDPE, the content of APTES and VTES used two concentration. 
The first concentration was 80%wt of silane coupling agent, which followed equation 
6. The other was following equation 5.   
 

                         (6) 
 
4. Preparation of Composites 

Pure HDPE, pure ZnO and ZnO surface treated with silane coupling agent 
were dried in a oven 110oC for 3 hrs and pure ABS and SAN were dried in an oven 80 
oC for 3 hrs before melt mixing in an internal mixer which shows in Figure 19. The 
weight of polymer and ZnO was vary from 0.5 – 4 %wt. The temperature control of 
internal mixer for ABS and SAN was setting at 170oC and 50 rpm and for HDPE was 
setting at 180 oC and 50 rpm. The time for melted and mixed was 10 min. After that 
the composites were mold into standard dumb-bell tensile bars and rectangular bar, 
the mold temperature was kept at 165 oC for 20 min for HDPE and the mold 
temperature was kept at 170 oC for 14 min for ABS and SAN by using a compression 
molding which shows in Figure 20.  

 

 
Figure 19 Internal mixer 
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Figure 20 Compression molding 
 
5. Sample characterization 

5.1 XRD Observation 
X-ray scattering techniques are a family of non-destructive analytical 

techniques which reveal information about the crystal structure, chemical 
composition, and physical properties of materials and thin films. These techniques are 
based on observing the scattered intensity of an X-ray beam hitting a sample as a 
function of incident and scattered angle, polarization, and wavelength or energy. The 
crystalline size was estimated from line broadening according to the Scherrer equation 
and α-alumina was used standard. The experiments were carried out using Ni-filtered 
CuKα radiation. Scan was performed over the 2θ ranges from 4o to 90o. The 
instrument has located at Faculty of Science, Silpakorn University. Figure 21 shows 
X-ray diffractometer.  

 
5.2 BET observation 
The BET equation is used primarily to determine the surface area from 

physical adsorption of a gas on a solid surface. This analysis is beneficial in 
estimation of surface area, micro-pore size and volume in for ZnO powders by using 
BET machine as shown in Figure 22. 
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Figure 21 X-ray Diffractrometer 
 

 
Figure 22 Brunauer-Emmett-Teller  
Source : Available from http://www.zmpbmt.meduniwien.ac.at access 9 August 
2012.  

 
5.3 TEM observation 
TEM is a microscopy technique whereby a beam of electrons is transmitted 

through an ultra thin specimen, interacting with the specimen as it passes through. It 
gives detailed information about the shape, the mean particle size and the size 
distribution of ZnO nanosphere. The instrument has located at scientific technological 
research equipment centre, Chulalongkorn University. Figure 23 shows transmission 
electron microscope. 
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Figure 23 Transmission Electron Microscope  
Source : Available from http://www.jeol.com access 9 August 2012.  
 

5.4 FT-IR spectroscopy observation 
The infrared spectra of original and modified ZnO were conducted using a 

FT-IR spectroscopy to observe the surface functional groups of the sample as shown 
in Figure 24. The spectra of the ZnO particles treated and untreated with VTES, 
APTES and OTES were analyzed by a FT-IR spectroscopy and ZnO particles 
dispersed in a matrix of KBr, followed by compression to consolidate the formation of 
the pellet. FT-IR spectra were obtained in the wave-number range from 400-4000   
cm-1. The instrument has located at Faculty of Science, Silpakorn University. 

 

 
Figure 24 Fourier transform infrared spectroscopy 
 

5.5 SEM observation 
SEM (MX 2000S Camscan Analytical) was taken to study the tensile 

fracture surfaces of polymer/ZnO composites and to evaluate the dispersion quality of 
ZnO particles. The tensile fractured surface of polymer/ZnO composites with and 
without VTES, APTES and OTES obtained from tensile test was examined. All 
specimens were coated with a thin Au film before SEM observations as shown in 
Figure 25. 
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Figure 25 Scanning Electron Microscope 
 
6. Mechanical Test 

Tensile tests were conducted according to ASTM D 638 with a universal 
tensile testing machine LR 50k from Lloyd instrument. The tensile tests were 
performed at a crosshead speed 50 mm/min as shown in Figure 26. Izod impact 
strength test were performed according to ASTM D 256 at room temperature as 
shown in Figure 27. Each value reported represents the average of five samples.  

 

 
Figure 26 Universal tensile testing machine (LR 50k from Lloyd instruments). 
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Figure 27 Izod impact strength tests (Zwick/material testing August-
Nagelstr.11.D- 89079 Ulm). 
 
7. Thermal Test 

Thermal stability of polymer/ZnO nanocomposites were studied by TGA 
(STD Q600) as shown in Figure 28 this instrument was located at Center of Excellence 
on Catalysis and Catalytic Reaction, Chulalongkorn University. The polymer/ZnO 
composites were studied by this equipment. The samples were cut into small pieces 
and then heated from 50oC to 600oC at heating rate of 10oC/min under a nitrogen 
atmosphere. 
 

 
Figure 28 Thermogravimetric analysis (STD Q600) 

 
Thermal behavior of polymer/ZnO nanocomposites were investigated by 

DSC (a Pyris I, Perkin Elmer, USA) as shown in Figure 29. The temperature 
calibration of DSC was done by measuring the melting temperature, crystallization 
temperature and %crystallinity of polymer/ZnO nanocomposites. The samples of 
weight 5-10 mg were put in an aluminum pan. Samples were heated twice at heating 
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rate of 10oC/min from 50oC to 180oC. Between the two heating cycles, a controlled 
cooling at a rate of 10oC/min was performed. Details are shown as follows:  

1. Hold for 1 min at 50oC 
2. Heat from 50oC to 180oC at 10oC/min 
3. Hold for 1 min at 180oC 
4. Cool from 180oC to 50oC at 10oC/min 
5. Hold for 1 min at 50oC 
6. Heat from 50oC to 180oC at 10oC/min 
7. Hold for 1 min at 180oC 
 

 
Figure 29 Differential scanning calorimeter (Pyris I, Perkin Elmer, USA) 
 
8. Dielectric Test 

Electrical properties of the polymer films were obtained via the capacitance 
method and were measured at room temperature and 1V with Agilent E 4980A 
Precision LCR Meter as shown in Figure 30. This instrument has located at Center of 
Excellence on Catalysis and Catalytic Reaction, Chulalongkorn University. The 
sample size was 1.5 x 1.5 cm2. The dielectric constants of the films calculated from 
the following equation (6) 

      (6) 
 

  Where C is the measured capacitance, t is the thickness of the sample, A is the 
area of the film, ε0 is the permittivity of the free space (8.854pF). 
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Figure 30 LCR meter equipment (Agilent  E  4980A  Precision  LCR  meter)
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CHAPTER 5 
 

RESULTS AND DISCUSSION 
 

This chapter describes the result of the characterization of ZnO with and 
without the silane coupling agent and the properties of polymer/ZnO composites with 
and without the silane coupling agent. 

 
5.1 Characterization of Synthesized ZnO 

5.1.1 BET  
This instrument is useful for estimation of the surface area, pore size and 

particle sizes. This research focused on the particle size of ZnO which synthesis by 
sol-gel method. The particle sizes were calculated from surface area was 80 nm.  

 
5.1.2 TEM  
TEM micrograph shows the morphology of synthesized ZnO by sol-gel 

method. Figure 31 shows the morphology of synthesized ZnO as obtain by TEM. The 
result found that the shape of ZnO was sphere. The particle size of ZnO was 82 nm. 

 

 
Figure 31 TEM micrograph of ZnO synthesized by sol-gel method   

 
5.1.3 XRD  
The structure and chemical composition of all the obtained samples are 

confirmed with XRD measurement as shown in Figure 32. The XRD spectra of 
synthesized ZnO indicated ZnO phase was wurtzite structure. Compared with the 
standard diffraction patterns, no characteristic peaks from impurities, such as Zn, are 
detected, indicating the high purity of the product. In addition, the sharp and strong 
peaks also confirmed that the products were well crystallized. In addition, the peak is 
widened implying that the particle size is very small according to the Debye–Scherrer 
formula D=Kλ/(βcosθ), where K is the Scherrer constant, λ is the X-ray wavelength, β 
the peak width of half-maximum, and θ is the Bragg diffraction angle. 
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The average crystallite size D is 45 nm calculated using the Debye–Scherrer formula. 
(Hong et al., 2009) 

 

 
Figure 32 XRD spectra of ZnO synthesized by sol-gel method 
 
5.2 Characterization of Untreated and Treated ZnO  

5.2.1 BET  
This analysis is beneficial in estimation of surface area, pore size and 

particle sizes. The particle sizes of ZnO were investigated from BET which was 
summarized in Table 3. The treated ZnO was bigger than the untreated ZnO. Because 
of the structure of silane coupling agent has the three ethoxy group on the silicon atom 
so it tried to arrange it’s self to stable. From the table, found that OTES-ZnO particle 
size was bigger than VTES-ZnO because OTES has the long chain.   

 
Table 3 Particle sizes of ZnO 

 
5.2.2 FT-IR spectroscopy 
Figure 33 shows the FT-IR spectra of ZnO150 with and without the silane 

coupling agent, respectively. It shows the band involved in the interfacial interaction 
of ZnO with the silane coupling agent and polymer matrix. In the spectrum, the peak 
at 3410 cm-1 indicates the presence of -OH and the peak at 472.54 cm-1 is the 
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characteristic absorption of Zn-O bond. It is also found that the infrared spectrum of 
the coupling agent treated ZnO nanoparticles exhibits absorptions at 2951.3, 1716.8, 
1169.8, 941.3 and 817.9 cm-1 as shown in Figure 33, which could be ascribed to the 
characteristic peaks of -CH2- stretching vibration, C=O stretching vibration, -SiOH 
stretching vibration, Zn-O-Si and Si-O-Si symmetrical stretching vibration, 
respectively. Such results indicate that the active groups have been introduced onto 
the nanoparticle surface (Hong et al., 2009).   

 

 
Figure 33 FT-IR spectrum of ZnO  
 

5.2.3 TGA 
Figure 34 shows the percentage weight of untreated and treated ZnO150 

with the silane coupling agents. It found that the percentage weight of untreated 
ZnO150 decreased after increased temperature. But the percentage weight of treated 
ZnO150 was not change after increased temperature. So it showed the silane coupling 
agent was improved thermal stability of ZnO150.   
 

5.2.3 TEM  
Figure 35 shows the morphology obtained from TEM of different treated 

ZnO. The treated and untreated ZnO particles agglomerated and separated particles 
could not be distinguished. It found that the shape of ZnO particle after treated and 
untreated with the silane coupling agent did not change. But the size of ZnO particle 
after treated was bigger than the untreated ZnO. These observations support the result 
from the BET which showed in Table 3. 
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Figure 34 Percentage weight of ZnO  

 

 
(a) ZnO150 

 

 
(b) APTES-ZnO150 

 

 
(c) OTES-ZnO150 

 

 
(d) VTES-ZnO150   

 
Figure 35 TEM micrographs of ZnO  
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5.3 Properties of ABS/ZnO Composites 
5.3.1 Effect of ZnO Particle Sizes on Properties of ABS/ZnO 

Composites  
5.3.1.1 Morphology 
The morphology of fracture surfaces of tensile specimens of ABS/ZnO 

composites was examined by SEM. Figures 36-38 show the micrographs of the tensile 
fracture surfaces of ABS/ZnO60, ABS/ZnO80 and ABS/ZnO150 composites, 
respectively. SEM micrographs observed that ABS/ZnO composites showed the 
dispersion of ZnO particles was relatively good and uniformly dispersed throughout 
the entire polymer matrix. Fracture surfaces of pure ABS, ABS/ZnO60, ABS/ZnO80 
and ABS/ZnO150 composites were different roughness. The failure mode of the ABS 
matrix revealed that the ductile fracture of ABS was converted to brittle fracture with 
addition of ZnO. The agglomeration of ZnO particles in the polymer matrix increased 
with increasing ZnO content. 

 
5.3.1.2 Mechanical Properties 
(1) Young’s Modulus  
Figure 39 shows the effect of ZnO particle sizes on the Young’s modulus of 

ABS/ZnO composites. The results found that the Young’s modulus of virgin ABS was 
lower than that of composites and Young’s modulus of ABS/ZnO60 and 
ABS/ZnO150 composites increased and reached a maximum at 1 %wt of ZnO.  
Young’s modulus of ABS/ZnO80 composites decreased slightly. The reinforcement 
effect caused by ZnO in composites was due to the result of difference between the 
modulus of matrix and ZnO and good dispersion of particles in the matrix supported 
from SEM micrograph. Moreover, the increase in Young’s modulus is governed by 
the fact that the inorganic filler gives good reinforcement with the matrix (Selvin et 
al., 2004). With further addition of ZnO (2 and 4 %wt) in composites showed a slight 
decrease in Young’s modulus but it was higher than virgin ABS. The addition of ZnO 
beyond 1 %wt, the ZnO particle agglomerated while processing the sample so Yong’s 
modulus decreased. 

 
(2) Tensile Strength  
Figure 40 shows the effect of ZnO particle sizes on the tensile strength of 

ABS/ZnO composites. The results found that the tensile strength of the composites did 
not change after adding ZnO60, ZnO80 and ZnO150. So the incorporation of ZnO 
could not improve the tensile strength.     

 
(3) Stress at Break  
The effect of ZnO particle sizes on the stress at break of ABS/ZnO 

composites is presented in Figure 41. The results found that the stress at break of the 
composites increased after adding the ZnO particle 0.5 %wt but the addition of ZnO in 
range 1-4 %wt did not change when compared with neat ABS. Thus, the addition of 
0.5 %wt ZnO could improve the stress at break due to a good interaction between the 
ZnO particle and the ABS matrix.   
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(a) Pure ABS 

 

 
(b) ABS/ZnO60 0.5% 

 

 
(c) ABS/ZnO60 1% 

 

 
(d) ABS/ZnO60 2% 

 

 
(e) ABS/ZnO60 4% 

Figure 36 SEM micrographs of the tensile fracture surfaces of ABS/ZnO60 
nanocomposites at various ZnO60 content.  

 

 

 

20 um 20 um 

20 um 

20 um 20 um 



44 
 

 

 

 
(a) Pure ABS 

 

 
(b) ABS/ZnO80 0.5% 

 

 
(c) ABS/ZnO80 1% 

 

 
(d) ABS/ZnO80 2% 

 

 
(e) ABS/ZnO80 4% 

 
Figure 37 SEM micrographs of the tensile fracture surfaces of ABS/ZnO80 
nanocomposites at various ZnO80 content. 
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(a) Pure ABS 

 

 
(b) ABS/ZnO150 0.5% 

 

 
(c) ABS/ZnO150 1% 

 

 
(d) ABS/ZnO150 2% 

 

 
(e) ABS/ZnO150 4% 

 
Figure 38 SEM micrographs of the tensile fracture surfaces of ABS/ZnO150 
composites at various ZnO150 content. 
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Figure 39 Young’s modulus of ABS/ZnO nanocomposites. 

    

 
Figure 40 Tensile strength of ABS/ZnO nanocomposites 
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Figure 41 Stress at break of ABS/ZnO nanocomposites. 

 
(4) The Percent Strain at Break  
Figure 42 presents the effect of ZnO particle sizes on the percent strain at 

break of ABS/ZnO composites. The results found that the percent strain at break of 
ABS/ZnO80 and ABS/ZnO150 composites did not change when added ZnO particle 
in this content range. While the percent strain at break of ABS/ZnO60 increased in 
range 1-4 %wt. Very fine particles may also insert in the ABS chain and make the 
ABS composite is flexible.  

 

 
Figure 42 The percent strain at break of ABS/ZnO nanocomposites. 
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(5) Impact Strength  
The variation of impact strength of ABS/ZnO composites is shown in 

Figure 43. The impact strength decreased with increasing ZnO content. Moreover, 
ABS/ZnO60 nanocomposite had impact strength higher than ABS/ZnO80 and 
ABS/ZnO150 composites. The results indicated that the addition of the smaller 
particle size showed the higher impact strength (in range 0.5-1 %wt). The decrease of 
the impact strength may be affected the increase of the brittleness of the composites 
and appeared porous in ABS matrix after adding ZnO particles, which confirmed by 
SEM study. Additionally, the ABS/ZnO composites had a low-impact resistance due 
to the composites could not absorb most of the impact energy during the impact 
process.   

 

 
Figure 43 Impact strength of ABS/ZnO composites. 

 From the result above, the mechanical properties of ABS/ZnO80 was poor 
when compared with ABS/ZnO60 and ABS/ZnO150. Because ZnO80 was 
synthesized by sol-gel method and ZnO80 particle was not calcinate. So the ZnO80 
particle may have phase transition.   

5.3.1.3 Thermal Properties  
(1) DSC   

 Table 4 shows the effect of particle sizes of ZnO on glass transition 
temperature (Tg) of ABS/ZnO nanocomposites. The glass transition temperature is one 
of the most fundamental features that relates directly to polymer cohesive energy and 
packing density (Feldstein et al., 2003). The glass transition temperatures of 
ABS/ZnO80 and ABS/ZnO150 composites were small change. The addition of 
different particle sizes had no significant effect on the glass transition temperature. 
Because ABS had the glass transition temperature lower than the melting temperature 
of ZnO.  
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Table 4 Glass transition temperature of ABS/ZnO nanocomposites with 
different particle sizes of ZnO.  

Sample Glass transition Temperature(oC) 
Pure ABS  104 
ABS/ZnO80 0.5 % 101 
ABS/ZnO80 1% 103 
ABS /ZnO80 2% 104 
ABS /ZnO80 4% 104 

 
ABS/ZnO150 0.5%  104 
ABS /ZnO150 1% 103 
ABS /ZnO150 2% 102 
ABS /ZnO150 4% 103 

      
(2) TGA  
Table 5 shows the effect of ZnO particle sizes on the decomposition 

temperature at 5%, 10% and 50% weight loss (Td5, Td10, Td50) of ABS/ZnO 
nanocomposites, respectively. The decomposition temperature of ABS-ZnO60 and 
ABS-ZnO150 composites was higher than pure ABS when added 0.5 wt% of ZnO 
after that it decreased. While the decomposition temperature of ABS-ZnO80 
nanocomposites decreased with increasing ZnO content. The addition of different 
particle sizes had no significant effect on the decomposition temperature of ABS/ZnO 
nanocomposites. It indicated that the high decomposition temperature of ABS/ZnO 
nanocomposites resulted from the deformation of ABS matrix.  
 
Table 5 Decomposition temperature of ABS/ZnO composites 

Sample Td5 Td10 Td50 
Pure ABS 366 385 414 
ABS /ZnO60 0.5 % 368 385 415 
ABS /ZnO60 1 % 363 382 413 
ABS /ZnO60 2 % 364 382 415 
ABS /ZnO60 4 % 365 381 414 

 
ABS /ZnO80 0.5 % 361 378 413 
ABS /ZnO80 1 % 357 375 411 
ABS /ZnO80 2 % 353 372 410 
ABS /ZnO80 4 % 352 370 411 

 
ABS /ZnO150 0.5 % 367 387 416 
ABS /ZnO150 1 % 364 384 413 
ABS /ZnO150 2 % 364 383 414 
ABS /ZnO150 4 % 360 380 413 
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5.3.1.4 Electrical Properties  
Figure 44 shows the effect of ZnO particle sizes on the dielectric constant 

of ABS/ZnO composites. The result found that the dielectric constant of ABS/ZnO80 
and ABS/ZnO150 composites increased with increasing ZnO content. The dielectric 
constant of ABS/ZnO60 nanocomposites did not change after added ZnO60. The 
composites after added ZnO80 and ZnO150 showed the dielectric constant had been 
higher than ABS/ZnO60. When the dielectric constant increased it affected to increase 
the conductivity of composites.    

 

 
Figure 44 Dielectric constant of ABS/ZnO nanocomposites with different particle 
sizes 

 
5.3.2 Effect of ZnO150 Treated with Silane Coupling Agents on 

Properties of ABS/ZnO150 Composites  
5.3.2.1 Morphology 
The morphology of fracture surfaces of tensile specimens of ABS/ZnO150 

composites  with different silane coupling agents was examined by SEM. Figures 45-
47 show the micrographs of the tensile fracture surfaces of ABS/OTES-ZnO150, 
ABS/APTES-ZnO150 and ABS/VTES-ZnO150 composites, respectively. SEM 
micrographs observed that ABS/ZnO composites showed the dispersion of particles 
was relatively good and uniformly dispersed throughout the entire polymer matrix. 
When considered at the same concentration of ZnO particle. It found that OTES-
ZnO150 could disperse uniformly but APTES-ZnO150 and VTES-ZnO150 were little 
agglomeration. Because the three silane coupling agents have the same triethoxy 
silane functionality but vary in the polarity and reactivity of their organic moieties. 
The organic portion of APTES is polar, as a result of the amino functionality, which 
can form hydrogen bonds. OTES and VTES are a non-polar hydrophobic nonreactive 
silane, which can interact mainly through weak van der waals forces (Karabela and 
Sideridou, 2008). The failure mode of the ABS matrix revealed that the ductile 
fracture of ABS was converted to brittle fracture with addition of ZnO.  
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(a) Pure ABS 

 

 
(b) ABS/APTES-ZnO150 0.5% 

 

 
(c) ABS/APTES-ZnO150 1% 

 

 
(d) ABS/APTES-ZnO150 2% 

 

 
(e) ABS/APTES-ZnO150 4% 

 
Figure 45 SEM micrographs of the tensile fracture surfaces of ABS/APTES-
ZnO150 composites at various APTES/ZnO150 content. 
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(a) Pure ABS 

 

 
(b) ABS/OTES-ZnO150 0.5% 

 

 
(c) ABS/OTES-ZnO150 1% 

 

 
(d) ABS/OTES-ZnO150 2% 

 

 
(e) ABS/OTES-ZnO150 4% 

 
Figure 46 SEM micrographs of the tensile fracture surfaces of ABS/OTES-
ZnO150 composites at various OTES-ZnO150 content.  
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(a) Pure ABS 

 

 
(b) ABS/VTES-ZnO150 0.5% 

 

 
(c) ABS/VTES-ZnO150 1% 

 

 
(d) ABS/VTES-ZnO150 2% 

 

 
(e) ABS/VTES-ZnO150 4% 

 
Figure 47 SEM micrographs of the tensile fracture surfaces of ABS/VTES-
ZnO150 composites at various VTES-ZnO150 content. 
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5.3.2.2 Mechanical Properties 
(1) Young’s Modulus  
Figure 48 shows the effect of ZnO150 treated with the silane coupling 

agents on the Young’s modulus of ABS/ZnO composites. The different kind of the 
silane coupling agents made the different Young’s modulus. The results found that the 
Young’s modulus of ABS/OTES-ZnO150 composite was higher than the Young’s 
modulus of ABS/VTES-ZnO150 composites because the chain of OTES is longer 
than VTES. Both Young’s modulus of ABS/OTES-ZnO150 and VTES-ZnO150 
composites decreased after added ZnO particles. For the different of functional groups 
on the chain of the silane coupling agent, the Young’s modulus of ABS/APTES-
ZnO150 composites was higher than ABS/OTES-ZnO150 and ABS/VTES-ZnO150 
composites. Because of APTES was the polar silane coupling agent. It can form the 
strong bond with ABS composites due to ABS is a polar and nonpolar polymer. 

 

 
Figure 48 Young’s modulus of ABS/ZnO150 composites. 

   
(2) Tensile Strength  
Figure 49 shows the effect of ZnO150 treated with the silane coupling 

agent on the tensile strength of ABS/ZnO composites. The results found that the 
tensile strength of ABS/OTES-ZnO150 composites increased after adding OTES-
ZnO150, in range 0.5-2 %wt. The tensile strength of the other composites did not 
change when compared with the neat ABS. But the tensile strength of ABS/OTES-
ZnO150 was higher than ABS/VTES-ZnO150 and ABS/APTES-ZnO150 composites. 
While the tensile strength of ABS/APTES-ZnO150 composites slightly decreased 
after adding APTES-ZnO150. So the incorporation of OTES-ZnO could improve the 
tensile strength. 
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Figure 49 Tensile strength of ABS/ZnO150 composites. 
 

(3) Stress at Break  
The effect of ZnO150 treated with the silane coupling agent on the stress at 

break of ABS/ZnO composites is presented in Figure 50. The results found that the 
stress at break of the ABS/OTES-ZnO150 composites increased after adding OTES-
ZnO150, but the tensile strength of ABS/VTES-ZnO150 and ABS/APTES-ZnO150 
composites increased after adding OTES-ZnO80 and OTES-ZnO150 in range 0.5-1 
%wt. Thus, the addition of OTES-ZnO150 could improve the stress at break due to a 
good interaction between the ZnO particle and the ABS matrix. 

 

 
Figure 50 Stress at break of ABS/ZnO150 composites. 
 

20 

25 

30 

35 

40 

45 

50 

55 

60 

0.0 1.0 2.0 3.0 4.0 5.0 

Te
ns

ile
 S

tr
en

gt
h 

(M
Pa

) 

ZnO content (%wt) 

ABS/ZnO150 ABS/OTES-ZnO150 

ABS/APTES-ZnO150 ABS/VTES-ZnO150 

25 

30 

35 

40 

45 

50 

55 

60 

0.0 1.0 2.0 3.0 4.0 5.0 

St
re

ss
 a

t B
re

ak
 (M

Pa
) 

ZnO content (%wt) 

ABS/ZnO150 ABS/OTES-ZnO150 
ABS/APTES-ZnO150 ABS/VTES-ZnO150 



56 
 

 

(4) The Percent Strain at Break  
Figure 51 presents the effect of ZnO150 treated with the silane coupling 

agents on the percent strain at break of ABS/ZnO composites. The results found that 
the percent strain at break of ABS/ZnO composites did not change when adding 
OTES-ZnO150 and VTES-ZnO150. While the percent strain at break of 
ABS/APTES-ZnO150 composites decreased when adding the ZnO in this content 
range. Because of APTES-ZnO150 increased the brittleness to the composites. 

 

 
Figure 51 The percent strain at break of ABS/ZnO150 composites. 

 
(5) Impact Strength  
The variation of impact strength of ABS/ZnO composites is shown in 

Figure 52. The impact strength decreased with increasing ZnO content. Moreover, 
ABS/APTES-ZnO150 composites had impact strength higher than ABS/OTES-
ZnO150 and ABS/VTES-ZnO150 composites. The result found that the impact 
strength of ABS/OTES-ZnO150 and ABS/OTES-ZnO150 composites did not change 
when added OTES-ZnO150 and VTES-ZnO150 in range of 2-4 %wt. The decrease of 
the impact strength may be affected the impact process was fast and ABS/ZnO 
composites could not absorb the most energy. 
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Figure 52 Impact strength of ABS/ZnO150 composites. 
 

5.3.2.3 Thermal Properties  
(1) DSC  
Table 6 shows the effect of ZnO150 treated and untreated with the silane 

coupling agent on glass transition temperature of ABS/ZnO150 composites. The glass 
transition temperature of ABS/OTES-ZnO150 composites did not change. The 
addition of untreated and treated ZnO with OTES had no significant effect on the 
glass transition temperature of composites.  

 
Table 6 Glass transition Temperature of ABS/ZnO150 

Sample Glass transition Temperature(oC) 
Pure ABS  104 
ABS/ZnO150 0.5% 103 
ABS/ZnO150 1% 102 
ABS /ZnO150 2% 103 
ABS /ZnO150 4% 103 

 
ABS /OTES-ZnO150 0.5% 104 
ABS /OTES-ZnO150 1% 103 
ABS /OTES-ZnO150 2% 103 
ABS /OTES-ZnO150 4% 103 

 
(2) TGA  
Table 7 shows the effect of ZnO150 treated with the silane coupling agent 

on the decomposition temperature at 5%, 10% and 50% weight loss (Td5, Td10, Td50) of 
ABS/ZnO composites, respectively. The decomposition temperature of ABS/APTES-
ZnO150 and ABS/OTES-ZnO150 composites decreased after added 1 %wt of ZnO. 
The decomposition temperature of ABS/VTES-ZnO150 composites decreased after 
added 0.5 %wt of ZnO but it was higher than pure ABS. The addition of different 
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silane coupling agents had a significant effect on the decomposition temperature of 
ABS/ZnO composites.  
 
Table 7 Decomposition temperature of ZnO150 treated with the silane coupling 
agent on ABS/ZnO composites 

Sample Td5 Td10 Td50 
Pure ABS 366 385 414 
ABS/APTES-ZnO150 0.5 % 370 387 418 
ABS/APTES-ZnO150 1 % 369 3862 416 
ABS/APTES-ZnO150 2 % 363 381 413 
ABS/APTES-ZnO150 4 % 365 382 416 

 
ABS/OTES-ZnO150 0.5 % 364 385 415 
ABS/OTES-ZnO150 1 % 368 386 416 
ABS/OTES-ZnO150 2 % 363 382 415 
ABS/OTES-ZnO150 4 % 363 381 415 

 
ABS/VTES-ZnO150 0.5 % 372 389 417 
ABS/VTES-ZnO150 1 % 368 386 417 
ABS/VTES-ZnO150 2 % 368 385 416 
ABS/VTES-ZnO150 4 % 369 386 417 
 

5.3.2.4 Electrical Properties  
Figure 53 shows the effect of ZnO150 treated with the silane coupling 

agents on the dielectric constant of ABS/ZnO composites. The result found that the 
dielectric constant of ABS/APTES-ZnO150 and ABS/VTES-ZnO150 composites 
increased with increasing ZnO content. The ABS/VTES-ZnO150 composites showed 
the dielectric constant had been higher than ABS/APTES-ZnO150 and ABS/OTES-
ZnO150 composites. The dielectric constant of ABS/OTES-ZnO150 composites did 
not change after adding 0.5-2 %wt but increased after added 4 %wt of OTES-ZnO150. 
This can be explained that the high content of ZnO made to increase the dielectric 
constant. If added small ZnO content the dielectric was small change. The adding high 
content of ZnO, it found that the dielectric constant did not change although the 
different kind of the silane coupling agents. 



59 
 

 

 

 
Figure 53 Dielectric constant of ABS/ZnO150 composites  

 
From the all results above, it found that OTES coupling agent was the best 

silane coupling agent for ABS matrix. Because the composites added ZnO treated 
with OTES showed a good dispersion and mechanical properties. So OTES was 
chosen to treat the other sizes of ZnO.  

  
5.3.3 Effect of ZnO Particle Sizes with OTES on Properties of 

ABS/ZnO Composites   
 5.3.3.1 Morphology 
The morphology of fracture surfaces of tensile specimens of ABS/ZnO 

composite at different particle sizes of ZnO treated with OTES was examined by 
SEM. Figures 54-55 and Figure 46 show the micrographs of the tensile fracture 
surfaces of pure ABS, ABS/OTES-ZnO60, ABS/OTES-ZnO80 and ABS/OTES-
ZnO150 composites, respectively. SEM micrographs observed that ABS/OTES-
ZnO60 and ABS/OTES-ZnO80 composites when added treated ZnO 0.5 %wt was 
relatively good dispersion but added 1-4 %wt, it agglomerated to become a cluster.  
ABS/OTES-ZnO150 composites were relatively good dispersion when added high 
ZnO content. Fracture surfaces of pure ABS, ABS/OTES-ZnO60, ABS/OTES-ZnO80 
and ABS/OTES-ZnO150 composites were different roughness. When increase ZnO 
content, the surface of composite was more complicated.  
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(a) Pure ABS 

 

 
(b) ABS/OTES-ZnO60 0.5% 

 

 
(c) ABS/OTES-ZnO60 1% 

 

 
(d) ABS/OTES-ZnO60 2% 

 

 
(e) ABS/OTES-ZnO60 4% 

 
Figure 54 SEM micrographs of the tensile fracture surfaces of ABS/OTES-
ZnO60 nanocomposites at various OTES-ZnO60 content. 
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(a) Pure ABS 

 

 
(b) ABS/OTES-ZnO80 0.5% 

 

 
(c) ABS/OTES-ZnO80 1% 

 

 
(d) ABS/OTES-ZnO80 2% 

 

 
(e) ABS/OTES-ZnO80 4% 

 
Figure 55 SEM micrographs of the tensile fracture surfaces of ABS/OTES-
ZnO80 nanocomposites at various OTES-ZnO80 content. 
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5.3.3.2 Mechanical Properties 
(1) Young’s Modulus  
Figure 56 shows the effect of particle sizes of ZnO treated with OTES 

coupling agent on the Young’s modulus of ABS/ZnO composites. The results found 
that the Young’s modulus of virgin ABS was lower than ABS/OTES-ZnO150. The 
Young’s modulus of ABS/OTES-ZnO150 composites increased and reached a 
maximum at 0.5 %wt of ZnO. Because the OTES-ZnO150 particle size was 233 nm 
and shown the good dispersion. The Young’s modulus of virgin ABS was higher than 
ABS/OTES-ZnO60 and ABS/OTES-ZnO80 composites and Young’s modulus of 
these composites slightly decreased after adding ZnO. 

 

 
Figure 56 Young’s modulus of ABS/OTES-ZnO composites. 

    
(2) Tensile Strength  
Figure 57 shows the effect of particle sizes of ZnO treated with OTES 

coupling agent on the tensile strength of ABS/ZnO composites. The results found that 
the tensile strength of the ABS/OTES-ZnO150 composites increased after adding 
OTES-ZnO150 in a range of 0.5-2 %wt. So the incorporation of ZnO could improve 
the tensile strength. While the tensile strength of ABS/OTES-ZnO60 and ABS/OTES-
ZnO80 did not change after adding OTES-ZnO.  

 
(3) Stress at Break  
The effect of particle sizes of ZnO treated with OTES coupling agent on the 

stress at break of ABS/ZnO composites is presented in Figure 58. The results found 
that the stress at break of the composites increased after adding OTES-ZnO150 in a 
range of 0.5-2 %wt. The stress at break of ABS/OTES-ZnO60 and ABS/OTES-
ZnO80 did not change. Thus, the addition of OTES-ZnO150 could improve the stress 
at break due to a good interaction between the OTES-ZnO150 particle and the ABS 
matrix. 
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Figure 57 Tensile strength of ABS/OTES-ZnO composites. 

 

 
Figure 58 Stress at break of ABS/OTES-ZnO composites. 
 

(4) The Percent Strain at Break  
Figure 59 presents the effect of particle sizes of ZnO treated with OTES 

coupling agent on the percent strain at break of ABS/ZnO composites. The results 
found that the percent strain at break of ABS/ZnO composites slightly decreased when 
added OTES-ZnO60 and OTES-ZnO80. While the percent strain at break of 
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ABS/OTES-ZnO150 composites increased when adding OTES-ZnO150 in a range of 
0.5-4 %wt. 

 

 
Figure 59 The percent strain at break of ABS/OTES-ZnO composites. 

 
(5) Impact Strength  
The variation of impact strength of ABS/ZnO composites is shown in 

Figure 60. The impact strength decreased with increasing ZnO content. Moreover, 
ABS/OTES-ZnO60 nanocomposite had impact strength higher than ABS/OTES-
ZnO80 and ABS/OTES-ZnO150 composites. When adding the 0.5 %wt of OTES-
ZnO, it found that the impact strength of ABS/OTES-ZnO60 composites was higher 
than ABS/OTES-ZnO150 composites. The incorporation of 4 %wt OTES-ZnO found 
that ABS/OTES-ZnO150 composites had impact strength higher than ABS/OTES-
ZnO60 composites and ABS/OTES-ZnO80 composites. Because of at the low content 
of OTES-ZnO, the ABS composite was a ductile polymer but the high content of 
OTES-ZnO the ABS composite was converted to the brittleness polymer.    

   
 5.3.3.3 Thermal Properties  
TGA  
Table 8 shows the effect of particle sizes of ZnO treated with the silane 

coupling agent on the decomposition temperature at 5%, 10% and 50% weight loss 
(Td5, Td10, Td50) of ABS/ZnO composites, respectively. The decomposition temperature 
of ABS/OTES-ZnO60 and ABS/OTES-ZnO150 composites was slightly decreased 
from 1-4 %wt of  ZnO content. The addition of ZnO with different particle sizes had a 
significant effect on the decomposition temperature of ABS/ZnO composites. It 
indicated that the high decomposition temperature of ABS/ZnO composites resulted 
from the deformation of ABS matrix. 
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Figure 60 Impact strength of ABS/OTES-ZnO composites. 
 
Table 8 Decomposition temperature of ABS/OTES-ZnO with different particle 
size 

Sample Td5 Td10 Td50 
Pure ABS 366 385 414 
ABS/OTES-ZnO60 0.5 % 365 382 413 
ABS/OTES-ZnO60 1 % 368 384 415 
ABS/OTES-ZnO60 2 % 364 382 415 
ABS/OTES-ZnO60 4 % 367 382 416 

 
ABS/OTES-ZnO80 0.5 % 370 386 417 
ABS/OTES-ZnO80 1 % 367 384 415 
ABS/OTES-ZnO80 2 % 366 382 414 
ABS/OTES-ZnO80 4 % 366 382 415 

 
ABS/OTES-ZnO150 0.5 % 364 385 415 
ABS/OTES-ZnO150 1 % 368 386 416 
ABS/OTES-ZnO150 2 % 363 382 415 
ABS/OTES-ZnO150 4 % 363 381 415 

 
5.3.3.4 Electrical Properties  
Figure 61 shows the effect of particle sizes of ZnO treated with the silane 

coupling agent on the dielectric constant of ABS/ZnO composites. The result found 
that the dielectric constant of ABS/OTES-ZnO150 increased in a range of 2-4 %wt of 
OTES-ZnO150. But the composites after added OTES-ZnO60 and OTES-ZnO80 
showed the dielectric constant did not change. Because of the OTES-ZnO150 showed 
a good dispersion of OTES-ZnO150 particle and small particle size did not affect to 
the dielectric constant. 
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Figure 61 Dielectric constant of ABS/OTES-ZnO composites 

 
5.4 Properties of SAN/ZnO150 Composites 

5.4.1 Effect of ZnO150 Treated with Silane Coupling Agents on 
Properties of SAN/ZnO150 Composites  

5.4.1.1 Morphology 
The morphology of fracture surfaces of tensile specimens of SAN/ZnO 

composites was examined by SEM. Figures 62-63 show the micrographs of the tensile 
fracture surfaces of SAN/ZnO150 and SAN/OTES-ZnO150 composites. SEM 
micrographs observed that SAN/ZnO150 and SAN/OTES-ZnO150 composites 
showed the dispersion of particles was relatively good. Fracture surfaces of pure SAN, 
SAN/ZnO150, SAN/OTES-ZnO150 composites were different roughness. Consider at 
the same concentration, it found that the surface fracture of ABS/OTES-ZnO150 
composites was more complicated than ABS/ZnO150 composites. Because of the 
OTES-ZnO150 was good dispersed in the SAN. 

 
5.4.1.2 Mechanical Properties 
(1) Young’s Modulus  
Figure 64 shows the effect of ZnO150 untreated and treated with OTES 

coupling agents on the Young’s modulus of SAN/ZnO composites. The results found 
that the Young’s modulus of virgin SAN was lower than this composites and Young’s 
modulus of SAN/OTES-ZnO150 composites increased and reached a maximum at 0.5 
wt% of ZnO after that it decreased slightly but Young’s modulus of SAN/ZnO150 
composites increased after added ZnO150. Because of the structure of ZnO and SAN 
were the polar molecules so it showed good dispersion in the matrix. 
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(a) Pure SAN 

 

 
(b) SAN/ZnO150 0.5% 

 

 
(c) SAN/ZnO150 1% 

 

 
(d) SAN/ZnO150 2% 

 

 
(e) SAN/ZnO150 4% 

 
Figure 62 SEM micrographs of the tensile fracture surfaces of SAN/ZnO150 
composites at various ZnO150 content. 
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(a) Pure SAN 

 

 
(b) SAN/OTES-ZnO150 0.5% 

 

 
(c) SAN/OTES-ZnO150 1% 

 

 
(d) SAN/OTES-ZnO150 2% 

 

 
(e) SAN/OTES-ZnO150 4% 

 
Figure 63 SEM micrographs of the tensile fracture surfaces of SAN/OTES-
ZnO150 composites at various OTES-ZnO150 content. 
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Figure 64 Young’s modulus of SAN/ZnO composites 

 
(2) Tensile Strength  
Figure 65 shows the effect of ZnO150 untreated and treated with OTES 

coupling agent on the tensile strength of SAN/ZnO composites. The results found that 
the tensile strength of SAN/ZnO150 and SAN/OTES-ZnO150 composites did not 
change when adding ZnO. But the tensile strength of SAN/OTES-ZnO150 composites 
was higher than SAN/ZnO150 composites. The tensile strength of SAN/ZnO150 
composite decreased slightly after adding ZnO content.  

 

 
Figure 65 Tensile strength of SAN/ZnO composites. 

 
(3) Stress at Break  
The effect of ZnO150 untreated and treated with OTES coupling agent on 

the stress at break of SAN/ZnO composites is presented in Figure 66. The results 
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found that the stress at break of the composites did not change when adding ZnO. The 
tensile strength of SAN/OTES-ZnO150 composites increased and reached a maximum 
at 1 %wt after that it decreased slightly. The tensile strength of SAN/ZnO150 
composites decreased slightly and was lower than SAN/OTES-ZnO150 composites.  

 

 
Figure 66 Stress at break of SAN/ZnO composites. 

 
(4) The Percent Strain at Break  
Figure 67 presents the effect of ZnO150 untreated and treated with OTES 

coupling agent on the percent strain at break of SAN/ZnO composites. The results 
found that the percent strain at break of SAN/ZnO and SAN/OTES-ZnO150 
composites did not change. So the untreated and treated ZnO could not improve the 
percent strain at break. 

 

 
Figure 67 The percent strain at break of SAN/ZnO composites. 
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(5) Impact Strength  
The variation of impact strength of SAN/ZnO150 composites after adding 

ZnO150 untreated and treated with OTES is shown in Figure 68. The impact strength 
of composites decreased with increasing ZnO content. Moreover, SAN/OTES-
ZnO150 composite had impact strength higher than SAN/ZnO150 composites. 
Because of OTES/ZnO150 helped to absorb the energy from the impact strength more 
than ZnO150.  

 
Figure 68 Impact strength of SAN/ZnO composites. 

 
5.4.1.3 Thermal Properties  
(1) DSC  
Table 9 shows the effect of ZnO150 untreated and treated with OTES 

coupling agent on glass transition temperature of SAN/ZnO composites. The glass 
transition temperature of SAN/ZnO150 and SAN/OTES-ZnO150 composites were 
small change. The addition of ZnO had no significant effect on the glass transition 
temperature.  

 
Table 9 Glass transition temperature of SAN/ZnO150 nanocomposites 

Sample Glass transition Temperature(oC) 
Pure SAN 104 
SAN/ZnO150 0.5% 103 
SAN/ZnO150 1% 101 
SAN/ZnO150 2% 105 
SAN/ZnO150 4% 103 

 
SAN/OTES-ZnO150 0.5% 105 
SAN/OTES-ZnO150 1% 105 
SAN/OTES-ZnO150 2% 103 
SAN/OTES-ZnO150 4% 106 
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Figures 69-71 and Table 10 show the effect of ZnO150 untreated and 
treated with OTES coupling agent on the decomposition temperature at 5%, 10% and 
50% weight loss (Td5, Td10, Td50) of SAN/ZnO composites, respectively. The 
decomposition temperature of SAN/OTES-ZnO150 composites was increased after 
added 0.5 %wt of OTES-ZnO150. While the decomposition temperature at 5% weight 
loss of SAN/ZnO150 composites decreased slightly after added ZnO150. The addition 
of ZnO with treated and untreated had a significant effect on the decomposition 
temperature of SAN/ZnO composites. It indicated that the high decomposition 
temperature of SAN/OTES-ZnO150 composites resulted from the deformation of 
OTES coupling agent. 

 

 
Figure 69 Decomposition temperature (Td5) of SAN/ZnO composites 
 

Table 10 Decomposition temperature of SAN/ZnO composites 

Sample Td5 Td10 Td50 
Pure SAN 363 375 402 
SAN/ZnO150 0.5 % 365 376 403 
SAN/ZnO150 1 % 364 373 404 
SAN/ZnO150 2 % 365 374 403 
SAN/ZnO150 4 % 359 375 404 

 
SAN/OTES-ZnO150 0.5 % 372 384 409 
SAN/OTES-ZnO150 1 % 372 385 409 
SAN/OTES-ZnO150 2 % 374 384 409 
SAN/OTES-ZnO150 4 % 374 385 409 
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Figure 70 Decomposition temperature (Td10) of SAN/ZnO composites 

 
Figure 71 Decomposition temperature (Td50) of SAN/ZnO composites 

 
5.4.1.4 Electrical Properties  
Figure 72 shows the effect of ZnO150 untreated and treated with OTES 

coupling agent on the dielectric constant of SAN/ZnO composites. The result found 
that the dielectric constant of SAN/ZnO150 composites increased with increasing 
ZnO content. But the composites of SAN/OTES-ZnO150 decreased after added 
OTES-ZnO150. This can be explained that the OTES coupling agent could not 
improve the dielectric constant of SAN composites.  
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Figure 72 Dielectric constant of SAN/ZnO composites.  

 
5.5 Properties of HDPE/ZnO Composites 
 5.5.1 Effect of ZnO Particle Sizes on Properties of HDPE/ZnO Composites 
 5.5.1.1 Morphology 
 The morphology of fracture surfaces of tensile specimens of HDPE/ZnO 
composites was examined by SEM. Figures 73-75 show the micrographs of the tensile 
fracture surfaces of HDPE/ZnO60, HDPE/ZnO80 and HDPE/ZnO150 composites, 
respectively. SEM micrographs observed that HDPE/ZnO60 and HDPE/ZnO150 
composites showed the dispersion of particles was relatively good at 0.5-2 %wt and 
agglomerated to become a cluster at 4 %wt. The dispersion of ZnO80 nanoparticles in  
HDPE matrix was poor. The tensile fracture surface of HDPE/ZnO composite was 
toughness and look like the neat HDPE.  

 
5.5.1.2 Mechanical Properties 
(1) Young’s Modulus  
Figure 76 shows the effect of ZnO particle sizes on the Young’s modulus of 

HDPE/ZnO composites. The results found that the Young’s modulus HDPE/ZnO80 
and HDPE/ZnO150 composites increased in a range of 0.5-2 %wt of ZnO after that it 
decreased. While the Young’s modulus of HDPE/ZnO60 nanocomposites increased at 
0.5 %wt after that it did not change.   

 
(2) Tensile Strength  
Figure 77 shows the effect of ZnO particle sizes on the tensile strength of 

HDPE/ZnO composites. The results found that the tensile strength of HDPE/ZnO150 
composites at ZnO150 4 %wt decreased while the other composites did not change. 
The tensile strength of HDPE/ZnO60 nanocomposites was higher than the others.  
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(a) Pure HDPE 

 

 
(b) HDPE/ZnO60 0.5% 

 

 
(c) HDPE/ZnO60 1% 

 

 
(d) HDPE/ZnO60 2% 

 

 
(e) HDPE/ZnO60 4% 

 
Figure 73 SEM micrographs of the tensile fracture surfaces of HDPE/ZnO60 
nanocomposites at various ZnO60 content. 
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(a) Pure HDPE 

 

 
(b) HDPE/ZnO80 0.5% 

 

 
(c) HDPE/ZnO80 1% 

 

 
(d) HDPE/ZnO80 2% 

 

 
(e) HDPE/ZnO80 4% 

 
Figure 74 SEM micrographs of the tensile fracture surfaces of HDPE/ZnO80 
nanocomposites at various ZnO80 content. 
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(a) Pure HDPE 

 

 
(b) HDPE/ZnO150 0.5% 

 

  
(c) HDPE/ZnO150 1% 

 

 
(d) HDPE/ZnO150 2% 

 

 
(e) HDPE/ZnO150 4% 

 
Figure 75 SEM micrographs of the tensile fracture surfaces of HDPE/ZnO150 
composites at various ZnO150 content. 
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Figure 76 Young’s modulus of HDPE/ZnO composites. 

      

 
Figure 77 Tensile strength of HDPE/ZnO composites. 
 

(3) Stress at Break  
Figure 78 shows the effect of ZnO particle sizes on the stress at break of 

HDPE/ZnO composites. The result found that stress at break of HDPE/ZnO60 
nanocomposites increased after added 2-4 %wt of ZnO. While the stress at break of 
HDPE/ZnO80 and HDPE/ZnO150 composites decreased in a range of 2-4 %wt of 
ZnO. But the stress at break of HDPE/ZnO composites added ZnO 0.5-1 %wt did not 
change.  
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Figure 78 Stress at break of HDPE/ZnO composites. 

 
(4) The Percent Strain at Break  
Figure 79 shows the effect of particle sizes on the percent strain at break of 

HDPE/ZnO composites. The result found that percent strain at break of HDPE/ZnO60 
nanocomposites did not change after added ZnO. While the percent strain at break of 
HDPE/ZnO80and HDPE/ZnO150 composites did not change in range 0.5-2 %wt of 
ZnO after that at 4 %wt it decreased. 

 

 
Figure 79 The percent strain at break of HDPE/ZnO composites. 

 
(5) Impact Strength  
The variation of impact strength of HDPE/ZnO composites is shown in 

Figure 80. The impact strength decreased with increasing ZnO content. Moreover, 
HDPE/ZnO150 composites had impact strength higher than HDPE/ZnO60 and 
HDPE/ZnO80 nanocomposites. The HDPE/ZnO composites had a low-impact 
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resistance due to the composites could not absorb most of the impact energy and 
propagate a crack very fast during the impact process. 

 

 
Figure 80 Impact strength of HDPE/ZnO composites 

 
5.5.1.3 Thermal Properties  
TGA  
Table 11 shows the effect of particle sizes on the decomposition 

temperature at 5%, 10% and 50% weight loss (Td5, Td10, Td50) of SAN/ZnO 
nanocomposites. The decomposition temperature of HDPE/ZnO nanocomposites 
slightly decreased after added ZnO. The addition of ZnO with different particle sizes 
had a significant effect on the decomposition temperature of HDPE/ZnO 
nanocomposites. It indicated that the high decomposition temperature of HDPE/ZnO 
nanocomposites resulted from the deformation of HDPE matrix. 
 

Table 11 Decomposition temperature of HDPE/ZnO composites 

Sample Td5 Td10 Td50 
Pure HDPE 450 459 478 
HDPE/ZnO60 0.5 % 451 459 475 
HDPE/ZnO60 1 % 449 457 474 
HDPE/ZnO60 2 % 444 453 471 
HDPE/ZnO60 4 % 444 451 470 

 
HDPE/ZnO80 0.5 % 432 446 473 
HDPE/ZnO80 1 % 448 458 476 
HDPE/ZnO80 2 % 439 453 475 
HDPE/ZnO80 4 % 438 451 474 

 
HDPE/ZnO150 0.5 % 443 456 478 
HDPE/ZnO150 1 % 438 451 476 
HDPE/ZnO150 2 % 433 449 475 
HDPE/ZnO150 4 % 436 449 473 
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 5.5.1.4 Electrical Properties  
 Figure 81 shows the effect of particle sizes on the dielectric constant of 
HDPE/ZnO composites. The result found that the dielectric constant increased with 
increasing ZnO content. The particle sizes of ZnO did not affect to the dielectric 
constant.  

 

 
Figure 81 Dielectric constant of  HDPE/ZnO composites. 

 
5.5.2 Effect of ZnO60 Treated with Silane Coupling Agents on 

Properties of HDPE/ZnO60 Composites 
5.5.2.1 Morphology 
The morphology of fracture surfaces of tensile specimens of HDPE/ZnO 

composites was examined by SEM. Figures 82-84 and 73 show the micrographs of the 
tensile fracture surfaces of the composites filled with ZnO60 treated and untreated 
with the silane coupling agent at low concentration (L_APTES) and high 
concentration (H_APTES and H_VTES). It was observed that the dispersion of 
ZnO60 and H_VTES-ZnO60 particles was relatively good in range 0.5-2 %wt and 
agglomerated at 4 %wt. For the type of silane coupling agent but different the content 
of silane coupling agent, L_APTES calculated from equation 5, H_APTES and 
H_VTES calculated from equation 6. It found that 0.5-1 %wt of L_APTES-ZnO60 
was good dispersed and since 0.5 %wt H_APTES-ZnO60 was a poor dispersion in the 
matrix. The tensile fracture surface of all composites was toughness because the 
tensile fracture was increased complicated when increasing ZnO content.  
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(a) Pure HDPE 

 

 
(b) HDPE/ L_APTES-ZnO60 0.5% 

 
 

 
(c) HDPE/ L_APTES-ZnO60 1% 

 

 
(d) HDPE/L_APTES-ZnO60 2% 

 

 
(e) HDPE/ L_APTES-ZnO60 4% 

 
Figure 82 SEM micrographs of the tensile fracture surfaces of HDPE/ L_APTES-
ZnO60 composites at various L_APTES-ZnO60 content. 
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(a) Pure HDPE 

 

 
(b) HDPE/H_APTES-ZnO60 0.5% 

 

 
(c) HDPE/ H_APTES-ZnO60 1% 

 

 
(d) HDPE/ H_APTES-ZnO60 2% 

 

 
(e) HDPE/ H_APTES-ZnO60 4% 

 
Figure 83 SEM micrographs of the tensile fracture surfaces of HDPE/H_APTES-
ZnO60 composites at various H_APTES-ZnO60 content. 
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(a) Pure HDPE 

 

 
(b) HDPE/ H_VTES-ZnO60 0.5% 

 

 
(c) HDPE/ H_VTES-ZnO60 1% 

 

 
(d) HDPE/ H_VTES-ZnO60 2% 

 

 
(e) HDPE/ H_VTES-ZnO60 4% 

 
Figure 84 SEM micrographs of the tensile fracture surfaces of HDPE/ H_VTES-
ZnO60 composites at various H_VTES-ZnO60 content. 
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5.5.2.2 Mechanical Properties 
(1) Young’s Modulus  
Young’s modulus is the stiffness (the ratio between stress and strain) of a 

material at the elastic stage of a tensile test. It is markedly improved by adding micro- 
and nano-particles to a polymer matrix since hard particles have much higher stiffness 
values than the matrix (T.P. Selvin et al., 2004). As expected, addition of ZnO 
induced the enhancement of the tensile modulus and it increased gradually with 
increasing of ZnO content, indicating the stiffening effect of ZnO on HDPE due to the 
high modulus of ZnO. Figure 85 shows the effect of ZnO60 untreated and treated with 
a silane coupling agent on the Young’s modulus of HDPE/ZnO nanocomposites. The 
result found that Young’s modulus of HDPE/ZnO60 increased after added ZnO which 
reached a maximum at 0.5 wt% then decreased in a range of 1-4 %wt. Young’s 
modulus of HDPE/L_APTES-ZnO60 decreased after added ZnO until 2 wt% Young’s 
modulus increased. While the Young’s modulus of HDPE/H_APTES-ZnO60 
nanocomposites increased in a range of 1-4 %wt.  

 

 
Figure 85 Young’s modulus of HDPE/ZnO60 composites. 

    
(2) Tensile Strength  
The strength of a material is defined as the maximum stress that the 

material can sustain under uniaxial tensile loading. For micro- and nano-particulate 
composites this relies on the effectiveness of stress transfer between matrix and fillers. 
Factors like particle size, particle/matrix interfacial strength and particle loading that 
significantly affect the composite strength are discussed below (T.P. Selvin et al., 
2004).  Figure 86 shows the effect of ZnO60 treated with a silane coupling agent on 
the tensile strength of HDPE/ZnO nanocomposites. The result found that the tensile 
strength of HDPE/ZnO60 nanocomposites increased after added ZnO. While of 
HDPE/APTES-ZnO60 and HDPE/VTES-ZnO60 nanocomposites decreased after 
added ZnO.  
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Figure 86 Tensile strength of HDPE/ZnO60 composites. 

 
(3) Stress at Break  
Figure 87 shows the effect of ZnO60 treated with the silane coupling agent 

on the stress at break of HDPE/ZnO nanocomposites. The result found that stress at 
break of HDPE/APTES-ZnO60 and HDPE/H_VTES-ZnO60 nanocomposites 
decreased after added ZnO. While the stress at break of HDPE/ZnO60 nanocomposite 
increased with increasing ZnO content. The interaction between the ZnO and the 
HDPE matrix was enhanced when ZnO surface was untreated with the silane coupling 
agent.  

 

 
Figure 87 Stress at break of HDPE/ZnO60 composites. 
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(4) The Percent Strain at Break  
Figure 88 shows the effect of ZnO60 treated with the silane coupling agent 

on the percent strain at break of HDPE/ZnO composites. The result found that the 
percent strain at break of HDPE/APTES-ZnO60 and HDPE/H_VTES-ZnO60 
nanocomposites decreased after added ZnO. While the percent strain at break of 
HDPE/ZnO60 nanocomposites increased in a range of 0.5-1.0 wt% content after that 
it decreased with high ZnO content. The interaction between the ZnO and the HDPE 
matrix was enhanced when ZnO surface was untreated with the silane coupling agent. 

 

 
Figure 88 The percent strain at break of HDPE/ZnO60 composites. 

 
(5) Impact Strength  
The variation of impact strength of HDPE/ZnO composites after adding 

ZnO untreated and treated is shown in Figure 89. The results found that the impact 
strength decreased with increasing ZnO content. Moreover, HDPE/ZnO60 
nanocomposite had impact strength higher than HDPE/L_APTES-ZnO60 composites. 
The results indicated that the addition of the ZnO untreated with the silane coupling 
agent showed the higher impact strength. The HDPE/ZnO composites had a low-
impact resistance due to the composites could not absorb most of the impact energy 
and propagate a crack very fast during the impact process.  
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Figure 89 Impact strength of HDPE/ZnO60 composites. 
 

5.5.2.3 Thermal Properties  
 (1) DSC  
 Figures 90-91 and Table 12 show the effect of ZnO60 untreated and 

treated with L_APTES coupling agent on the melting temperature of HDPE/ZnO 
composites. The melting temperature of HDPE/ZnO60 and HDPE/L_APTES-ZnO60 
composite were small change. The treated ZnO with the silane had no effect on the 
melting temperature of HDPE/ZnO composites. Because of ZnO had high melting 
temperatures more than melting temperature of HDPE involved during the melting 
process. 

 
Table 12 The melting temperature of ZnO 60 nm treated and untreated with  
  APTES  

Sample Melting temperature (oC) 
HDPE 131 
HDPE/ZnO60 0.5% 131 
HDPE/ZnO60 1.0% 131 
HDPE/ZnO60 2.0% 132 
HDPE/ZnO60 4.0% 131 

 
HDPE/ L_APTES-ZnO60 0.5% 131 
HDPE/ L_APTES-ZnO60 1.0% 131 
HDPE/ L_APTES-ZnO60 2.0% 130 
HDPE/ L_APTES-ZnO60 4.0% 131 

1300 
1500 
1700 
1900 
2100 
2300 
2500 
2700 
2900 
3100 

0.0 1.0 2.0 3.0 4.0 5.0 

Im
pa

ct
 S

tr
en

gt
h 

(J
/m

2 )
 

ZnO content (%wt) 

HDPE/ZnO60 HDPE/L_APTES-ZnO60 



89 
 

 

 

 
Figure 90 Melting temperature of HDPE/ZnO60 composites with different ZnO 
content. 

 
Figure 91 Melting temperature of HDPE/L_APTES-ZnO60 composites with 
different ZnO content.  
 

Table 13 and Figures 92-93 show the effect of ZnO60 treat  with the silane 
coupling agent on the crystallization  temperature of HDPE/ZnO composites. The 
crystallization temperatures of HDPE/ZnO60 and HDPE/L_APTES-ZnO60 
nanocomposite were slight change. The crystallization temperature range was 116 ± 
0.25 oC and 116 ± 0.08 oC, respectively.  

 

70 

90 

110 

130 

150 

170 

190 

210 

50 75 100 125 150 175 

H
ea

t F
lo

w
 E

nd
o 

U
p 

(m
W

)  

Temperature (oC) 

HDPE/ZnO60 0% HDPE/ZnO60 0.5% 
HDPE/ZnO60 1% HDPE/ZnO60 2% 
HDPE/ZnO60 4% 

0 
20 
40 
60 
80 

100 
120 
140 
160 
180 
200 

50 75 100 125 150 175 

H
ea

t F
lo

w
 E

nd
o 

U
p 

(m
W

)  

Temperature (oC) 

HDPE/L_APTES-ZnO60 0% 
HDPE/L_APTES-ZnO60 0.5% 
HDPE/L_APTES-ZnO60 1% 
HDPE/L_APTES-ZnO60 2% 
HDPE/L_APTES-ZnO60 4% 



90 
 

 

Table 13 The crystallization temperature of ZnO 60 treated and untreated with 
L_APTES 

Sample Crystallization temperature (oC) 
HDPE 116 
HDPE/ZnO60 0.5% 116 
HDPE/ZnO60 1.0% 116 
HDPE/ZnO60 2.0% 115 
HDPE/ZnO60 4.0% 116 
HDPE/L_APTES-ZnO60 0.5% 115 
HDPE/ L_APTES-ZnO60 1.0% 115 
HDPE/ L_APTES-ZnO60 2.0% 115 
HDPE/ L_APTES-ZnO60 4.0% 115 
 

     

 
Figure 92 Crystallization temperature of HDPE/ZnO60 composites with different 
ZnO content. 
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Figure 93 Crystallization temperature of HDPE/APTES-ZnO60 composites with 
different ZnO content. 
  
 Table 14 shows the effect of ZnO60 untreated and treated with the silane 
coupling agent on %crystallinity of  HDPE/ZnO60 nanocomposites. The result found 
that the addition of ZnO60 and L_APTES-ZnO60 in HDPE/ZnO nanocomposites 
increased with increasing ZnO content, its range was 81±0.98 oC and 65.6±25 oC, 
respectively. 
 
Table 14 The %crystallinity of ZnO60 treated and untreated with L_APTES 

Sample %Crystallinity 
HDPE 83 
HDPE/ZnO60 0.5% 79 
HDPE/ZnO60 1.0% 81 
HDPE/ZnO60 2.0% 81 
HDPE/ZnO60 4.0% 80 
HDPE/ L_APTES-ZnO60 0.5% 80 
HDPE/ L_APTES-ZnO60 1.0% 84 
HDPE/ L_APTES-ZnO60 2.0% 85 
HDPE/ L_APTES-ZnO60 4.0% 82 
  

(2) TGA  
Table 15 shows the effect of ZnO60 treat with the silane coupling agent on 

the decomposition temperature at 5%, 10% and 50% weight loss (Td5, Td10, Td50) of 
HDPE/ZnO nanocomposites. The decomposition temperature of HDPE/ZnO 
nanocomposites slightly decreased after added ZnO. The addition of ZnO with the 
silane coupling agent had no significant effect on the decomposition temperature of 
HDPE/ZnO nanocomposites. It indicated that the high decomposition temperature of 
HDPE/ZnO nanocomposites resulted from the deformation of HDPE matrix. 
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Table 15 Decomposition temperature of HDPE/ZnO nanocomposites 

Sample Td5 Td10 Td50 
Pure HDPE 450 459 478 
HDPE/ZnO60 0.5 % 451 459 475 
HDPE/ZnO60 1 % 449 457 474 
HDPE/ZnO60 2 % 444 453 471 
HDPE/ZnO60 4 % 444 451 470 

 
HDPE/L_ZnO60 0.5 % 452 461 478 
HDPE/L_ZnO60 1 % 442 454 476 
HDPE/L_ZnO60 2 % 442 454 476 
HDPE/L_ZnO60 4 % 437 451 474 

 
5.5.2.4 Electrical Properties  
 Figure 94 shows the effect of ZnO60 untreated and treated with the 

silane coupling agent on the dielectric constant of HDPE/ZnO composites. The result 
found that the dielectric constant increased with increasing ZnO content. The 
dielectric constant of HDPE/L_APTES-ZnO60 was higher than HDPE/ZnO60 
nanocomposites. It found that APTES could improve the dielectric constant of HDPE 
composite. 

 
Figure 94 Dielectric constant of HDPE/ZnO composites. 
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CHAPTER 6 
 

CONCLUSIONS  
 
1. Mechanical properties 
The effect of ZnO untreated and treated with the silane coupling agent on 

mechanical properties of ABS/ZnO composites found that tensile strength, stress at 
break of ABS/ZnO composites increased after adding ZnO. While Young’s modulus 
of ABS/OTES-ZnO60, ABS/ZnO80, ABS/OTES-ZnO80 and ABS/VTES-ZnO150 
composites decreased after adding ZnO.  

The effect of ZnO untreated and treated with the silane coupling agent on 
mechanical properties of SAN/ZnO composites found that tensile strength, stress at 
break of SAN/ZnO150 composites decreased after adding ZnO. While Young’s 
modulus of SAN/ZnO150 increased after adding ZnO but the result from SAN/OTES-
ZnO150 composites was opposite SAN/ZnO150 composites.  

The effect of ZnO untreated and treated with the silane coupling agent on 
mechanical properties of HDPE/ZnO composites found that Young’s modulus 
increased after adding ZnO. Tensile strength of HDPE/ZnO60 and HDPE-ZnO150 
composites increased after adding ZnO but HDPE/ZnO80 and HDPE/APTES-ZnO60 
composites were opposite of them. Stress at break of HDPE/ZnO60 and HDPE-
ZnO80 composites increased after adding ZnO while HDPE/ZnO150 and 
HDPE/APTES-ZnO60 composites decreased after adding ZnO. 

 
2. Thermal properties 
The thermal properties, the decomposition temperature of ABS/ZnO and 

HDPE/ZnO composites decreased at high ZnO content, but the decomposition 
temperature of SAN/ZnO composites increased.  

 
3. The dispersion of ZnO particle in polymer matrix 
The dispersion of ZnO particles in a polymer matrix, it was found that the 

dispersion of particle in HDPE was good but in SAN and ABS matrix was not good. 
The addition of high ZnO content had an effect of the strong agglomerate made it was 
difficult to disperse uniformly the particle in the matrix. The ZnO was treated surface 
with the silane coupling agents improved particle dispersion in ABS and SAN matrix 
but did not improve particle dispersion in HDPE. 

 
4. Dielectric properties 
The dielectric constant of ABS/ZnO, SAN/ZnO and HDPE/ZnO 

composites increased with increasing ZnO content of all systems. 
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NOMENCLATURE 
 

Abbreviations 
ABS   Acrylonitrile butadiene styrene 
Al2O3   Alumina 
APTES  3-aminopropyl triethoxysilane 
BET   Brunauer-Emmett-Teller 
DSC   Differential scanning calorimeter 
d5   Decomposition temperature of 5% weight loss 
d10   Decomposition temperature of 10% weight loss 
d50   Decomposition temperature of 50% weight loss 
EDS   Energy dispersive spectroscopy 
FT-IR   Fourier transform infared spectroscopy 
GaN   Gallium nitride 
GPPS   General purpose polystyrene 
GPTES  3-glycidoxypropyl triethoxysilane 
H_APTES  high 3-aminopropyl triethoxysilane 
HDPE   High Density Polyethylene 
HDT   Heat distortion temperature 
H_VTES  high Vinyltriethoxysilane 
IGC   Inverse gas chromatography 
L_APTES  low 3-aminopropyl triethoxysilane 
LCR   Inductance, capacitance and resistance 
LDPE   Low density polyethylene 
LLDPE  Linear low density polyethylene 
MDPE   Medium density pollyethylene 
MPS   3-trimethoxysilylpropyl methacrylate 
NBR   nitrile butadiene rubber 
NDZ-105  Isopropyl trioleic titanate 
OTES   Octyltriethoxysilane 
PA6   Polyamide 6 
PP   Polypropylene 
PUF   Polyvinylidene fluoride 
PVC   Polyvinylchloride 
PVF   Fluorocarbon 
PVP   Polyvinylpyrrolidone 
PS   Polystyrene 
SAN   Styrene Acrylonitrile 
SBR   Styrene butadiene rubber 
SEM   Scanning Electron Microscope 
SiO2   Silica/Silicon dioxide 
Tc   crystallization temperature 
Tg   glass transition temperature 
Tm   melting temperature 
TEM   Transition Electron Microscopy 
TiO2   Tiatanium dioxide 
TGA    Thermo gravimetric analyzer 
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UTS   Ultimate tensile strength 
UV   Ultra-violet 
VTES   Vinyltriethoxysilane 
XRD    X-ray diffraction 
ZnO   Zinc oxide 
ZnOw   Zinc oxide whisker 
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Pannida Kijkobchai and Sirirat Wacharawichanant, “Mechanical and 

morphological properties of acrylonitrile-butadiene-styrene/zinc oxide composites,” 
Pure and Applied Chemistry International Conference 2012 (PACCON 2012), Chiang 
Mai, Thailand, 11-13 Jan, 2012 (Oral presentation) 

 
  



103 
 

 

Biography 
 

Name-Family name Ms Pannida Kijkobchai 
Birth   9th August 1985 in Nakhon Pathom, Thailand 
Address  71 M.10 T. Nongpaklong A. Mueang Nakhon Pathom, Nakhon 
   Pathom, Thailand, 73000. Tel. 083-7081231 
 
Education 
2004   High school certificate from Kasetsart University Laboratory 
   School, Kamphaengsaen Campus. 
2008   Received the degree of the Bachelor of Science, Faculty of  
   Science, Silpakorn University, Nakhon Pathom, Thailand. 
2012   Further studied in the degree of the master of  Chemical  
   Engineering at graduate school, Faculty of  Engineering and 
   Industrial Technology, Graduate School, Silpakorn University, 
   Thailand.  

 
 
 
 

 
 


	Title_page
	Abstract
	Content
	Chapter1
	Chapter2
	Chapter3
	Chapter4
	Chapter5
	Chapter6
	Bibliography
	Appendix

