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CHAPTER |
INTRODUCTION

1.1 GENERAL INTRODUCTION

The polymer invention has led to an introduction of new alternatives
for industrial materials. This is primarily due to the several advantages readily
offered by polymers, such as lightness and the ease of processing. In addition, its cost
is relatively lower than metal while still maintaining the comparable material
properties. Many industrial sectors have gained benefits from the applications of
polymers. In the last few decades, many industries have expanded much faster than
before thanks to the aforementioned advantages polymers contributed to their
devel opment.

Corrosion of concrete floor is one significant problem found in the
production area of many industries, for example, chemica plants, food factories,
pharmaceutical industries, steel industries, nuclear plants and etc. Although concrete
is a well-known construction material for its high compressive strength, its chemical
resistance property is, unfortunately, an adverse. The concrete material that is
vulnerable to chemical corrosion can deteriorate into a poor condition within a short
period of time. Severe usage also lessens the lifetime of concrete floor. Examples of
concrete floor corrosion have been frequently reported from several types of
industries, examples of which are described as follow [1]. In 1970, a food
manufacturer of vegetable products, faced a problem with the concrete floor
deterioration in the potato and cabbage production.area. The bare concrete floor was
severely deteriorated from years of forklift traffic, water, and vegetable by-products
showing alot of cracks and exposed aggregate in many areas. In 1985, concrete floor
of a steel plant was reported to have corroded badly by high temperatures and
humidity. Another example found in Thailand as recent as 1999 was a manufacturer
of food products as supplement such as omega-3 extracted from tuna fish. Daily
cleaning with chlorine is inevitable to prevent bacteria in the food production area.

Chemical corrosion due to the reaction of chlorine with the calcium carbonate in the



concrete leads to rapid deterioration of the concrete floor. To take care of this
problem, a huge expenditure has been spent on floor maintenance task. Hence, there
is an urgent need to minimize this maintenance cost through an improvement in
corrosion resistance property of the concrete floor. One potential solution has been
directed towards the application of polymer as surface coating material. This is
because some polymers are well known for their chemical resistance. Therefore, the
polymer-coated concrete floor has been attracting considerable attention in the last
three decades [2]. Maintenance of concrete floor in the aforementioned plants was
later conducted by the application of polymer composite coating. In the case of
vegetable production plant, the polymer coated concrete floor has been reported to be
used for last for amost 20 years without any special attention except daily cleaning
and is il in reasonably good condition [1]. Coating concrete floors with polymers
not only extends the service life, but also provides the ease of cleaning and
mai ntenance.

Although Industries use epoxy-coated concrete floors increasingly
nowadays, some coating applications were found to perform as satisfactorily as the
vegetable plant reported. Many still suffer room the problem of delamination, cracks
lack of chemical resistance leading to short service life or severe hygiene problemsin
the plant. The greater expansion of industrial floor coating application, the more need
is there fir thorough investigation and research in this area. There is still lack of
understanding and information on how fiber-reinforced epoxy composite would
perform or effect substrates such as concrete or mortar. Earlier studies concentrated

on either material by investigating them separately [2-4, 6-21]. Hence, the influences

of curing factors on-the mechanical. properties-of glass fiber-reinforced epoxy
composite for surface or floor coating on concrete and mortar is still opened for
further. research. . Such study is envisaged. to induce -better understanding and

development on polymer coating.

1.2 OBJECTIVES OF THE PRESENT STUDY

The aims of this investigation are twofolds. One is to establish the
relationship between curing factors and major mechanical properties of the fiber-
reinforced epoxy resin coating on concrete. The mechanica properties of the epoxy
systems depend on several factors; three significant of which are curing temperature,



curing time, and the ratio of the epoxy resin per curing agent. Most studies use the

stoichiometric ratio of epoxy and curing agent to cure the epoxy system [s, 10-12, 14,

15, 17, 19]. Results drawn from previous studies revealed that good mechanical

properties are compromised at this ratio [7, 9]. In accordance with these reports, the

ratio of the epoxy resin per curing agent in this study is thus kept at stoichiometry.
Two other curing factors are studied in the current research. As an endeavor to find
the most suitable amount of fillers to be added in the coating system, the ratio of sand
per epoxy resin will be considered as well. The three mechanical properties to be
investigated are compression strength, impact strength and fracture energy. As a
result of numerous variables included in the present work, Centra Composite
Rotatable (CCR), an experimental design technique will be performed. The obvious
benefit of CCR is to minimize the number of experimental runs while the results
yielded remain statistically reliable. Experimental results are analyzed by the
technique of Response Surface Methodology (RSM) in order to verify the relationship
between the proposed curing factors and the mechanical properties of the filled
epoxy-glass fiber coating system.

The other aim of this study is an attempt to gain better understanding
on the mechanica properties of the glass fiber-reinforced epoxy composite coating
and the concrete substrate in industrial floor coatings.

1.3 SCOPE OF THE PRESENT STUDY

The scope of the current research begins with selecting a polymeric
resin to function as matrix for the composite coat. Several thermoset polymers can be
applied as floor coating material such as unsaturated polyester, epoxy resin and
polyurethane. In addition to high chemical resistance, the coating material must
exhibit good adhesion property to the concrete floor. ‘Epoxy resin is selected as floor
coating material for the present study. It is an excellent bonding material. It also
possesses excellent mechanical properties as well as high electrical insulation.
Moreover, epoxy resin can be reinforced with glass fiber in order to increase its
tensile strength and stiffness. Therefore, in this research, the coating materia is a
composite polymer in which epoxy resin and glass fiber are matrix and reinforcement
respectively. However, the addition of glass fiber alone may lead to a significant

increase in floor coating cost. In order to address this problem, the use of fillersis



considered as one potential solution. Among several possible fillers, sand and quartz
are commercially used in the coating task since they are believed to be effective
reinforcing fillers. Sand will be used as filler in the present research.

In order to achieve the objectives of the study, two groups of samples
are prepared. The first one is a neat epoxy system. The curing conditions for each
sample in the first group are designed following the CCR technique. After the
mechanical properties namely the compression strength, impact strength, and fracture
energy have been evaluated, empirica models in the form of response surface
eguations will be conducted.

The second group of samples is prepared by coating the glass fiber-
reinforced epoxy composite on the concrete substrate. A comparison of the major
mechanical properties of the uncoated and coated concrete will be conducted
systematically. Though the samples in the present study have been designed to focus
on imitating real concrete floors, the epoxy-glass fiber composite coated concrete
samples prepared will not be subjected to impact test due to lack of appropriated
testing equipment. Instead of concrete as a substrate, mortar, a material composed
with cement and sand, is used in the study on impact behavior of the coated floor.
The difference between the impact strength of uncoated mortar and the epoxy-glass
fiber coated ones will be compared.

M acroscopic observation of each coating material will be conducted by
using Scanning Electron Microscope (SEM) in order to view each component in the

structure microscopically.

14THESISORGANIZATION

This thesis is organized into five chapters.. Relevant results and
detailed analysis are documented in the appendices.

Chapter 1 introduces this research with the general background, the
problem statement, research objectives and the scope of study.

Chapter 2 combines primary theories relative to the field of coating.
This chapter prepares requisite knowledge in order to construct the research plan and
implementation.



Chapter 3 provides a summary of literature relevant to the present
study, which is an important background to thisfield.

Chapter 4 illustrates experiment results and discusses the influences of
the proposed curing factors on the mechanical properties of glass fiber-reinforced
epoxy composite for coating concrete and mortar.

Chapter 5 finalizes the research with conclusion of validated results. In

addition, recommendations for further studies are proposed.



CHAPTER I
THEORY

2.1 COATING

Coating is a process of applying a material to form a dry film on a
substrate. It is performed for two main purposes, i.e. for decoration and for protection
[22, 23]. Generaly, the coatings may be distinguished as organic and inorganic.

Nevertheless, thereis an overlap. The current study is focused on organic coating.

211 COMPOSITION OF COATINGS
Organic coatings are complex mixtures of the following chemical
substances [22]:

2.1.1.1Bindersor Primers
Binders are materials that form continuous film, which adheres to a
substrate, the surface of which being coated, on one side and binds together

substances in the coating to form afilm on the other side.

2.1.1.2 Volatile Components

Volatile components were called solvents in the past. After many
coatings have been developed, the binder components are no longer fully soluble in
solvents. Therefore, volatile components are a better term to define liquids that make
the coating material fluid enough for application. Volatile components evaporate
during and after application. -For coating with thermosets, film can be formed without
adding solvents. - Instead of the ‘usual solvent evaporation, cross-linking reaction

between thermoset resin and curing agent can form the thermoset coating film.

2.1.1.3 Pigments
Pigments provide color and opacity to the coating film. There are two
types namely organic and inorganic pigments. Both are used in surface coating

applications, but the latter ones are used more extensively.



2.1.1.4 Additives

Additives are included within the coating mixture in small quantitiesin
order to modify some physical properties of the coating film. For example,
antioxidants are used to protect against atmospheric oxidation. Heat stabilizers can be
applied to perform a similar function i.e. to prevent degradation at high processing

temperatures.

2.1.2 SURFACE PREPARATION

The surface preparation for concrete coating is usually based upon its
location, condition and history of the existing concrete. Preparing the surfaceis a pre-
step to ensure the strength and integrity of concrete. Before coating, concrete should
be meticulously clean. All grease, dirt, paint, oil, tar, glaze, loose mortar and cement
should be removed in order to provide good adhesion. The process of surface
preparation involves several steps of removals of impurities. They include getting rid
of grease and oils, providing a surface profile or texture, removing dust and

contaminants, removing salts, and removing moisture [24].

2.1.3FILM FORMATION

Coating films can be formed simultaneously in three steps generally
known as resin application, fixation and curing. The coating material isfirstly applied
on the substrate by using a brush or aroller, or by spraying, or by dipping or by other
appropriate means. Fixation is the step by which the coating material is fixed or
adhered to the substrate. The final step of curing is performed to dry the coating film.
Curing can be done by two approaches namely, physical drying and chemical drying.
The coating films can be physically dried by evaporation of the solvent. In chemical
drying, reactions between the coating material and the curing agent will take place
and a dried film of coating is eventually formed. Some coating material may react
with oxygen and hence it is dried by oxidation. The physical properties of the coating
film are much improved in the curing step. In this research, the chemical drying is
adopted. The coating material is cured by the reaction between the epoxy coating
resin and the curing agent [22].



2.1.4INDUSTRIAL FLOOR COATING

Concrete is by far the most widely used industrial floor materia; it is
frequently left uncovered. However, concrete does not possess high chemical
resistance. Fats and oils split on concrete floor are absorbed by concrete. Therefore it
is often necessary to cover concrete with a topping in order to protect the sub-floor
from corrosive materials or to protect the sub-floor from severe mechanical wear.
The coating of concrete may also seal the concrete surface from moisture and/or
hence reduce dust. Often a higher standard of cleaning can be attained. Non-slip

surface can also be achieved depending on the coating surface texture [24].

2.2 COMPOSTIES

The uses of polymeric materials have been expanded continuously in
the last few decades owing to the development of materials in the form of polymeric
composites. A composite generally consists of two or more materials combined
physically in a macroscopic structural unit. The materials combined to make up the
composites can be distinguished as two different phases. The main phase, known as
matrix, is usualy a continuous and often uniform phase. The other phase, generally
acts as a reinforcement, is a discontinuous phase surrounded by the matrix. It can be
found in various forms such as particles, platelets and rod as shown in Figure 2.1 [25].
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Figure 2.1 : Continuous and discontinuous phase in a composite material.

Polymeric composites comprise at least one type of polymeric material
and other materials, which can be either another polymer or any other material.
Polymer blends are usually not classified as composites since the structural unit is



formed at a microscopic level rather than a macroscopic one. However, this may soon
change with the development of molecular composites, which consist of the oriented
rodlike polymer molecules in a polymeric binding matrix.

Composites generally posses some properties better than those of the
constituent on its own. Reinforcement like fibers allows maximum tensile strength
and stiffness of a material to be obtained. Fibers alone cannot support longitudinal
compressive loads and their transverse mechanical properties are generally not so
good as the corresponding longitudinal properties. Hence, they are useless without
the matrix, which not only holds the fibers together in a structural unit, but also serves
to protect them from external damage and environmental attack. The matrix functions
by transferring the applied load form the surface of the composite to the reinforcing
fiber and distributing the applied |oads among the fibers within the composite. As a
result, the capability of the composite in receiving loads is enhanced significantly [25-

27].

2.3 EPOXY RESIN

Epoxy resin is characterized by an epoxide group, which is a three-
membered ring consisting of an oxygen atom attached to two carbon atoms. The
structure of epoxide group is shown in Figure 2.2 . They have aso been known by
other names such as, epoxides, ethoxylines, oxiranes, glycidyl polyethers and

diepoxide polymers.

Figure 2.2 : Thestructure of epoxide group.

Having the most appropriate properties for industrial floor coating
application, which are high chemica resistance, good mechanical properties, and
good adhesion to concrete, epoxy resin was chosen among other thermosets in this

study. Epoxy resin acts as the matrix in the composite floor coating system.
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2.3.1 TYPESOF EPOXY RESINS

Epoxy resins have been classified by the raw material from which they
were derived. Three major types of commercial epoxy resins are cycloaliphatic epoxy
resins, epoxidized oils and glycidated resins. Their structures are illustrated in Figure
2.3[24, 28].

Figure 2.3 : General structure of an epoxy resin. Three major types of epoxy
resinsare

(&) Cycloaliphatic epoxy resins (R and R’ are part
of asix-membered ring)

(b) Epoxidized oils (R and R’ are fragments of an
unsatur ated faity acid)

(c) Glycidated resins (R is hydrogen and R’ can
be a polyhydroxyphenol, polybasic acid, or

polyamine)

2.3.1.1 Cycloaliphatic epoxy resins

Cycloadiphatic epoxides are made by epoxidizing appropriate
cycloolefin with peracetic acid. Since no chlorine-containing raw materials are used,
these resins are free of hydrolyzable chlorine. They are low in ash content and ionic
content. As aresult of their high UV resistance, high arc-track resistance and good

weathering, cycloaliphatic epoxides have been widely used in electrical applications.

2.3.1.2 Epoxidized oils

The epoxidized oils (triglycerides) and other epoxidized esters
naturally occur from fatty acids. They are also made by peroxidation of the
corresponding unsaturated material. These liquids are effective plasticizers and
stabilizers for polyvinyl chloride and copolymers when cured. Epoxidized soybean
oil isthe most widely used epoxidized oils[28].
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2.3.1.3 Glycidated epoxy resins

Glycidated epoxy resins are the types used in most commerical
applications. Conveniently three generalized glycidated polyhydroxy phenols have
been postulated namely bisphenol A, bisphenol F and novalac epoxy resins.

Most epoxy resins are made from bisphenol A, its chemical structureis
shown in Figure 2.4. They can, unless diluted or altered, typicaly handle 70%
sulphuric acid and a temperature range of 65-95 °C.

CH,

CH,
Figure 2.4 : Thechemical structure of bisphenol A.
Novalac resins, as shown in Figure 2.5, combine the reactivity of the
epoxide group and the thermal resistance of the phenolic backbone in the cured

polymer. They can handle 98% sulphuric acid and withstand temperatures as high as
200-260 °C.

OH OH OH OH
Gron o Foni)

Figure 2.5: The chemical structure of novolac resins.

The properties of bisphenol F resins fall between bisphenol A and
novalac resins. Figure 2.6 shows the chemical structure of bisphenol F.

OH OH
Gt

Figure 2.6 : The chemical structure of bisphenol F.
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In industrial floor coating application, epoxy resins derived from
bisphenol A are extensively used. This is due to their desirable properties in
conjunction with the fact that they are easy to both process and control. Therefore,

bisphenol A epoxy resin is also the material of choice in the present study.

2.3.2 PREPARATION OF EPOXY RESIN
Epichlorohydrin (ECH) and bisphenol A (BPA) are the two most

significant raw materials used in the production of epoxy resin [2s, 29].

ECH is obtained as a by product from the production of glycerine from
petroleum feedstock. Chlorination of propylene under high temperature and pressure
yields alyl chloride by product, when allyl chlorideistreated with hypochlorous acid,
glycerol dichlorohydrin will be produced. Finally, dehydrochlorination takes place
and produces ECH, as shown in Figure 2.7 .

CH,=CH—CH; -4+ CH;=CH—CH,C1 1<,
Propylene Allyl chloride

H;(lj-—tl.‘H—CH;Cl gl CH27/CH—CH=CI
Cl OH
Glyeerol dichlorohydrin Epichlorohydsin (ECH)

Figure 2.7 : Formation of epichlor ohydrin.

BPA or 2,2’ -bis (p-hydroxyphenyl) propane is synthesized by reacting
actone with phenal in the presence of acidic catalyst. The reaction is shown in Figure
28.

CH,
2CH;OH + H,C—C—CH; 225 HO H
5 3 _ﬁ 3 H,50, E
0

~ CH,
Bizphenol A

Figure 2.8 : Formation of bisphenol A.
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The reaction to form epoxy resin from ECH and BPA are as those
shown in Figure 2.9 . Epoxy resin derived from ECH and BPA s called digylcydyl
ether of bisphenol A (DEGBA).

R NaOH
Hn—\_>— \_}— + me cn,—cu, a

hlsphm] A epichloriydrin

3 e——=),
Hc CH—CH, — %<:>—L—ff \}—ﬂ CH,-CH- CHy o@- #4@ O— CH,— C[-[—Cl-l:
ol n'—"  cH,

Figure 2.9: Theformation of digylcydyl ether of bisphenol A (DGEBA).

The mechanism of the reactions above is shown in Figure 2.9 (a) to (e)
[29]. First, sodium hydroxide swap with bisphenol A thus giving bisphenol a sodium
salt as shown in Fig 2.10 (a). The oxygen atom in the salt is postulated to possess
three pairs of electrons, so it shared its excess electron to a carbon atom, which is next
to chlorine on a nearby ECH. In order to get rid of the excess electrons pairs, such
carbon atom stops sharing pairs of electron with the chlorine atom. Then, epoxide
group is formed as illustrated on the right of the reacted molecule in Figure 2.10 (b).
Such reaction also occurs at the other side of the molecule. Consequently, the epoxy
resin is formed as shown in Figure 2.10 (c). The aforementioned reactions stop when
no bisphenol A salt is left to react. Two molecules of ECH are added to react with
one BPA molecule. However, if there are less than two molecules of ECH for every
BPA, not all of the BPA salt groups can react with ECH. In this case, the unreacted
part will react with the epoxide group as shown in Figure 2.10 (d). Sodium salt is
obtained from this reaction. The negative charge on the oxygen atom of the sodium
salt will reaction with the hydrogen atom from water as shown in Figure 2.10 (). The
greater the amount of ECH relative to that of BPA salt, the higher will be weight of
the oligomer attained. In practice, the reactions are carried out in the presence of a

large excess of ECH, so as to obtain essentially epoxide-terminated resin molecules.
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(a) Substitution of sodium atom in bisphenol A
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(b) The reaction between bisphenol A salt and epichlorohydrin.

0 CH;

4]
ot I
HaO—CH—CHy—0 7N g@—u —C]-lz—l:ﬁ—\il:]-[;_
= éH]

CHy

)
CHy

(c) Reaction to from digylcydyl ether of bisphenol A.

Figure 2.10 : Mechanism of the reaction to from DGEBA

14
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(d) Reaction between three epichlorohydrin and two bisphenol A.
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(e) Reaction between sodium salt and water.

Figure 2.10 : Mechanism of the reaction to from DGEBA (continued)
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2.3.3BASIC CHARACTERISTICS OF EPOXY RESINS

Epoxy resins possess a number of unusually valuable properties listed
asfollow [30-32].

2.3.3.1 Versatility

Numerous curing agents for epoxy resins are available, and epoxy
resins are compatible with a wide variety of modifiers. Therefore, the properties of
cured epoxy resin system can be in wide diversity available for the selection of almost
any desired application.

2.3.3.2 Good handling characteristics

Many epoxy systems can be worked at room temperature, and those,
which cannot require only moderate heat during mixing. Epoxy resins have definite

shelf life before the curing agent is incorporated.
2.3.3.3 Toughness

Cured epoxy resins are approximately seven times tougher than cured
phenolic resins [32]. The relative toughness has been attributes to the distance

between crosslinking points, which is longer in epoxy resins than phenolic resins[32].
2.3.3.4 Adhesion

Epoxy resins have high adhesive strength due to the polarity of
aliphatic hydroxy and ether groups present in the initial resin chain and in the cured
system. The polarity of these groups serves to create electromagnetic bonding forces
between the epoxy molecule and the adjacent surface [32]. The epoxy groups will
react to provide chemical bonds with surfaces where active hydrogens may be found.
Since the resin changed from liquid state to solid state, the bonds initially established
are preserved.

2.3.3.5 Low shrinkage

The epoxy resins differ from many thermosetting compounds because
they give no by-products during cure. Curing is by direct addition and shrinkage is
approximately less than 2% [32], which indicates that little internal rearrangement of
the molecules is necessary. The condensation and crosslinking of phenolic and
polyester resins, on the other hand, yield significantly higher shrinkage values.
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2.3.3.6 Inertness

Epoxy resins are highly resistant to a wide range of acids, akalies,
solvents, fuels and corrosive materials. Cured epoxy resins are very inert chemically.
The ether groups, the benzene rings and aliphatic hydroxylsin the cured epoxy system

arevirtually invulnerable to caustic attack and are extremely resistant to acids.
2.3.3.7 Low viscosity

Liquid epoxy resin mixed with respective and their curing agent can
provide aliquid system with low viscosity liquid. Hence, it is easy for both applying

on a surface and impregnating fibers.
2.3.3.8 High mechanical properties

Mechanical properties of cured epoxy resins are usually greater than
most of other resins. This is due to their low shrinkage and relatively unstressed
structure after curing. For epoxy, these properties are retained even at elevated

temperatures.
2.3.3.9 Electrical properties

Epoxy resin systems exhibit good electrical properties over a range of

frequencies and temperatures [32]. They are excellent insulating materials.
2.3.3.10 Thermal stability

The cured epoxy resin systems generally exhibit good thermal stability
up to over 250 °C [32].

2.3.3.11 Water resistance

Epoxy resins serves as excellent moisture barriers. Water absorption

and moisture vapor transmission in epoxy resins are low.
2.3.3.12 Fungi resistance

Epoxy resin systems exhibit resistance to most fungi. Thus they have

found use under adverse tropical conditions.
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2.34 APPLICATIONS OF EPOXY RESINS
The rapid growth of epoxy resins results from its felicitous
combinations of properties. Table 2.1 summarizes the major applications of epoxy

resins[33].

Table2.1: Major applications of epoxy resins.

Solid Epoxy Resins Liquid Epoxy Resins

Surface Coatings Surface Coatings
Electrical Electrical
Tooling
Adhesives
Laminates
Flooring

2.4 CURING AGENTS

One problem with al the thermosets as coating material is the
relationship between the coating stability during storage and the time and temperature
required to cure the film after application. This problem can be solved by using “two-
package coating”. In two-package coating, the first package contains a resin with one
of the reactive groups and the second package contains component with the other
reactive group. The latter component is called “curing agent” or “hardener”, which
can formulate crosslinks with epoxy resins. This separation keeps the reactive groups
away from each other and gives alonger storage life. Before curing, epoxy resins are
thermoplastic which can be repeatedly softened by heating and hardened by cooling.
Curing is an irreversible change and once the resin has been cured it cannot be
recovered again in its original form [23].

Curing agents for epoxies can be divided into two categories: those
that give cured films at ambient temperature, and those that require elevated
temperature to cure. Ambient temperature cure is predominantly carried out using
aliphatic polyamines and polyamides while the heat cure systems use aromatic amines

and anhydrides as curing agents.
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Selection of curing agents depends upon many factors. Magjor factors
to be considered are the properties imparted by the coating material, reaction
temperature, pot life, and cure time. Pot life is the workable time before the coating
material begins to harden. Cure time is the time that the coating material takes to
harden. As far as ease of processing is concerned, a curing agent with along pot life,
short cure time, and ambient temperature cure is preferable in floor coatings. For that
reason, aliphatic amine is selected as the curing agent for most industrial floor
coating.

As aresult of its high reactivity, aliphatic amine is capable of curing at
ambient temperature. Diethylene triamine (DETA) is the most widely used primary
aliphatic amine. It is also used in the current research. The structure of DETA is

shown in Figure 2.11.

EalNNY
0 }I{ ;ll EI H NH

Figure 2.11: The structure of diethylenetriamine (DETA).

The curing reaction between DETA and epoxy resins is exothermic.
Properties of DETA-cured resins, such as chemical resistance and electrical
resistance, are generally good [31].

2.5 CURING MECHANISM

Epoxy resins coatings obtain their excellent properties through reaction
with curing agents. The curing agent reacts with epoxide groups and/or hydroxyl
groups of the epoxy resin, to give stable carbon-carbon, carbon-oxygen, or carbon-
nitrogen links [29, 32]. It isthese stable linkages that confer the epoxy resin film with

excellent chemical and solvent resistance.

In curing an epoxy resin with a curing agent, first, the electronegative
epoxy oxygen atom sucks electrons away from the carbon atom next to it. The lone
pairs of electrons on the amine groups give their electrons to the carbon atom in the
end of the molecule. As a consequence, the bond between the carbon atom and the
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oxygen atom is broken and a new bond forms between the carbon atom and the amine

atom. This produces a negative charge on the oxygen atom, and a positive charge on
the nitrogen atom as shown in Figure 2.12 .
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Figure 2.12 : Bonding between carbon atom and nitrogen atom.

Second, in Figure 2.13, excess electrons in oxygen atom are shared
with hydrogen atom attached to the positives nitrogen. So, a bond between hydrogen
atom and oxygen atom is formed. Separation of hydrogen atom from nitrogen atom
makes the positive charge of both nitrogen atom and oxygen atom become neutral.
An acohol group and an amine group are produced now.
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Figure 2.13 : Formation of alcohol group and amine group.

Next, .the other hydrogen atom left ‘'on amine reacts with another
epoxide group in the exact same manner as shown in Figure 2.14 .

S
H H { H H
-

H* H

Figure 2.14 : Another epoxide end group isadded to the same amine group.
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Then, the other amine group reacts with epoxide group as well. In
Figure 2.15, four epoxy prepolymersistied to one diamine molecule.

OH H H OH
N N - 1 N T
Hou L hown
H H H H
S R RS P S
OH I![ ]l-I OH

Figure 2.15: Two mor e gpoxide groups reacts with amine at the other end.

The other ends of the diepoxy prepolymers are attached to other
diamine molecules. Finally, all the diamine molecules and all the diepoxy molecules
become tied together in one big molecule, a crosslinked network as shown in Figure
2.16.
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Figure 2.16 : Crosslink network.
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26 GLASSFIBER

The presence of the reinforcing fibers add strength and stiffness to the
final composite which permits applications not normally associated with resinous
composites. The combination of high-strength fibers with epoxy resin yields physical
properties unsurpassed by other similar materials of construction. Hence, glass fiber
is chosen as a reinforcement in the current study. Glass fiber consists primarily of
slica (silicon dioxide) and metallicoxide-modifying elements produced by
mechanical drawing of molten glass through a small orificein general [27, 32].

26.1 TYPESOF GLASS FIBER

While several types of glass fibers are used as a reinforcement for
composites, only two of them are commonly used. The first one, E-glass, is the most
industrially important reinforcement for composites. And the second is S-glass that
has roughly thirty percent greater tensile strength and twenty percent greater modulus
of eladticity than E-glass. Although S-glass illustrates better properties than E-glass,
it is not widely used because of its higher cost. Other glass fiber such as R-glass, C-
glass, ECR glass, and AR glass are used in special purposes. Where higher
mechanical performance is required, R-glass can be used. For acid and akali
resistance ECR and AR glasses can be used respectively. C-glassis also available for
chemical resistant.

2.6.2 GLASSFIBER REINFORCEMENT COMPOSITE

Particular application of each composite hasled to various types of
fibers so as to fit the individua requisition. The placement of fibers in different
directions gives dissimilar properties.. -Continuous fiber composite shown in Figure
2.17 (a) is used extensively but still encounter delamination or separation of laminae.
Figure 2.17 (b) shows a woven fiber composite, which do not have distinct laminae
and are not susceptible to delamination, yet strength and stiffness are sacrificed.
Chopped fiber composite composes with short fibers dispersed randomly in matrix as
shown is Figure 2.17 (c). This type of composite is broadly used owing to low
manufacturing cost even though their mechanical properties are inferior to continuous
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fiber composites. Figure 2.17 (d) shows a hybrid composite that consists of mixed

chopped and continuous fibers [25].

[¢) Choppesd [ber composiee (d) Hybrid composite

Figure2.17 : Types of fiber-reinforced composites.

In industrial floor coating, woven fiber is used as a reinforcement as

well asin this study.

2.7 SAND

A wide variety of fillers can be used with epoxy systems to reduce
cost, shrinkage, exotherm, and coefficient of thermal expansion. Sand can be used as
a filler to improve several properties such as mechanical properties and abrasion
resistance [34].  Furthermore, sand is very easy to mix with epoxy resins. However,
they alter other properties. Hence, the combination of sand used in epoxy systems
must be carefully selected to obtain the desired properties.

The performance of an epoxy-sand system is good abrasion resistance,
low shrinkage, low thermal coefficient of expansion, high thermal conductivity, and

good electrical insulator.

Sand used in the current research is purified by caustic wash to get rid
of al chlorides and sulfur residues because chlorides absorb moisture specifically in
high humidity countries, which can lead to failure of floor coatings. Furthermore, the
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chloride residues in contact with the epoxy resin can lead to reaction causing small

bubbles and |oose performance of the floor such as cracks.

28 FRACTURE OF POLYMERS

The presence of preexisting crack-like flaws such as, impurities or
cavities in the materia or even defects in the surface, start fractures. For that reason,
the prediction of the strength of composites with through-thickness cracks and

notches is necessary for a satisfactory material design.

A crack in a solid can be formed in more than one way. The three
basic modes of crack deformation are shown as Figure 2.18 . Cracks that are in an
opening or tensile mode are referred to as Mode |. Shear within the plane of the
material gives the Mode lI, in-plane shear or sliding mode. The out-of-plane shear
give Mode Il , antiplane shear or tearing mode [27, 35]. Of the three, the most
fracture mode that occursisMode |. This mode is caused by normal loading.

Figure2.18 : Thethree modes of crack extension.

2.8.1 Stressintensity factor
When load is applied to a material with athrough-thickness flaw, stress

isgenerated in around the flaw as shown in Figure 2.19 .
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Figure 2.19 : Uniaxially stressed plate with a cracked hole (fracturein Model).

Stress intensity factor for Mode |, K, is defined by equation 2.1

K, =l f[%] 2.1
where o = applied stress
a = length of the crack
E = radiug of the crack
i [%] = zeometrical function of the crack

When the stress reaches the critical fracture stress, o the stress

intensity factor now is at a critical value corresponding to the critical stress as shown

in Equation 2.2 .

Kt ouifmm f(%] 2.2

Kic is the critical stress intensity factor. -It.is a material property that
indicates the maximum stress intensity of the material before the crack propagates, in
other words, fracture occurs when the stress intensity factor exceeds a critical value,
Kic. The critical stress intensity factor obviously depends upon the amount of plastic
work that occurs in the growth of the crack, which will depend on the state of stressin

the region.



26

2.8.2 Fractureenergy

The loading of an arbitrarily elastic body leads to the definition of
strain-energy release rate.  Strain-energy release rate for Mode | is G;. It is
synonymous with the stress intensity factor. G, and K, are interrelated through the

strain-rate dependent Y oung’s modulus, E, as shown in equation 2.3

K—ﬂ
G, =L 2.3
E

The critical strain-energy release rate, Gic, is related to the critical
stress intensity factor, K¢, in the same manner. Equation 2.4 shows this relation.
K

G = — 2.4

Gic is dso called by the term fracture energy or fracture toughness.
Fracture energy is the amount of energy required to make the crack propagates. Both

Kicand G, can be used to define toughness of the material.

29STATISTICAL APPROACHES FOR EXPERIMENTAL ANALYSIS

2.9.1 Response Surface M ethodology

Response Surface Methodology (RSM) can be used to model or
optimize any response that is affected by levels of one or more quantitative factors.
Response surface is a plot of the mean response as a function of the treatment
combination asin Figure 2.20 .

Figure 2.20 : Example of response surface.
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RSM not only locate a feasible treatment combination for maximizing
or minimizing the mean response but also estimate the response surface in the vicinity
of a location in order to understand the local effects of the factors on the mean
response [36-39].

The general response surface model is of the form in Equation 2.5

y¥=mn te 2.9

wherey is the response, n is the response surface and e is arandom error component.
The relationship between the response surface and the independent variables (X3, X2,
..., Xk) isrepresented as Equation 2.6 .

=7 00,2, X 2.6

When till far from the peak, afirst-order model is often adequate. The standard first-
order model is afirst-order polynomial regression model as shown in Equation 2.7 .

As the local response comes close to the peak, the surface generally exhibits greater
curvature. A first-order regression model becomes inadequate, exhibiting lack of fit.
A higher-order model is fitted instead. The standard second-order model is shown in
Equation 2.8 .

& & i NS
y:BD+ZB!-?{1-+ZB!-!-X1-2+ZZB{?-%—XJ-+é‘ 2.8
=] =1 i=l j=1
If there is significant lack of fit of the second-order model, a higher-order model
could be used.

2.9.2 Central Composite Design

Central Composite Design (CCD) is nowadays the most popular
experimental design for fitting a second order design. The size of experiment in this
design is reduced for from elder experimental design like 2 factorial design. CCD
consist of a standard first order design with n; orthogonal factoria (or cube) points, n,
center points and augmented by n, axial (or star) points. The position of factoria

points, center points and axial points are placed +1, 0, and +a from the origin
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respectively. The number of points depends on the independent variables (k). In
rotatable central composite design, the value of o is 2<%, Rotatable central composite

design for k =2 and k = 3 are shown in Figure 2.21 .

[ ]

]

'
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o)
]

Y

p
J

Figure 2.21 : Rotatable central composite designsfor k =2and k =3

From Table 2.2, it is obvious that at a same level of variables rotatable

central composite design can reduce the number of experiment from factorial design.

Table 2.2 : Comparison between the number of experiments designed by
factorial design and rotatable central composite design at 5 levels

of variables.

Number of Number of experiments with 5 levels of variables
Independent Factorial Rotatable Central Composite
iables (k : : .

variables (k) (29 Cube Point | Star Point | Center Point | Total
2 5°=25 4 4 5 13
3 5°=125 8 6 6 30
4 5% =625 16 8 7 31
5 5° =3,125 16 10 6 32
6 5° = 15,625 32 12 9 53

Dealing with numbers of variables, it is more convenient to convert
them from actual numerical measures of the variables (X) to standardized (or coded)
variables (X) by using Equation 2.9 [39]

2.9
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where Xp is the center of the region and t is the current region of interest for X.

Examples of rotatable central composite designisshownin Table 2.3 and Table2.4.

Table 2.3 : Rotatable central composite design for k = 2.

Run Coded variables of Response
independent variables

X1 X2 v)
1 -1 -1 V1
2 1 -1 Yo
3 -1 gt Y3
4 1 1 Va
5 -1.414 0 Ys
6 1.414 0 Ve
7 0 -1.414 Y7
8 0 1.414 Vs
9 0 0 Yo
10 0 0 Y10
11 0 0 Y1
12 0 0 Y12
13 0 0 Y13
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Table 2.4 Rotatable central composite design for k = 3.

Run Coded variables of independent Responses
variables

X1 X2 X3 v)
1 -1 -1 -1 Y1
2 1 -1 -1 Yo
3 -1 1 -1 Y3
4 1 1 -1 Ya
5 -1 -1 1 Ys
6 1 -1 1 Ve
7 -1 ) 1 Y7
8 1 1 1 Vs
9 -1.682 0 0 Yo
10 1.682 0 0 Y10
11 0 -1.682 0 Y1
12 0 1.682 0 Y12
13 0 0 -1.682 Y13
15 0 0 0 Y15
16 0 0 0 Y16
17 0 0 0 Y17
18 0 0 0 Yis
19 0 0 0 Y19
20 0 0 0 Y20

2.9.3 Regression Analysis

Regression analysis is a statistical approach to find the relationship
between independent variables and dependent (or response) variables. This
relationship is further plotted as aresponse curve {38].

2.9.3.1 Linear Regression Model

The relationship between the k independent variables X3, Xy, ..., X and
response variabley in first-order linear regression is modeled by Equation 2.10 .

_JJ’ZED +le1 +52X2 +...+kak+€ 2.10

Regression coefficients (B) are unknown parameters and e is a random error term.

Second-order linear regression can be written as Equation 2.11 .



31

E ok

k k
y= BEI +ZB:'X:' + Z‘Bz':'xiz + ZZ B{;'x:'xj t+e, (i < j:l 211
=l =l

=l ;=1

The desired equation cannot be received until the regression

coefficients are found. In order to obtain these values, least square estimation is

proceeded.

2.9.3.2 Least Square Estimation

The relationship between the response variable and independent

variables from a set of experiment in Table 2.5 can be written as Equation 2.12

Table 2.5: Datafor multiplelinear regression.

Independent Variables Response Variables
X1 X2 = Xk Yy
X11 X21 - Xk1 Y1
X12 X22 Xk2 Y2
X1u Xou A Xku Yu
X1n Xon s Xkn yn
-:];:BD_'_B].X].H +Bz?{2u ++B.i:x.hj +€u 212

y value in equation 2.12 can be estimated with a new equation shown
in Equation 2.13

when Xo, =1, by = Bo, by = Ba,..., bx = Bk and the error of the observed value of vy,

from the L isshown in Equation 2.14 .

e, =¥, —Fy 2.14
Now, the problem is to estimate by, by, by,..., bx from the sample for the
unknown parameters By, B, By,..., Bk« This can be done by the method of “Least

square”. This method minimizes the sum of square, SS, of the differences between
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the predicted values and the experimental values for the dependent variable. The sum

of square can be obtained by using Equation 2.15 .

M b
S5p=L=)ei=> (yu= Fu)
U=l L=l

=Z(J’u—bn—fﬁxlu‘bzxzu‘---‘bs;x;m]'z 215
=

To determine the minimum, partial derivatives of L with respect to by,
by, by,..., byare taken and then they are set to equal zero, as shown in Equation 2.16 to

219.

With respect to by :

a8 4ol
oy ¥4 —box —hE —bx, - box )P
% %, E_l (¥ — By 2, — 3, — By, % ) :|

:—EE D — B2y = ByXyy — Boxogy — . — Xy,

u=]

=1

then
n n n by
= EZJ»‘H + 2k + Eblz X+ 2&223’3& +.+ Ebkz:rw =10
L=l L=l L=l L=l
el el bl el
nky +b12x1u+bk2x2u+...+bk2xm=Zyu 216
L=l =1 L] u=1

n n
where le:u =% so bﬂzxﬂu = nlyp
u=l

u=l

With respect to b; :

&P | =
8= (J"u_’—E:'uxw_blxlu_bzxzu_---_bxxm:'z
|
= _EXMZ(J’H — by Xy, X, By, by, )
L]
=1

then
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—221’1“}1“ + EanZIM + Eblz Ty + Ebgz TpXgy + ...+ bez XX =10

L=l L=l L=l
ﬂﬁjleu +’512-T1u +bzzx1ux2u+ +"-E;'.tleuxm Z-’fluh 217
L] L=l L] Lm]

and with respect to by :

A
c?iT;;= Eﬂ: ;U”u_bnxm_blxlu_bth _---_bkxm)2:|

= —zxs;;z{}*u = Epany, — hxy —doxoy, — - Bpag,)

il
then
—EZ;{M_}?H +2PEEJDZIM +2blz.r1uxm + 24 szu-’fm +..+2h me =10
L=l el L=l
anme +blzx1uxm +b22xguxm +. +bk2xm meyu 218
L=l Lim] Lm]

Equations 2.16, 2.17 and 2.18 are called “Normal equations’ as

mhy +E:'lz;rlu+f:'22x2u +...+E:'k2xm =Zyu

Lim] L=l =] =]

ﬂfﬂjz E5M +blleu + By leuxﬂu +...+ bkleuxha leuh

U] U=l L=]
H by H n n
2
sz:hz:rm +3:12x1uxm +E:32xguxm +...+E:',~:me = meyu 219
U=l Lm] L] U=l L=l

It is simpler to solve the normal equations if they are expressed in matrix
notation as

Y=XB84+E 2.20
where
N s ol ol AL
Ve -yi el xug xlﬂ xn xu
o o or X Fn *in "
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E= 52 E = e,

Bk =
(1M 2w

In general, Y isan (n*1) vector of the responses, X isan n* (k+1)
matrix of the levels of the independent variables, B is a (k+1)*1 vector of the
regression coefficientsand E isan (n*1) vector of random errors.

The solution to the normal equations will be the least square

estimators, b. Equation 2.19 may be written in matrix form as shown in Equation
2.21.

n Y Y St bl | T
”Z Xy Z o Z ESPES TR Z ATy 0] Z T1uF oy
nz X3, leuxgu Zx%u y. nguxm 2|= szu.h 221
anm leuxh Zx;uxm N in & ij;uyu

which simplifiesto

(Xh= X7 0.22

Equations 2.22 are the least squares normal equations. To solve
normal equations, multiply both sides of Equation 2.22 by an inverse of XX . Thus,
the least square estimator of b is

b= (XX XY 2.23
where
0y
1
XV=(py=|" 224

ky
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“oo Col - SOk
-t S0 f11 - Tk
X =gy = . 225
ko SRl - Tk
so Equation 2.23 can be rewritten as
k
b= Cy) 2.26
J=0

2.9.4 Analysis of Variance

One of the most important tools for analyzing data from designed
experiments is the analysis of variance (ANOVA). ANOVA analyzes the variation of
response by parting the sum of square of deviations as shown in Table 2.6, the
ANOVA table.

Table 2.6 : ANOVA tablefor multipleregression.

Source of Variation | Sum of Degree of Mean Square Fo
Square Freedom
Regression SR k(k+3)/2 MSr MS:/MSe
- First order terms SS k MS; MS,/MSe
- Second order terms S k(k+1)/2 MS, MS,/MSe
Error S n-1-[k(k+3)/2] MS
- Lack of Fit SSor nz-[k(k+3)/2] MS o MS or/M See
- Pure Error SSoe n;-1 M Spe
Total SSr n-1

From the ANOVA table, the total sum of square (SSr ) can be written as Equation
2.27

S5T =S85 R+ 585 2.27
wher SSr = Tota sum of squareisoveral variability in the data
Sk = Regression sum of squareis variable of responsesy due to effect of

independent variables x1, Xz, ...,X3
SS = Error sum of squareis variable of responses due to the influence of

uncontrollable factor
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The total sum of square (SSr) is derived from the following equation

i 2
S5 = El(.}’:' -7l
i=

H
(Zrs)?
2_ =l

1 £ 2.28

where ¥ = The mean of all response
!
% yi = Grand total of square

o = Grand total of responses v

— = Correction factor (CF)

b = Total obzervations

Thus, SSr has n-1 degrees of freedom. Regression sum of square SSz
may be obtained as shown in Equation 2.29 .

i ok o2
SSrp=bpp)+ ZHir)+ T T bylp-— 2.29
i=1 i=1j=1 "

It can also written in the matrix form as shown in Equation 2.30 .

G2
SSR=E:-:Y*F—T 230
Regression sum of sguare estimated with second order polynomial
equation has k(k+3)/2 degree of freedom and can be categorized into
First order terms regression sum of square (SSk1) with degree of
freedom k derived from Equation 2.31 .

F2
S5p = b () 2.31
i=1
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Second order terms regression sum of square (SSkz) with degree of
freedom k(k+1)/2 derived from Equation 2.32 .

k& G2
S5gy =bp0y)+ & Z BylHy-— 2.3
i=1j=1 &

2.9.4.1 Lack of Fit

When using a regression model to show the relationship between the
response and the independent variable, it is important to check that the model is
adequate for estimating. Lack of fit isaterm used in doing this.

The error sum of square consists of two components as shown in

Equation 2.33.
S5 g = S5pE + 55108 233

where SSo¢ is the sum of squares attributable to "pure" experimental error, and SS oF
is the sum of squares attributable to the lack of fit of the model.

Pz -
SS= S 534
i=1

Equation 2.34 may be written in matrix form as shown in Equation 2.35
5S5g = (Y- Xb)(¥ - X&)

=F¥¥Y-5X7 235

A derivative of Equation 2.27 yields the S5 as shown in Equation
2.36.
S5g =55 — S5 2.36
The pure error sum of squares, SSeg, is computed from the responses
obtained by repeated observations at the same level of x at the center point (0, 0,...,0)
of the central composite rotatable experimental design. The pure error sum of
sguares, SSeg, could be obtained by

H
SSpE = Egym — ) 2.37
1=



38

when y,, is the response of each experiment at the center point. The sum of square for
lack of fit is as shown in Equation 2.38.

SSrom =55 - 55pg 2.38

2.9.4.2 Hypothesis Testing in Multiple Linear Regression

A dtatistical hypothesis is a statement or claim about some unrealized
true state of nature. Testing for significance of regression is a test to determine if
there is alinear relationship between the response y and a subset of the independent
variables, x1, X2, ..., Xk. If the response depends on the independent variables, at least
one regression coefficient is not zero. The actual hypothesis to be tested consist of

two complementary statements about the true state of nature, which are

Ho: Bi=Bx=. =E,=10

H;: B;= 0 for at least one 1 234

The total sum of squares, SSy, is partitioned into regression and error
sums of sguares, S5 and S are independent. Therefore, the hypothesis is tested by

calculating Fo :
s |
Mk + 3
= 2 _MSR
ok + 3

S
" 7

where MS and M& are called mean square of regression and error respectively.

Reection of Hyin Equation 2.39 if Fo > F,, 1,2 impliesthat at least one
variable in the model contributes significantly to thefit. On the other hand, in case Ho
is accepted, if Fo < Fyviv2; H implies that response has no relationship with
independent variables x1, Xy, ... ,Xk.

Fo.v1v2 could be obtained from table in index D in which oo means the
level of significance at a degree of confidence 1- a. The term v1 is the degree of
freedom of the numerator in Equation 2.39 and v2 is the degree of freedom of the

denominator.
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Once the hypothesis is checked and a relationship between the
response and the independent variables is accepted. The next step is to find whether
to model fits for the relationship or not by checking lack of fit.

Lack of fit can be tested by using Fo shown in Equation 2.41

SSLORF
15 )

P2 MSioF 2.41
S5 PE MIpE '

n -1
From the hypotheses

Hp: The model adequately fits the data

H; : The model does not fit the data 2.4z

If Fo > Faviv2; rejecting Ho, this indicates that the model dose not fit
thedata If Fo < F, 1.2 accepting Ho, thisindicates that the model fits the data.

There is frequent interest in testing hypotheses on the individua
regression coefficients. Such test would be useful in determining the value of each of

the independent variablesin the regression model.

The hypotheses for testing the significance of any individual regression

coefficient, b, are

Ho: k=0
Hyobj=0 243

If Ho: by = 0 is not rejected, then this indicates that x; can be deleted
from the model. The appropriate test statistic for this hypothesisis

TR N 244

S g Ty

The hypothesis Ho: bi = 0 is rgjected if |tg| > t,/2,1. Where C; isthe

diagonal element of (X’X)™ corresponding to bj and v is the degree of freedom of
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error. It should be noted that this is really a partial or marginal test, because the
regression coefficient, bj, depends on all the other regressor variables x; (i#]) that are
in the model.

2.9.4.3 Cross Validation

When conducting simple linear or multiple linear regression,
coefficient of determination (R?) is used as a measure of strength of the model [37].
R? is defined as Equation 2.45

Ry b
iy R _NReE 9 45
£ ST

It measures the proportionate reduction of total variation in Y

associated with the use of the set of X variables xi, X, ..., Xk. Since 0< SSg <SSt , it
follows that

0= R* <1 246

R? assumes the value O when all bj = 0 (i= 0, 1,...,k). R takes on the
value 1 when all observations fall directly on the fitted response surface, that is, when
yu =Yy for dl u.

R? is dependent on the model, the sample and the sample size. It is
possible to continue to add variables up to k = n — 1 to produce an R?, which is
monotonically .increasing up to 1.0 . ~This result in an _overfit condition that
inaccurately predicts the strength of the model. Ta compensate for models with large
numbers of terms compared to number of observations, the adjusted coefficient of
determination (R,?) valueis used instead.

o
1_,_ k-1 m+1) 2
Rz =1 =7 1+(n—k—1)(R 1 247

(-1



CHAPTER I11
LITERATURE REVIEW

One of the aims of the current investigation concentrates on finding the
suitable condition for curing epoxy-composite coating for industrial floor coating.
The following literatures in this chapter review the physical, chemical and mechanical

properties of epoxy coating technology.
M. Gaschke, et al. [2] studied the performance of epoxy-coatings by

using DGEBA epoxy resin and various curing agents including aliphatic polyamines,
aromatic polyamines and cycloaliphatic polyamines. The result drawn from their
experiment showed that the chemical resistance produced by different curing agents
varies, as did the pot-life, viscosity and time to handle with the liquid epoxy-coating
before it crosslinked to form a solid coating. Curing agents with higher molecular
weight exhibited better chemical resistance due to higher crosslink density. The
chemical resistance of both short-chain aliphatic polyamine and oxyalkylated short-
chain polyamine for distilled water, inorganic acids, alkalies and dilute alcohol is
excellent but for dilute organic acid was poor. Using long-chain polyamine adduct
produced a better dilute organic acid resistant but the viscosity increased about twice.
Though higher viscosity gave longer pot-life, the epoxy-coating was more difficult to
handle. Aromatic polyamine adduct was a perfect curing agent for dilute organic acid
resistance but it had even higher viscosity. However, epoxy-coating using these
curing agents gave poor chlorinated solvents resistant. Cycloaliphatic polyamine was
the only curing agent that could be used for chlorinated hydrocarbons resistant. It
also posses low viscosity, but its resistance for acids were a tradeoff. Cycloaliphatic
polyamine had poor acid resistance property. “So, the choice of curing agent for the
epoxy system depends upon the required performance.

Marianne DiBenedetto [3] studied the chemical resistance of

multifunctional epoxy resins namely, epoxy phenol novolac (EPN), epoxy cresol
novolac (ECN) and triglycidyl para-aminophenol (TGpAP) by using DGEBA as a
control epoxy resin. The curing agents used in this study were cycloaliphatic
polyamines. Relative to the control, the system containing the EPN resin exhibited a

threefolded improvement in acetic acid and ammonium hydroxide resistance, a
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sixfolded improvement in ethanol resistance and thirty fourfolded improvement in
methanol resistance. The use of ECN resin was not as effective, but did extend the
resistance to include a twofolded improvement to acetone. Resistance to HCI,
however, was decrease. This was probably caused by steric hindrance due to the
presence of the ortho-methyl groups in this material. The group was believed to
prevent the formation of higher degree of crosslink density. As a result, the ECN is
not an effective upgrader. On the contrary, the most dramatic results were found in the
TGpAP system. Although both inorganic and organic acid resistance was lost,
startling improvements were obtained in the resistance to acetone, methyl ethyl
ketone, ammonium hydroxide, butyl acetate, methylene chloride, trichloroetylene and
ethanol. The loss of acid resistance was explained by the presence of the amino
nitrogen in the molecule. This site was quite vulnerable to the attack by acids.
Mechanical properties were aso investigated. All pot lives were found to be similar
to that of the control with the exception of the system based on the ECN resin. The
EPN-based system exhibited a faster dust dry time than other systems. Impact
resistance and film appearance properties were fairly comparable for all systems.
However, there was a major difference in adhesion. DGEBA, the control, exhibited

excellent adhesion, while that of the other systems was only considered as fair.
In-Chul Choy, et al. [4] analyzed the physical properties of epoxy

resins during and after curing. The coating system comprised of DGEBA epoxy resin
and DDS (4,4 -diamino diphenyl sulfone) curing agent. During curing of epoxy resin,
the volume contraction occurred. Thiswas aresult of the exchange of Van der Waals
bonds for shorter covalent bonds when the resin was cured. The decrease in the
volume continued while the curing temperature was constant. When exothermic
started, the specific volume increased and decreased again after the temperature
cooled down. The volume change after the exothermic occured was only a change
induced by temperature. The viscosity of liquid epoxy resin increased gradually at
first and increased rapidly to above 10° poise, the curing resin ceased to behave
simply as a viscous liquid. It became markedly viscoelastic for a period of time.
After the gelation point, when the covalent bonded molecular network extended
throughout the sample, the viscosity became infinite. The liquid resin was crosslinked
to solid. In case of incomplete curing, additional postcuring at room temperature by
epoxy itself is found. However, incompletely cured samples had lower glass
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transition temperature (Tg) and therefore contracted with a larger thermal expansion
coefficient to higher densities.

J.C. Graham, et al. [5] investigated the effect of temperature and

relative humidity on intercoat adhesion failure of aliphatic amine cured by epoxy
coating. The epoxy resin and amine crosslinking agent used in this study was
DGEBA and polypropylene glycol amine, respectively. The mixed material was
applied to concrete blocks. Absorption of moisture into the cured epoxy/amine
system often resulted in a decrease in mechanical properties. This absorption
depended on the amount of the amine used; with those systems containing more than
an equivalent amount of amine absorb more water. In general, the amount of water
absorbed ranged between 2 and 5% of the weight of the film. The intercoat adhesion
appeared to be dependent on both the temperature and the humidity. At room
temperature or above, intercoat adhesion failure occured only at extremely high
humidities, whereas, at lower temperatures approaching 13 °C, intercoat adhesion
fallure could occur at relative humidities as low as 40%. The reason for the
temperature and humidity effect on delamination appeared to be related to the
unreacted amine that formed carbamate salts from reaction with CO,. Carbamate salt
at or near the surface result in incomplete crosslinking at the interface might be

involved in intercoat adhesion failure.
Won Ho Jo and Kyoung Jin Ko [s] studied the effects of physical aging

on the thermal and mechanical properties of an epoxy polymer. The epoxy resin and
the curing agent used were DGEBA and ethylene diamine (EDA) respectively. The
mixing ratio was varied. As the epoxies were aged, the density and modulus
increased. The determining factor of glassy state modulus was packing density, but
not the crosslink density. The yield stress of an aged specimen seemed to be related
to the packing density like modulus; however, in the quenched state, the yield stress
seemed to be more related to the crosslink density. That was, in the lower free
volume state, the major factor, which determined the properties of epoxy polymer,
was the paking density. However, in the state of sufficient free volume, the major
factor that determined the properties of cured epoxies was crosslink density. The
effect of composition was described as followed. The highest T4 was observed at a
little excess amine system and the Ty of the DGEBA excess side decreases more

sharply than that of the EDA excess side. Though the equal stoichiometry of an
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epoxy/amine system should give the highest crosslink density theoretically, the curing
reaction does not occur completely due to a steric hindrance. In the cured epoxy
polymer of a stoichiometric nonequivalent mixing ratio, there existed greater numbers
of unreacted functional groups than in the equal stoiciometry. Unreacted functional
groups had higher enthalpy difference between the quenched and aged specimens that
the crosslink groups. Therefore, the more distance from the stoichiometry, the higher

the degree of an enthalpy recovery.

Eliane Urbaczewski-Espuche, et al. [7] analyzed the influence of

adding diepoxy aliphatic diluent on the fracture behavior of epoxy/amine networks.
The network comprised of DGEBA epoxy resin, 44 diamno 33
dimethyldicyclohexylmethane cycloaliphatic diamine curing agent, and 1,4 butanediol
diglycidyl ether (DGEBD) aliphatic epoxy diluent. Results from this study showed
that the introduction of DGEBD in the network had two opposing effects: it decreased
the average molecular weight between crossiinks while increasing the chain
flexibility. The non linear dependence of fracture energy (Gic) on the amount of
DGEBD might be considered with these two aspects. The variation of Gy reflected
both the increase in the toughness of the network and the decrease in Young's
modulus and shows a stronger dependence on the DGEBD content than stress
intensity factor or fracture toughness (K¢) did. In addition, crack propagation was
related to the ability of the networks to deform plastically. When the amount of
DGEBD was added, the ability to deform plastically decreased.

F. Fernandez-Nogrago, et al. [s] studied the mechanical properties of

amine based epoxy coating as a function of stoichiometry. DGEBA was the selected
epoxy resin. ~Two poly(propylene oxide) (PPO) based polyamines, poly(propylene
oxide) diamine and poly(propylene oxide) triamine was used as curing agents.
Results from three-point loading showed that both systems exhibited the best
mechanical property at epoxy-rich composition around a stoichiometric ratio of 0.8-
0.9. Both eastic modulus and strength reached their maximum at the af orementioned
ratio. The lower strength presented by the mixtures richer in epoxy was undoubtedly
due to the network imperfections such as holes and uncrosslinked chain-ends. On the
other hand, at stoichiometric and amine-rich compositions, the yield stress and the
strength at break slowed down as amine content increased. Contradictorily, the best

composition giving the highest fracture toughness for both mixtures was an amine-
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rich composition of 1.0-1.2. The fracture toughness increased when the amount of
amine increased and attained the maximum value at a composition alittle higher than
the stoichiometric ratio. Then, the fracture toughness decreased when the
composition was much greater than the stoichiometric one. The result of this
investigation showed that a small amount of amine made the epoxy-coating brittle.
This can be improved by adding the amine composition, but amine-rich mixtures with
too much amine would reduce the strength of the coating material. However, the
change in fracture toughness from varying the composition in each curing agent was
different. This was because the fracture toughness might be taken as a property
related to the strength and the ductility of the material, and thus depended on factors
such as crosslink density, chemical structure, intermolecular packing and molecular

building network.

L. Barra, et al. [9] analyzed the effect of thermal degradation on the

impact strength of cured epoxy resin system. The resin used was DGEBA and the
curing agent was acycloaliphatic diamine, 1, 3-bisamino-methylcyclohexane (1,3-
BAC). The mixture was subjected to two different curing cycles. A long cycle
consists of 24 hours at room temperature followed by 8 hours at 60 °C, and a post cure
of 2 hours at 120 °C, while a short cycle was not cured at 60 °C. The experimental
results showed that the material cured with the long cycle had better impact strength
at any aging time. There was a decrease in the value of the |zod impact strength when
the thermal aging was increased for the two cycles, and also the material cured with
the long cycle presented a higher value of the Izod impact strength than those cured
one with the short cycle for the same aging time. Moreover, the variation of the 1zod
impact strength with aging time was related with the variation of the peak of
transition in tan & curve obtained by dynamic mechanical analysis (DMA). A relation
between the decrease in the intensity of the 3 peak and a decrease of the 1zod impact
strength as thermal aging was increased was found. Phase morphology of samples
was aso examined. There is a good correlation between the increase in fragility of
the material with aging time and the morphology of fracture surfaces observed by
SEM. The fracture surfaces for the specimens of the material cured with the short
cycle presented four characteristics zone; a defect initiation zone, a smooth mirror-
like zone, a dlightly less smooth zone and a rough three-dimension zone. In the last
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zone mentioned, trend about the depth of the folds and the separation between two
folds with aging time that in the material cured with both cycles was the same.

Anthony E. Mayr, et al. [10, 11] investigated the effect of strain rate,

composition and temperature on the yielding behavior in epoxy thermosets by
selecting DGEBA epoxy resin and two similar pairs of curing agent. The aliphatic
butylamine (BA) and its dimeric analogue, diamino-octane (DAQO), along with the
aromatic aniline (An) and the dimeric analogue, diaminodiphenyl methane (DDM)
were selected as curing agents. Result from studying the curing behavior illustrated
that despite the chemical similarity in molecular structure between the two aliphatic
amines or aromatic amines, a linear chain structure resulted from the
copolymerization of DGEBA with monoamine whilst diamine curing produced a
three-dimensional network. The Ty values of DGEBA epoxy resin cured with BA,
DAO, An and DDM were 56, 104, 86, 166 °C respectively. The Tgyincreased as the
crosslink density was raised for the two series and the aromatic-based amines had a
higher Ty than the corresponding aliphatic analogues. Result form studying the
yielding behavior by compression test showed that aromatic-amine based networks
exhibited a higher yield stress than that of the epoxies cure with aliphatic amines. The
network cured with the aromatic amines have a much stiffer and/or bulkier backbone
due to the benzene rings inhibiting molecular movement and thus requiring higher
stresses for the molecular segments to slide past each other during the yielding
process. Additionally, when the curing temperature increased, the yield strain and
yield stress in al systems decreased until at the Ty where no yielding was observed.
At each temperature for- both amine series, the yield stress increased when the
crosslink density was raised. At low temperature, the epoxies cured with aromatic
amines exhibited a higher yield stress than those with the aliphatic amine systems.
However, this trend was not observed at temperature approaching the Ty.

F. Ellyin and C. Rohrbacher [12] studied the effect of aqueous
environment and temperature on glass fiber-epoxy resin composites. Results drawn
from this research illustrated that the degree of damage strongly depended on the
immersion temperature. At temperatures below 35 °C, the rate of moisture absorption
reached a saturated state at about 0.8% moisture content, but at 90 °C, no saturation
state was observed. The mechanical properties of the composite laminates were not
appreciably affected by moisture absorption at temperatures below 35 °C. In contrary,
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the strength and ductility are decreased as a result of immersion in 90°C. The reason
for this was because glass fiber reinforced-epoxy resin matrix composites absorbed
moisture and swelled when it was immersed in distilled water. This led to
plasticization and swelling of the matrix and a release of thermal residual stresses.
Moreover, the threshold strain for the matrix crack initiation increased when the
laminate were immersed in ambient water in comparison to that of a dry environment.
Immersion at high water temperature led to embrittlement of the glass fibers and
matrix blistering resulting in a slight decrease in the threshold crack initiation strain.

M. Alagar, et al. [13] investigated mechanical properties of E-glass-
reinforced siliconized epoxy polymer composites by using DGEBA epoxy resin and
three curing agents:. aliphatic amine, aromatic amine and polyamidoamine. A silane
derivative, y-aminopropytriethoxysilane, was used for curing hydroxyl terminated
polydimethylsiloxane and for the formation of network structure with epoxy resins
along with dibutyltindilaurate catalyst. From the data gathered in the mechanical
studies, it was inferred that the siloxane introduction imparts flexibility to the epoxy
resin system and in turn improved the impact behavior and percentage elongation at
breaking level. Impact strength of E-glass reinforced composites made from the
siliconized epoxy resin was enhanced to 2-4 times over that measured on the
composites made from a pure epoxy resin. Hence, the siliconized epoxy matrix resin
system was more suitable than pure epoxy resin system for the fabrication of
composites for high impact performance engineering applications. However, siloxane
had a flexible molecular structure. For that reason, the introduction of siloxane into
the epoxy skeleton decreased the value of tensile strength and flexural strength with
an increase in amount of siloxane maiety. = Comparison among the curing agents
showed that composites cured with aromatic amine imparted better mechanical
properties than those cured with aliphatic amine and polyamidoamine:: This was due
to the orientation of rigid molecular structures in the aromatic amine.

F. M. Zhao and N. Takeda [14] studied the effect of interfacia
adhesion and statistical fiber strength on tensile strength of unidirectional glass fiber
/epoxy composites. DGEBA epoxy resin and triethylenetetramine (TETA) were used
as the matrix system. Many kinds of surface treatments for glass fiber were used.
The experimental results showed that the maximum ultimate tensile strength was

obtained for the relatively strong interfacial adhesion (glass/y-methacryloxypropyl-
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trimethoxysilane, MPS/epoxy), but not for the strongest interfacial adhesion (glass/y-
glycidooxypropyltrimethoxysilane, GPS/epoxy). For the interface of glassly-
MPS/epoxy, the micro-damage was the interface debonding along the interface and an
associated matrix crack. For the interface of glassy-GPS/epoxy, the micro-damage
was matrix-crack-controlled. The result indicated that the micro-damage mode
related to interfacial adhesion strongly affected the fracture process, and thus the
ultimate tensile strength of unidirectional composites. Improving of ultimate tensile
strength of unidirectional composites due to surface treatments mainly results from
the increase in fiber strength but not from the modified interface. The stronger
interface adhesion did not necessarily offer proportionally higher ultimate tensile

strength of unidirectional composites.



CHAPTER IV
EXPERIMENTAL WORK

The experimental work for this study was pursued in order to
investigate the most appropriate condition for coating and curing epoxy resin for
industrial floor coating. This chapter includes selection of raw materials, processing
of the selected materials, proposal of experimental design, characterizing and testing
conducted to evaluate the mechanical properties of the coating prepared.

41 MATERIALS

4.1.1 Epoxy Resins

Many types of epoxy resin can be used in industrial floor coating. The
choice of epoxy resins would depend on the particular requirements of the coating
material. One of the most widely used epoxy resins in many industries is diglycidyl
ether of bisphenol-A (DGEBA), the structure of which is shownin Figure4.1 .
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Figure4.1: Thechemical structure of diglycidyl ether of bisphenol-A (DGEBA).

DGEBA can be cured at room temperature. It gives a coating material
with excellent adhesion, chemical resistance and mechanical property, which fits the
application of industrial floor coating. In the present work, DGEBA manufactured by
Shell Chemical Company Limited under the trade name of EPIKOTE 828 is used.
The epoxy content is about 5,260-5,420 millimol/kg. Its molecular weight is 380. It
is a colorless liquid with viscosity about 12-14 Pas at ambient temperature and a
density of 1,160 kg/m®,
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4.1.2Curing Agents
Curing agent was selected based on the chosen epoxy resin. Diethylene
triamine (DETA). Its chemical structure is shown in Figure 4.2, is a suitable curing

agent for curing at room temperature.

Figure4.2: Thechemical structure of diethylenetriamine (DETA).

DETA alows adeguate pot life for processing whilst requires quite a
short time for gelation. It aso gives a coating with high chemical resistant. In this
study, DETA from Shell Chemical Company Limited with 98% amine content is
used. Its molecular weight is 103. It isalight, colorless liquid with a density of 952
kg/m®.

4.1.3 Glass Fiber

In order to enhance the mechanical properties of the coating material,
woven E-glass fiber is used as a reinforcement. 1ts structure is 1x1 woven cloth with
density of 1.111 kg/m®. The glass fiber was produced by Thai Vetrotech Company
Limited and woven by Asia Kung Num Company Limited. The glass fiber has been
coated with silane coupling agent to promote adhesion at the interface between epoxy

resin and glass fiber.

4.1.4 Sand

Sand is used as afiller in the coating material in order to improve some
mechanical properties as well as to reduce cost. In this research, purified sand with a
particle size up to 0.8 mm is used. It was obtained from Thai-German Industries
Company Limited. Sand was caustic washed to eliminate all chlorides and sulfur
residues as chlorides can absorb moisture, especially in highly humid countries like
Thailand.
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4.1.5 Concrete

Concrete is a composite material that consists essentially of binding
mediums. These mediums are embedded particles or fragments of relatively inert
mineral filler. Mixture of concrete is a carefully proportioned of cement, water, fine
aggregate, and coarse aggregate. After appropriate reaction with water, cement
develops adhesive and cohesive properties necessary to bond the inert aggregates into
a solid mass of adequate strength and durability. Any material that can pass No. 4
sieve or smaller than 3/16” in diameter is classified as fine aggregate, while materials
coarser than those aforementioned are classified as coarse aggregate [40-44]. Figure

4.3 shows macroscopically the fine and coarse aggregates in concrete [45].

Figure4.3: Section through concrete showing aggregate.

This research models a concrete floor by using a cube concrete of 150
mm X 150 mm x 150 mm. They are then coated on one side with the proposed glass
fiber-reinforced epoxy composite coating material. Portland cement for making
structural concrete is used in this study. - Construction sand and-rock of 1 inch in

diameter are used as fine and coarse aggregates respectively.

4.1.6 Mortar

Mortar is used instead of concrete as a substrate for the impact test in
the present study. Thisis because the dimensions of the specimen for the impact are
too small to be formed from concrete, of which rock is an important constituent.

Mortar is simply described by concrete without the mixture of rock. The cement and
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sand used for the preparation of mortar in this study are identical materials used in the

preparation of concrete.

4.2 EXPERIMENTAL DESIGN

Three independent variables of which are cure temperature, cure time
and amount of sand are examined in this research. Designing the condition for curing
epoxy composite systems to cover these variables requires numerous experimental
samples and runs, which are costly and time-consuming. In order to minimize the
number of experiments in the present study, an experimental design had been applied
so that the results, obtained from a minimal number of experiments, would still be
statistically conclusive. The experimental design in this study was conducted
following the technique of Central Composite Rotatable (CCR) design for 3
independent variables, which consist of 20 experimental runs. Table 4.1 showed the
curing conditions for each run, which were derived from the center points (0), cube
points (+1), and star points (+1.682) described in chapter 2.

In this study, certain constrains are considered in the experimental
design upon selecting the abovementioned points. Firstly, the highest cure
temperature (in run 10 from Table 4.1) must not be too high because this may cause
an over cure condition. Secondly, the shortest cure time (in run 11 from Table 4.1)
must be long enough to give a fully cured specimen. A preliminary test was
performed in order to find the curing range following these constrains, which showed
that epoxy composites might not be cured at temperatures higher than 110 °C and not
less than 15 h. The suitable curing condition form the preliminary test is tabulated in
Table4.2.



53

Table4.1: Central Composite Rotatable design for three dependent variables.

Experimental Coded variables of independent variables Responses
Cure Curetime Amount of (y)
temperature (h) sand

(°C) €0)
1 -1 -1 -1 y1
2 1 -1 -1 Yo
3 -1 1 -1 V3
4 1 1 -1 Ya
5 -1 -1 1 Vs
6 1 -1 1 Ve
7 -1 1 1 Y7
8 ’ 1 1 Ve
9 -1.682 0 0 Yo
10 1.682 0 0 Y10
11 0 -1.682 0 Y11
12 0 1.682 0 Y12
13 0 0 -1.682 Y13
14 0 0 1.682 Y14
15 0 0 0 Y15
16 0 0 0 Y16
17 0 0 0 Y17
18 0 0 0 Y18
19 0 0 0 Y19
20 0 0 0 Y20

Table4.2 : Appropriate curing condition at center point, cube point and star

point.
Star Cube | Center | Cube Star
Independent Point | Point | Point | Point | Point
Variables (-1.682) 1) 0) (1) (1.682)
Cure temperature 31 45 65 85 99
('C)
Curetime 15.8 24 36 48 56.2
(hy
Amount of sand 15.23 20 27 34 38.77
% by volume

From Table 4.1 and Table 4.2, the most appropriate range of cure

conditions in each experimental run can be summarized asillustrated in Table 4.3 .



Table4.3: Most appropriate test condition from the experimental design.

Run Coded variables of independent variables Responses
Cure Cure time Sand (y)
Temperature (h) (%)

&9)
1 45 24 20 V1
2 85 24 20 Yo
3 45 48 20 Y3
4 85 48 20 Ya
5 45 24 34 Ys
6 85 24 34 Y6
7 45 48 34 Y7
8 85 48 34 Vs
9 31 36 27 Yo
10 99 36 27 Y10
11 65 15.8 27 Y11
12 65 56.2 27 Y12
13 65 36 15.23 Y13
14 65 36 38.77 Y14
15 65 36 27 Y15
16 65 36 27 Y16
17 65 36 27 Y17
18 65 36 27 Y18
19 65 36 27 Y19

4.3 MATERIAL PROCESSING

4.3.1 Preparation of Epoxy Composites

4.3.1.1 Cure of Epoxy with the Curing Agent

DGEBA epoxy. resins was mixed with the DETA curing agent. The
amount used was at stoichiometry. Since two atoms of carbon in DGEBA are capable
of reacting with five atoms of nitrogen in DETA, hence 100 g of DGEBA will react
with 10.84 g of DETA. These two ingredients were mixed by stirring slowly for 15
minutes. The mixture was then ready to be transferred to the mold.

Epoxy composite in this study was prepared by Hand Lay Up
technique with the use of a metal mold. Hand-lay up is the simplest method for
laminating. The laminate may be any number of layers of the same material or
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combinations of different materials. Hand-lay up can be done in two ways, i.e. dry
and wet. The dry method refers to applying a glass fiber cloth over a dry surface
while the wet method refers to applying the cloth to an epoxy-coated surface before
the coat reaches itsinitial cure. In the latter method, the cloth is often applied after
the wet-out coat becomes tacky, which helps it cling to vertical or overhead surfaces
[26, 46]. Therefore, wet-lay up was chosen in this research. The mold was coated
with a silicone mold releasing agent before transferring the first layer to the mold.

Figure 4.4 shows the layers of epoxy composite in this study.

Epoxy+Chring Agerit + Satud

| AT TR, |
GlassFiber

—
Epoxy + Curing Agent

Figure 4.4 : Laminea of the epoxy composite.

The first layer, which is the mixture of epoxy resin and curing agent,
was poured to the metal mold with the approximate thickness of 2 mm. One hour
later, before this liquid mixture will completely turn into solid by crosslinking
mechanism, glass fiber cloth was rolled over neatly with a roller. Some epoxy and
curing agent mixture tend to penetrate through the gaps between the glass fibers
within the woven structure onto the surface of the cloth. Rolling helped eliminating
any air trapped between glass fibers and the epoxy resin.. One hour later, the filler
layer was applied. Thislayer is composed of sand and the mixture of epoxy resin and
curing agent. Five different quantity of sand, as shown in Table 4.4 is used. Sand
was mixed with the mixture of epoxy resin and curing agent. The filled mixture was
then poured to the mold. Leveling of sand was conducted by using a spatula. Finally,
the top layer of epoxy resin and curing agent was applied. The final thickness of each

epoxy composite sampleis 6 mm.
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Table4.4: Amount of sand filler in the epoxy composite coat.

Sand
Sample
(% by volume)
runltorun4 20
run5torun 8 34
run 9torun 12 and run 15 to run 20 27
run 13 15.23
run 14 38.77

After the final coating layer was applied to the top of the composite in
mold, the composite was left to cure at ambient temperature for 1 hour. Then, each
sample was cured by using the conditions shown in the Table 4.5 .

Table4.5: Curecondition of epoxy composite.

Sample Curetemperature Curetime
(°C) (h)
run 1 and run 5 45 24
run 2.and run 6 85 24
run 3 and run 7 45 48
run 4 and run 8 85 48
run 9 31 36
run 10 99 36
run 11 65 15.8
run 12 65 56.2
run 13 to run 20 65 36
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4.3.2 Preparation of Concrete Specimens

4.3.2.1 Mixing of Concrete

The various mixing components are proportioned so that the resulting
concrete has adequate strength and proper workability. The proportion of cement :
sand : rock is1: 2 : 3 by volume and water : cement is 0.55 liter : 1 kg in this
research. Concrete is mixed by hand by firstly leveling off the pile of fine aggregate,
spread cement evenly over the top and mix. Coarse aggregates were then added and
mixed. Water was later applied while simultaneously still mixing until a

homogeneous mixture is attained.

4.3.2.2Molding Concrete

Concrete specimens prepared for the compression test were molded
with a 150 mm x 150 mm x 150 mm metal mold to give the dimension as required in
BS 1881 Part 3 Testing Concrete. Method of making and curing test specimens. Fill
each mould of concrete in three layers, tamping each layer 35 times with steel
tamping rod before adding the next layer. When the mold is completely filled,
smooth off the tops evenly. Concrete specimens can be released from the molds after
24 hours.

4.3.2.3 Curing Concrete

The last step, which is an exceedingly important one in the
manufacture of concrete, is the curing. As water was brought into contact with the
cement particles, hydration process immediately began. ‘The ultimate strength-giving
structure of the hardened cement paste owes its properties primarily to the hydrated
calcium silicates. - When-hydration of cement takes place only -in the presence of
moisture and at favorable temperature, these conditions must be maintained for a
suitable time interval called the curing period. Curing period for compression test of
most concrete is 28 days at room temperature. During this period, continuous

sprinkling of water is conducted to keep the surface of concrete wet.
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4.3.3 Preparation of Mortar Specimens

4.3.3.1 Mixing of Mortar

In this study, the proportion of cement : sandis1: 2.75 by volume and
water : cement is 0.485 liter : 1 kg. Mortar was also mixed up by hand by the same
method as mixing the concrete. Mortar specimens were released from the molds after
24 hours.

4.3.3.2Molding of Mortar
The combination of cement and sand was filled in a metal mold of a 25
mm x 25 mm x 290 mm in dimension. It was then tamped with tamping steel rod and

finally smoothed the top off evenly.

4.3.3.3 Curing Mortar
Like concrete, mortar is cured for 28 days at room temperature with
continuous sprinkling of water to achieve high compressive strength from the cure of

calcium silicate.

4.3.4 Preparation of Concrete and Mortar Coated Specimens

Moisture is one possible reason for failure of the epoxy composite
coating. Therefore, after curing, the concrete and mortar were in a dry place kept at
room temperature to let the moisture evaporate gradually. Once the concrete and
mortar were completely dried, they are ready for surface coating.

Cleaning is the primary step for surface coating. The surface of
concrete and mortar must be free from dust and any other contaminant. Figure 4.5
illustrates the metal frame for molding the epoxy composite coat on concrete. The
metal frame around the top of concrete or mortar was tightened before the epoxy
composite. Coat was applied on the concrete or mortar by hand-lay up as described in
Section 4.3.1.1.
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Figure 4.5 : Concretetighten with a metal frame.

4.4 MECHANICAL TESTS

4.4.1 Epoxy Composite Specimens

One difficulty in preparing the epoxy composite for each test is to keep
the thickness of 6 mm for the epoxy composite coat to be as precisely as possible. If
the thickness of the composite materials changes, consequently the volume fraction of
glass fiber will also change. Asaresult, achange in the mechanical properties of the
composite could be induced. The thickness of the coating material in industrial floor
coating varies in arange of 1 to 6 mm depending on the application in each area [24].
In very heavy loaded areas, coatings can sometimes be thicker than the range cited.
Epoxy coating with the thickness of 6 mm can be used widely in many areas and was
chosen in this study.

4.4.1.1 Compression Test

Since compression strength is one of the most significant properties of
an industrial floor coating material, compression test is one major test in this study.
Most compression tests for polymers were conducted following the instruction
described in ASTM D695. The test was conducted by compressing or applying load
parallel to the thickness or in other words, applying load in the same axis as the length

of the specimen, as shown in Figure 4.6 (a).
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!

Figure 4.6 : Direction of applying load in compression test.

However, in this study, the direction of load is applied to the specimen
as shown in Figure 4.6 (b), which is the same direction as weight applied to the floor.

The test specimen isin a square shape of 15 mm x 15 mm with athickness of 6 mm as

shown in Figure 4.7 .

I

15 mm
15 tmim

Figure4.7 : Dimension of the compression test specimen.

Other test conditions were performed as described in taken as ASTM
D-695. The crosshead speed was set constant at 1.3 mm/min.. The test was conducted
at a standard temperature of 23°C + 2 °C. The compression test was performed by
using a universal testing machine (Shimadzu). - Teflon is used as alubricant to protect
the load cell from abrasion caused by the sand detaching from the specimen upon
pressing the sand layer. Five specimens were tested for each run. Average values are
further used for calculations in the statistical analysis.
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4.4.1.2 Impact Test

In order to evaluate the energy required to break the epoxy composite
coat under a sudden load, the impact test was conducted. Because the application of
the specimen is a floor coating material, the direction of the load applied to the
specimen is most realistic in the direction perpendicular to coating surface.
Therefore, a test similar to Izod impact test in ASTM D-256 is applied without
notching the specimen. The difference between this test from Izod impact test is the
thickness of the specimen. 1zod impact test requires a thickness of 12.7 mm, but the
thickness of the epoxy composite coat in this test is 6 mm. However, the impact test
specimen dimension, as shown in Figure 4.8, is 12.7 in width and 62 mm in length.

The ITR-2000 Instrumented Impact test is used in this test, the specimen arrangement

. Impactor
o ‘\"

E T B o - -_. - -_.-.._ -.- o -.--- -.---. e 4

isasshownin Figure 4.8 .
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Figure 4.8 : Specimen dimension and specimen arr angement for impact test.

The test was carried out at a standard testing condition of 23+ 2 °C and
50+ 5 % relative humidity. Five specimens were tested for each run. Average values
are further used for.calculationsin the statistical analysis.

4.4.1.3 Double Torsion Test

Double torsion test was conducted to find fracture energy i.e. the
energy required to break the specimen under Mode |. Figure 4.9 shows the shape and
dimension of the double torsion specimen. It was 52 mm in width, 110 mm in length
and 6 mm in thickness. It is cut on the resin side to give a U-shape groove with 1.6
mm in width and 2 mm in depth along the specimen length. A sharp crack was

introduced along the groove by driving a blade through the groove at temperature
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below the Ty of the epoxy. The specimen was placed on a stainless steel double

torsion fixture as shown in Figure 4.10 [21].
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Figure4.10: Arrangement of specimen in the double torsion fixture [21].

The above set was located on Instron 4502 universal testing machine.
Compression mode is used in operating the machine with a crosshead speed of
0.05mm/min. The test was conducted at a standard testing condition of 23+ 2 °C and
50+ 5 % relative humidity for not less than 40 hours prior to the double torsion test.
Three specimens were tested for each run. Average values are further used for

calculations in the statistical analysis.



63

4.4.2 Coated Concrete

Concrete coated specimens were prepared for compression test
according to the procedure described in BS 1881: Part 4 Testing Concrete. Method of
testing concrete for strength. The dimension of the concrete specimen is 150 mm X
150 mm x 150 mm. It is coated on one side with 6 mm epoxy composite coating.
Compression load was applied to the coated surface of the concrete. The test was
performed on the Amsler testing machine using a crosshead speed of 1.4 kg/cm?/s.
Figure 4.11 shows the arrangement and the dimension of the compression test on

epoxy composite coated concrete.
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Figure4.11: The arrangement and the dimensions of epoxy composite coated
concrete specimen.

4.4.3 Coated Mortar

There is no such standard test for finding the impact strength of
concrete or mortar since the impact strength is not as useful in the design calculations
as other properties such as the compression strength. Therefore, the method to
determine the impact strength of epoxy composite coated floor in this study is adapted
from that of the wood impact strength. The concrete coated floor was modeled by
using coated mortar specimens. The test was performed using Amsler impact testing
machine. The dimensions of the mortar beam are 25 mm x 25 mm x 290 mm. It is
coated on one side with 6 mm epoxy composite coat and placed on the Amsler impact
tester as shownin Figure 4.12 .
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Figure4.12 : The arrangement and dimension of mortar coated specimen.

45 MICROSCOPIC OBSERVATION

In the current research, scanning el ectron microscope (SEM) isused in
observing the morphological clues of the fractured composite. Fractographic studies
from SEM illustrated fracture morphology and enable investigators to analyze local
crack initiation and propagation. In SEM, electron can be reflected from the surface
of an object. The incident electrons from the electron source functioned as a beam,
which is then scanned over the entire area of fracture surfaces. Scanning electron
microscope JOEL, JSM 840A is used in this study with fracture surfaces sputtered
with 300 A° in thickness of gold. The accelerating voltage for SEM was 10 kV.

4.6 SAMPLE CHARACTERIZATION

Many synthetic polymers consist of long and flexible chains that are
randomly coiled and intertwined with no molecular order. This physical state is
termed as amorphous. Cured epoxy resins are amorphous polymers. Below a certain
temperature called glass transition temperature (Tg), long-range cooperative motions

of individual chains cannot occur. However, short-range motions involving severa
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contiguous groups along the chain backbone are possible. Such motions are called
secondary relaxation process.

The technique of Dynamic Mechanical Analysis (DMA) was used to
determine the glass transition temperature (Tg) and the viscoelastic properties of
epoxy resins. In this method, sinusoidal stress was applied to the sample cyclicaly in
a function of sine wave while the temperature of the sample is elevated. The results
indicated the sinusoidal stress-strain relationship. There are many modes of vibration
namely tension, torsion, compression, shear and bending. Bending is the most widely
used mode and was chosen in this study. The experimental test was performed by
using Perkin ElImer DMA 7e and operated in the single cantilever bending mode. The
dimensions of the specimen were 2 mm in thickness, 4 mm in width and 16.5 mm in
length. The test was conducted at the frequency of 1 Hz over a temperature ranging
from 30 °C to 220 °C. The heating rate was 5 °C/min.



CHAPTERYV
RESULTSAND DICUSSIONS

Experimental results from various tests of epoxy composites and
concrete/mortar coated with epoxy composites are shown and analyzed in this

chapter. The numerical results of these tests are presented in Appendix A.

5.1 REGRESSION ANALYSIS

The mechanical properties obtained from tests in Chapter 4 can be
represented in set equations showing respective relationship of the curing factors by
regression analysis.  The following calculation shows how the response surface
equations and the response surface curves displayed in Section 5.3 were derived.

Variable codes from the central composite rotatable design are used to
represent the quantity of the curing factors. An example of experimental result
obtained following this design isshown in Table 5.1 .

Second-order linear regression, as written in Equation 5.1, is used in

fitting the empirical model.

k ks i &
¥=255+ Z Bix + Z B!-!-xf‘ + ZZ Bex;xpte, (i< f 5.1
i=] =]

=1 ;=1

where k is the number of independent variables x;, X;, ..., Xx and B are the regression
coefficients. Related calculationsin regression analysis are exemplified in Appendix
B.

The regression coefficients can be obtained by least square method
giving the following eguation,

y="70801-055x; - 0.067x — 0,054z — 0.055% sz — 0.001x x5

— 0.002xzxz + 0.2209x,2 + 0.093x5% — 0.295x £ 5.2

where X3, Xo, and xz are the abovementioned variable codes representing the quantity

of cure temperature, cure time, and the amount of sand filler respectively. This
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relationship is further plotted as a response curve. Table 5.2 demonstrates the error
from using the empirical model. It is evident that the response surface equation from
the regression analysis is suitable for estimating the impact strength of the epoxy
composite coating material, which exhibits a maximum error of 5.14%.

The regression coefficients derived from the regression analysis of the

mechanical propertiesinvestigated in the current study is tabulated in Table 5.3 .

Table5.1: Impact strength of epoxy composite.

Run Coded independent variables Response
X1 X2 X3 y
1 -1 -1 -1 8.77
2 1 -1 -1 6.98
3 -1 1 -1 8.75
4 1 1 -1 7.14
5 -1 -1 1 8.48
6 1 -1 1 711
7 -1 1 1 8.87
8 1 1 1 6.84
9 -1.682 0 0 10.43
10 1.682 0 0 6.46
11 0 -1.682 0 8.40
12 0 1.682 0 7.71
13 0 0 -1.682 7.18
14 0 0 1.682 6.94
15 0 0 0 7.81
16 0 0 0 8.01
17 0 0 0 7.88
18 0 0 0 7.80
19 0 0 0 7.86
20 0 0 0 7.45




Table 5.2 : Experimental and calculated error for impact strength of epoxy

composite.
Run Impact strength (K J/m?) Error %Error
Experimental | Calculation
Yi Yy e = -Y)

1 8.771 8.909 -0.138 -1.574
2 6.984 7.062 -0.078 -1.117
3 8.747 8.897 -0.150 -1.710
4 7.142 6.805 0.337 4.715
5 8.483 8.802 -0.319 -3.757
6 7.112 6.953 0.159 2.233
7 8.869 8.790 0.079 0.893
8 6.843 6.696 0.148 2.157
9 10.425 10.107 0.318 3.052
10 6.461 6.793 -0.332 -5.139
11 8.405 8.177 0.228 2.707
12 7.709 7.950 -0.241 -3.125
13 7.181 7.159 0.022 0.305
14 6.943 6.978 -0.035 -0.505
15 7.810 7.801 0.009 0.115
16 8.012 7.801 0.211 2.629
17 7.876 7.801 0.075 0.956
18 7.800 7.801 -0.001 -0.013
19 7.862 7.801 0.061 0.772
20 7.449 7.801 -0.352 -4.723

68
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: : ol 2
= bytbx thaXatbaxstbyaX Xyt biak XatbyaXox s #by %" L basxy +baax;

Equation y =
J
Where y = Mechanical Property 1 %, = Cure Temperature (°C)
b = Regression Coefficients /// \ x; = Cure Time (h)
’ ': %3 = Amount of sand filler (% b volume)
z T bz byy
Epoxy Composite Coating Material | B
Compressive Strength (MPa) 98.8209| 2.742| 35268 44.1599 0.2262
Impact Strength (KJ/m?) 7.8010| -0.9853) -0.0674 ~0.0540] -0.0592| -0.0007| -0.0022] 0.2294] 0.0929| -0.2590
Fracture Toughness (MN/(m”?)) 3.9724| -0.4129 ,j;t_‘}.zcrsn-?ﬂ«l 54|  0.0652| -0.0728| -0.0100] 0.1965| -0.0519] 0.0477
Fracture Energy (J/m®) 149090 <2.843] 907l 1761] WS35 114  -s28| 1107 sso] 223
Concrete Coated with Epoxy Composite : .-:f#;
Compressive Strength (MPa) 512307 | 1.4552) 1.5898) -15352| -4.0925| 1.1725| 0.2050| -5.4221| -12890| -3.7462
Mortar Coated with Epoxy Composite ; S
Impact Strength (KJr'mE] 44898| ~05507| | £0284| -005521~ H:10474—0.0774] 0.0657| -0.1532| -0.1808] -0.1688

Table 5.3 Coefficients deriving from the second-or der linear regression analysisfor the properties of Epoxy Composites.
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52 ANALYSISOF VARIANCE (ANOVA)

ANOVA isone of the most important tools for analyzing data obtained
from designed experiments. ANOVA is used in testing the aptness of the response
surface equations from experimental design. An example of the variance analysis for
the compressive strength of epoxy composite is shown in Tables 5.4 and 5.5 while

details are depicted in Appendix B.

Table 5.4 : ANOVA table for the multiple regression analysis of the interactions
of cure temperature, cure time, and amount of sand on the impact

strength of epoxy composite.

Sourceof Variation | Sum of Square| DF |[Mean Square Fo
Regression 21.077 9 2.342 28.67

First order terms 13.360 3 4.453 54.55

Secondary order terms 7.717 6 1.286 15.76
Error 0.817 10 0.082

Lack of fit 0.639 5 0.128

Pure error 0.178 5 0.036

Total 16.251 19 R® = 0.949

Table 55 : Statistic-tp test of coefficients testing for interactions of cure
temperature, cure time, and amount of sand on the impact

strength of epoxy composite.

Regression Coefficients| to Hypothesis test
(to.ozs/2,10 = 2.228)
bo 7.801 66.95 Significance
by -0.985 -12.74 Significance
b, | -0067 | -097 | Notsignificance
b3 -0.054 -0.70 Not significanece
b;» -0.059 -0.58 Not significance
b13 -0.001 -0.01 Not significance
b3 -0.002 -0.02 Not significance
b11 0.229 3.05 Significance
b2, 0.093 1.23 Not significance
b33 -0.259 -3.44 Significance
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The degree of confidence in this study was set at 97.5%, in other
words, the level of significanceisat 0.025. Hence, the critical values of F-distribution
and t-distribution are at the level of significance at 0.025.

The influence of curing factors on the mechanical propertiesis verified
by the rgection of the hypothesis Ho: By = B, = ... = Bx = 0. The critical F-
distribution at the level of significance at 0.025, Foozs, o 10, IS 3.78. Fo from the
ANOVA table displayed in Table 5.4 is 2.867. In this study, Fo is evidently greater
than Fogzs, 9, 10. Asaresult, the hypothesis of Hp: By =B, = ... = Bx = 0isrgected.

Checking Fo of error proved adeguacy of the empirical model. If Fo of
error is less than the critical F-distribution at the level of significance 0.025 than the
model can be used satisfactorily. In this experiment, Fo is 3.6 while Foops 5,5 1S 7.15.
It is obvious that Fois less than Foos 5 5. Therefore, the hypothesis of Ho: the model
adequately fits the data is acceptable. The regression coefficients obtained from
regression analysis are proper for estimating the impact strength of the epoxy
composite.

Another statistical value that is useful for indicating the suitability of
the empirical model is the coefficient of determination, R>. The closer the value of R?
approaches 1, the more functional the model is. From the ANOVA table, R? equals to
0.949, which is approaching 1. This means that 94.9% of the observations fall
directly on the fitted response surface.

The above statistical analysis proved that Equation 5.2 is appropriate
for estimating the impact strength of the epoxy composite. This equation can be
abbreviated by reducing the insignificance terms. If the statistical tp of any regression
coefficient is less than to 251210, the critical t-distribution at the level of significance at
0.025, that particular regression coefficient is not significant to the response surface
equation. The value of tog2s210 IS 2.228, any regression coefficient from Table 5.5
that is less than 2.228 can be eliminated from the response surface equation.

Consequently, equation 5.2 can be rewritten as follow: -

¥ =7801-0985x; +0.22%x/ - 0.295x # 5.3
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o b,‘\]"’h 14 :+h2){2+b3 X 3+h] 2}{] X 2+b-| 3!{]}{3"‘]}2 3)(2}{ _-.|_'+b'| txl “+b121‘{31+b3 3}{32

Equation ¥
Where vy = Mechanical Property x, = Cure Temperaiure (°C)
b = Regression Coefficients X; = Cure Time (h)
X; = Amount of sand filler (% by volume)
: by by b2 by Dy2
Epoxy Composite Coating Material piiassia
Compressive Strenpth (MPa) 68.8209| 2.2742| -3.5268 _—4 1599
Impact Strength ( KJim®) 7.8010| -0.9853 : 0.2294 -0.2590
Fracture Toughness (MN/(m"”)) 3.9724| -0.4129| 0.2080|  0.1754 0.1965
Fracture Encrey ( J/im®) 14,909 « -2,843 -907 ‘ l,r-’,-'ﬁl
Concrete Coated with Epoxy Composite | |
Compressive Strength (MPa) 51.2307 -410925
Mortar Coated with Epoxy Composite i i % .
Impact Strength (KJ/m?) 4.4898| -0.5597 -0.1808| -0.1688

Table 5.6 Significant coefficients deriving from the second-order lineraregression analysisfor the properties of epoxy composites.
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The ANOVA table and the statistical ty test for the significance of the
regression coefficients in fitting the model of other properties are tabulated in
Appendix C. Table 5.6 shows the significant regression coefficients from the
statistical tp test. These are the coefficients used to demonstrate the relationship
between the curing factors and the mechanical propertiesin the final response surface

eguations.

5.3 MECHANICAL PROPERTIES OF EPOXY COMPOSITES

The relationships between curing factors and the mechanical properties
of epoxy composite, and concrete/mortar coated with epoxy composite were
investigated by using Response Surface Methodology (RSM). Thee pairs of response
surfaces and contour curves were demonstrated in each investigation. Contour curves
comprise with plot of cure temperature-cure time, plot of cure time-sand, and plot of
cure temperature-sand. These curves are plotted against the mechanical properties
giving response surfaces. The aforementioned graphs were plotted with respect to the
center point. That is, graphs in Figure 5.4, 5.8, 5.13, 5.16, 5.20, and 5.25, which
shows the relationship between the cure temperature-cure time and the mechanical
properties were plotted at constant amount of sand 27%, graphs between cure time-
sand and mechanical properties were plotted at constant temperature 65°C, and graphs
between cure temperature-sand and mechanical properties were plotted at constant
time 36 h.

5.3.1 Epoxy Composite Specimens

5.3.1.1 Compression Test

Compression test can provide many useful properties, namely modulus
of elasticity, yield stress, and yield strain. Test specimen and the compressed one are
shown in Figure 5.1.
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l'ms-

(a) (b)

Figure 5.1 : Epoxy composite test specimen from compression test perpendicular
to the compression load. (a) before compression and (b) after

compression

Figure 51 (a) and (b) shows the specimen before and after
compression test respectively. Stress-strain curve from compression test in this study
is demonstrated in Figure 5.2 . Comparison of compressive strength among epoxy
composites, glass fiber-reinforced epoxy composite and glass fiber-reinforced epoxy
composite filled with 27% sand cured at 65°C 36 his shown in Figure 5.3 .
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Figure5.2: Stress-strain curve from compression test of epoxy composite cured
at 65°C, 36 h and 27% sand.
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Figure5.3: Compressive strength of various epoxy coating composites.

Comparing with pure epoxy, glass fiber-reinforced epoxy composite
gives better compressive strength. - Although sand-filled glass fiber-reinforced epoxy
composite gives less compressive strength than glass fiber reinforced epoxy without
adding sand, the compressive strength obtained is only 1.8% dlighter. Accordingly,
sand can be used as a filler in epoxy coating composite. Adding sand as a filler not
only reduces material cost but also extends the pot life. Nonetheless, it might be
remarked that adding sand does not enhance compressive strength of the coating
material as most researchers might have expected initially. A possible explanation for
this may be due to the poor adhesion of sand to other components within the epoxy
composite. Better adhesion is achieved at the interface between the glass fiber and
the epoxy matrix because the glass fiber had been surface treated with silane coupling
agent. The purpose of which was to promote the interfacial adhesion. In
contradiction, no treatment was conducted to sand except the caustic wash to remove
salt and impurities. As a consequence, some parts of embedded sand in the epoxy
composite were detached as compression load was applied and resulted in inferior
compression property. Air pockets or air holes that are likely to have developed
within aggregates of sand and at the interface between sand and the epoxy matrix in

the sand layer may also led to reduction in the compression strength.
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The response surface and contour curve for the compressive behavior
of the epoxy composite is shown in Figure 5.4 . From the plot of cure temperature-
cure time versus compressive strength at a constant amount of sand filler of 27% in
Figure 5.4 (a) and (b), the compressive strength is raised as the cure temperature
elevates. In contrary, the compressive strength decreases as the cure time increases as
shown in Figure 5.4 (a) and (¢). The maximum compressive strength from Figure 5.4
(a) is 107.41 MPa at the highest cure temperature of 99 °C and shortest cure time of
15.8 h. However, another interesting cure condition that also offers high compressive
strength isthat cure at the lowest temperature of 31 °C and over the shortest cure time.
The compressive strength achieved at the laiter curing condition is 103.51 MPa,
which is only 3.6% lower than the maximum but this latter curing condition is much
more practical. Therefore, the recommended curing condition for maximum
compressive strength is best conducted at the cure temperature of 31°C for 15.8 h.

Figure 5.5 shows the contour curve of the compressive strength
between the cure temperature and the amount of sand filler at a constant cure time of
15.8 h. The compressive strength of epoxy composite at this optimal cure condition
can be even greater if the percentage of sand filler is varied. From Figure 5.5, the
highest compressive strength of 114.15 MPa observed from this figure was at the
lowest amount of sand, i.e. at 15.2%. If the ease of processing is not avital factor, the
greatest compressive strength can be achieved is 117.42 MPa, which is merely 2.9%
higher than the suggested curing condition. The cure condition for which is at a cure
temperature of 99 °C for 15.8 h in conjunction with adding sand as afiller by 15.23%.
Hence, it can be concluded that the most appropriate condition for curing epoxy
composite as far as compressive strength is concerned is at a cure temperature of 31°C
for 15.8 h with 15.23% sand added to the epoxy composite formulation.
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Figure5.5: Contour of the compressive strength for the epoxy composites
between the amount of sand and the cur e temperature at a constant
curetimeof 15.8 h.

5.3.1.2 Impact Test

Impact test measures the energy expended up to failure under
conditions of rapid compression loading. Data gained from this test informs whether
the impact resistance of epoxy composite is sufficient for industrial floor coating
application. Figure 5.6 shows the tested specimen of the epoxy composite after
impact test. Upon impact, each epoxy composite failed by breaking into 2 halves as
shown in Figure 5.6 (a). The reinforcing fabric was also torn; broken glass fiber can
be observed protruding from each fracture surface as shown in Figure 5.6 (b).

In accordance with ASTM D-256, |zod impact strength is reported in
energy per width of the specimen (Jm). However, in this experiment, it is more
useful to express the impact strength in terms of energy per cross-sectional area of the
specimen (KJm?) as used in 1SO 180:1993: International standard for determination
of 1zod impact strength of plastics. This makes it easier to compare the impact
strength of the epoxy composite with those of the ones coated on mortar. Hence, the
impact strength of epoxy compositesis reported in this section in KIm? While those
in Jm s provided in Appendix A.
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(a) Epoxy composite brokeinto 2 pieces  (b) Glass fiber protruding from the upon
impact. fracture surface of epoxy composite.

Figure 5.6 : Epoxy composite test specimen from impact test.
A comparison of the impact strength of neat epoxy composites, glass

fiber-reinforced epoxy composite and glass fiber-reinforced epoxy composite filled
with 27% sand and cured at 65°C for 36 hisshown in Figure 5.7 .
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Figure5.7 : Theimpact strength of neat epoxy, epoxy composite and sand- filled
epoxy composite, all systemswere cured at 65 °C for 36 h.

From Figure 5.7, it is apparent that the reinforcing glass fiber is
capable of enhancing the impact strength of epoxy. The increase of the impact
strength is owing to the energy required to break the reinforced glass fiber. 1t must be
noted that the increase in the impact energy of the sand-filled epoxy composite as
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compared with that of the neat epoxy arisen primarily from the glass fiber
reinforcement, not from the added sand. A comparison between the fiber-reinforced
epoxy composite with and without the sand filler illustrated that the filling sand had
detrimental effect by decreasing the impact strength. Though sand was found to
deteriorate the impact property, the impact test of sand-filled epoxy composites was
still conducted at least to find the most suitable amount of sand filler.

The response surface and contour curves from each impact test of the
epoxy composite are shown in Figure 5.8 . From Figure 5.8 (a) and (b), it is evident
that the highest impact strength can be obtained at the lowest temperature of 31°C
with a moderate amount of sand, i.e. at 27%. From the statistical t, test, no regression
coefficients that relate the impact strength to the cure time showed any significance.
However, in Figure 5.8 (a) and (c), cure time seems to have a dlight effect on the
impact strength. This is because the response surfaces shown in Figure 5.8 were
plotted from the initial response surface equation, which has not eliminated the
insignificant terms yet. In order to gain confidence in ignoring the influence of cure
time, a brief calculation was conducted as follow. From the contour curve of impact
strength between the cure time and the amount of sand at a constant cure temperature
of 31°C in Figure 5.9, at 27% sand filler, the impact strength of epoxy composite
cured for 21 and 46 h was equally obtained at 10.23 KJm?. The impact at different
cure time varies in the range from 10.23 to 10.46 KJm?.- The difference between the
lowest and the highest value is only 2.2%. Therefore, the recommended curing
condition is at a cure temperature of 31°C with an addition of sand filler of 27%.

Such cure condition gives the maximum impact strength of around 10.46 KJm?.
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Figure5.9: Contour of the impact strength for the epoxy composites between the
amount of sand and the curetime at a constant cure temperatur e of
31°C.

5.3.1.3 Double Torsion Test

The double torsion test is used in evaluating the energy required to
break a material. This energy is known as fracture energy. Pre-existing defects such
as cracks in the specimen can initiate fracture. Hence, the critical fracture stress,
which indicates the maximum siress intensity of the material before the crack
propagates, must be predicted. This value is defined as the critical stress intensity
factor, Kic. The double torsion specimen is shown schematically in Figure 5.10 (a).
Load at the break point from the experimental test was substituted in Equation 5.4
giving the stress intensity factor, which isindependent of crack length [15, 19-21, 47].

1

7

Kt _ o |:3(1 +V}j| 54
Wt

where P is load at the break point, W, is the moment arm, v is poisson’s ratio (0.35
for epoxy resin), W is the width of the test specimen, t is the thickness of the test
specimen, and t, is the plate thickness in the plane of the crack. In Figure 5.10 (b), the
shaded showed the fracture surface from doubl e torsion test.
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(a) The shape of the double torsion specimen
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(b) Fracture surface from double torsion test [47]
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Figure5.10 : Schematic representation of the double torsion test.

Specimen fractured by the double torsion technique is shown in Figure
5.11. Upon completion of the test, epoxy composite was fractured along the groove,
creating two broken halves as shown in Figure 5.11 (). The two fracture surfaces
with epoxy and glass fiber are shown in Figure 5.11 (b).

A comparison of the stress intensity factor of the neat epoxy, the glass
fiber-reinforced epoxy composite and glass fiber-reinforced epoxy composite filled
with 27% sand and cured at 65°C for 36 h is shown in Figure 5.12 .
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Figure5.12: Critical stressintensity factor of neat epoxy and epoxy composites.
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From Figure 5.12, the critical stress intensity factor of the glass fiber-
reinforced epoxy composite is prominently greater than that of the neat epoxy. Thisis
because more energy is required to break the specimen. Complete fracture of the
glass fiber-reinforced epoxy composite required the energy to break the epoxy matrix,
the energy to pull-out the embedded glass fiber form the epoxy matrix and the energy
to break the woven glass fiber while the neat epoxy only required the energy to break
the epoxy matrix. K. becomes even greater by adding sand as shown in Figure 5.12.
Sand-filled epoxy composite is tougher and requires greater K. to break comparing
with that of the unfilled one, which is opposite to the effect of sand on the
compressive strength and the impact strength.

The response surface and contour curves exhibiting the relationship
between K| and the curing factors from the double torsion test of epoxy composites
are shown in Figure 5.13 . Form Figure 5.13 (@), it can be deduced that the critica
stress intensity factor can be raised easily by reducing cure temperature and cure time.
Therefore, curing the epoxy coating composites for 15.8 h at 31°C was chosen as the
most suitable cure condition. Figure 5.13 (b) and (c) demonstrated that increasing the
percentage of sand could also promote the critical stress intensity factor. Figure 5.14
displayed the contour curves of the critical stress intensity factor at a constant cure
temperature of 31 °C. The highest critical stress intensity factor obtained when the
system was cured for 15.8 h is 6.09 MN/m*? at the amount of 33.87% of sand filler in
the epoxy composite formulation.

The fracture energy, G, can be related to the critical stress intensity
factor, K¢, by Equation 5.5

Kfcg
ch i B b {in plane stress) 5.5
L KI.::Z (f—v2)
ch - P (in plane straimn) 2.5

The specimen configuration under the double torsion test in the present
study is in plane stress condition. A comparison of the fracture energy of the neat
epoxy, glass fiber-reinforced epoxy composite and the glass fiber-reinforced epoxy
composite filled with 27% sand and cured at 65°C for 36 his shown in Figure 5.15 .
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Figure5.15: Fracture energy of neat epoxy and epoxy composites.

Fracture energy is improved and still maintains the same sequence as
that observed in the stress intensity factor. Reinforcing the epoxy specimen by glass
fiber already enhanced fracture energy of the specimen. Fracture energy can be
enhanced further by adding sand. In Figure 5.15, it is evidently seen that sand filler
makes the filled epoxy composite much tougher than both the unfilled-epoxy
composite and the neat epoxy.
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Figure5.17 : Contour of the fracture energy for the epoxy composite between the
amount of sand and the cure time at a constant cure temperature of
31°C.

The response surface and contour curves displaying the relationship
between the G and the curing factors in Figure 5.17 are similar to Figure 5.14. The
greatest fracture energy obtained at the same condition as that for the greatest critical
stress intensity factor when sand was added by 38.77% and the cure was conducted at
31°C for 15.8 his at 30,410 Jm? as shown in Figure 5.17.

5.3.2 Concr ete Coated Specimens

Compression test of the concrete coated with neat epoxy and epoxy
composite was conducted to cross-check whether the most appropriate curing
condition derived from the compressive test of epoxy composite remains at the
recommended. condition when'the coating composite was applied to the concrete
substrate, which is the modeling concrete floor structure. Despite the fact that curing
at high temperatures is probably not so practical for most industrial floor coating, the
range of cure temperature for concrete coated specimens in this experiment still
covered high temperatures, which is at a maximum of 99 °C. If the results show that
the curing at high temperature truly and significantly improves the compressive
strength of the coating material, then an attempt to cure the floor coating material at
high temperature will be worth, and a methodology for highest temperature curing
have to be devel oped.
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Figure 5.18 shows the epoxy composite-coated concrete cracked from
compression test. The concrete was the first part to be cracked by shear failure, the
crack then propagated further up from concrete to the coating layer.

v/ \
7/ A

(a) Side view of epoxy-composite- (b) Top view of epoxy composite coat
coated concrete cracked under on concr ete cracked by
compression compression.

Figure5.18 : Concrete coated specimen from compression test.
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Figure5.19: Compressive strength of uncoated concr ete and coated concr ete.

Figure 5.19 compared the compressive strength of uncoated, epoxy
coated, glass fiber-reinforced epoxy composite coated and glass fiber-reinforced
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epoxy composite filled with sand 27% coated concrete. All coating was cured at
65 °C for 36 h. Unfilled and filled epoxy composite-coated concretes exhibit slight
enhancement in the compressive strength. The sequence of improvement in the
coated concrete from the lowest to the highest compressive strength is same as those
observed in the epoxy composite coating material alone.

The response surface and contour curves of the compressive strength
of epoxy composite coated concrete are shown in Figure 5.20 . Figure 5.20 (@), (b)
and (c) illustrated that there an optimum values of all curing factors, which are cure
temperature, cure time and amount of sand filler, can be obtained. From Figure 5.20
(c), the amount of added sand that gives the greatest compressive strength is at 25%
sand At this quantity of sand, high compressive strength can be obtained from awide
range of cure temperature and cure time. The greatest compressive strength of 52
MPa can be obtained when cure is conducted at 67 °C for 49 h with an addition of
25% of sand, as shown in Figure 5.21.

Since the cure temperature that offers this maximum strength may not
be practical for large surface area coating as industrial floor, alower temperature may
be used instead. In order to obtain high compressive strength at lower cure
temperatures, cure time must be extended. From Figure 5.19, the longest cure time of
56.2 h imparts the highest compressive strength compared with other cure duration.
Thisis the reason why many industrial flooring manufacturers let the coating material
cure for about 3-4 days at room temperature. In this study, curing at the lowest cure
temperature 31 °C and the longest cure time of 56.2 h gives the compressive strength

at 44.87 MPa, which is expected to be higher if the cure period is extended longer.
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Figure5.21: Contour of the compressive strength of concrete coated with epoxy
composite between the curetemperature and curetime at a
constant amount of sand of 25%.

From the above investigation, the most suitable curing condition that
provides the highest compressive strength in this experimental test differs from that
obtained for the epoxy composite coating without any substrate. In concrete coated
with epoxy composite, sand can be added to the epoxy composite at a higher amount,
i.e. 25% compared with 15.23% of sand. This is because more amount of sand was
detached from the epoxy composite without the concrete substrate than the coated
concrete as the compression load was applied. Detached sand no longer received the
compressive load transferred from the epoxy matrix, resulting in a reduction in the
compressive strength.

Though speculations can be deduced from the present sets of results,
verification would require more tests conducted on filled-epoxy composite coated on
concretes cured at extended period and with various amount of sand to induce better

compression property.

5.3.3 Mortar Coated Specimens

Impact test of mortar coated with epoxy composite was performed to
confirm whether the most suitable cure condition found in the impact test of epoxy
composite remains at the recommended condition when the epoxy composite was
applied to the mortar substrate, the modeling floor structure. As with the epoxy
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composite-coated concrete, the range of cure temperature for concrete coated
specimens in this experiment still covered high temperatures with the maximum at
99°C, although high temperature curing may not be practical for industrial floor
coating.

Figure 5.22 shows the cracked specimen from impact test. The
fracture surface of mortar coated with epoxy composite is shown in Figure 5.22 (a).
The broken halves of the specimen from the impact test are shown in Figure 5.22 (b).

(b) Mortar coated with epoxy composite broke into 2 halves upon impact.

Figure5.22 : Fracture of mortar coated with epoxy composite by theimpact test.

The pendulum of the impact testing machine was set so that the
striking edge of the free-hanging pendulum hammer would just touch the specimen as

shown schematically in Figure 5.23.
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Figure5.23: Principle of theimpact by pendulum.

The potential energy (Ap) is calculate from the force (F) multiplied
by the height of the fall as shown in Equation 5.7 .

Ay  =F*h=TF*L{lcose) 7 57

where L is the distance in metre between the pendulum axis and the point of impact of
the striking edge in the center of the specimen. Upon the release of the pendulum
hammer, the potential energy is converted into kinetic energy by acceleration owing
to gravity. When the pendulum hammer was released and stroke on the specimen,
both the mortar and its epoxy composite coat broke upon impact. The pendulum lost
part of its velocity and hence part of its impact energy. The excess energy, Ae, IS
calculated as shown in Equation 5.8 .

A, = TF*w = F*L{l-cos ) 7] 5.8

The absorbed impact energy, A,, is the difference between the
potential energy and the excess energy A, as shown in Equation 5.9

Ay Ay - A 7] 59

The absorbed impact energy is the energy required to break the
mortar coated specimen or the impact strength of the specimen. Though falling

weight impact tests generally yields energy in Joules, this experimental work will
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report the impact energy in energy per cross-sectional area of the fracture specimen
(KI¥m?) so that it can be compared with the impact strength of epoxy composite coat.

Figure 5.24 compared the impact strength of the uncoated mortar,
mortar coated with neat epoxy, glass fiber-reinforced epoxy composite and glass
fiber-reinforced epoxy composite filled with 27% sand and cured at 65 °C for 36 h . It
is evident that coating improves the impact strength of the mortar. The sequence of
the coated mortar with the lowest to the highest impact strength is the same as those
of the epoxy composites.
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Figure5.24 : Impact strength of uncoated mortar and coated mortar.

From the response surface and contour curves for the impact strength
of coated mortar shown in Figure 5.25 (a) and (b), It Is apparent that curing at low
temperature imparts better impact properties.” Both ‘cure time and amount of sand
showed an optimum point as shown in Figure 5.25 (c). At 31 °C, the lowest
temperature in this study, the optimum cure time and the amount of added sand is 29
h and 23% respectively. Curing at this condition gives the greatest impact strength at
5.10 KJm? as shown in Figure 5.26.
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Figure5.26 : Contour of theimpact strength of epoxy composite coated mortar
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Comparing with the epoxy coating composite without any substrate,
the influences of cure temperature and the amount of sand filler on the mortar coated
with epoxy composite are the same. Curing both the epoxy composites and the
mortar coated with epoxy composite at low temperature induces better impact
properties. The optimum amount for adding sand in each system differs a little, i.e.
27% and 23 % of sand filler for epoxy composite and for mortar coated specimens
respectively. The effect of the cure time on mortar coated specimens is obviously
shown by a peak in Figure 5.25 (c). On contrary, the effect of the cure time on the
epoxy composite is rarely noticed. Therefore, an additional test was conducted to
verify the significance of cure time on the impact property for different formulation
by curing the epoxy composite at a shorter period of cure time. Figure 5.27 showed
the result of this additional test, which verified that an impact strength peak is
obtained for the cure time of 9 h and 12 h when the amount of sand added is 20% and
27% respectively. This maximum impact strength in each case implied that there is
an optimum condition for cure and cure time does have an effect on the impact
property of the epoxy composite. The plot in Figure 5.27 also depicts adiminution in
the impact strength beyond the optimal cure time. Hence, both the epoxy composites
and the mortar coated with epoxy composite have an optimum value of cure time.

The epoxy composite tends to reach its zenith over a longer period of cure time than
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that required for curing the same epoxy composite coat on the mortar. This behavior
is comparable with that of the discrepancy seen in the influences of the cure time on
the concrete coated with epoxy composite and the epoxy composite without any
substrate. The discrepancy arise in both cases is attributed to the possible difference
in actual temperature profile of each coating system during the process of curing.
Curing itself is an exothermic reaction. Although both the epoxy composite and the
mortar coated with epoxy composite are cured at temperatures within the same range,
the actual temperature within each system during curing may differ due to the non-
uniform form exothermic reaction. In the mortar coated with epoxy composite
system, temperature may have developed and partially lost to the mortar. Hence,
more time is required to build up the temperature profile, leading to a discrepancy in

exhibiting the influences of curetime.
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Figure5.27 : Impact strength of the epoxy composite cured with 20% and 27%
sand both were cured at 65°C.
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54 IMPROVEMENT IN MECHANICAL PROPERTIES OF THE EPOXY
COMPOSITES

From the experimental results in Section 5.3, it is obvious that the
epoxy composite coat yields better mechanical properties than the neat epoxy. The
order of improvement achieved in the mechanical properties of the epoxy composites
isillustrated in Table 5.7 . It is obvious that glass fiber reinforcement increases the
mechanical properties because it supports the applied load transferred from the epoxy
resin. Moreover, the critical stress intensity factor and the fracture enhanced further
by adding sand, which is a tough phase, to the epoxy composite. Though fracture
properties of the glass fiber-reinforced epoxy composite are significantly elevated by
adding sand, the compressive strength and the impact strength decreases dlightly, but
they are still higher than the neat epoxy. The reason for this is because the adhesion
between the sand filler and the epoxy resin is not so good as between the glass fiber

and the epoxy resin.

Table 5.7 : Improvement in mechanical properties of the epoxy composites cured
at 65 °C for 36h.

Improvement in properties (%)
Mechanical proprties Glass fiber-reinforced |27% sand filled glass fiber-
epoxy composite  |reinforced epoxy composite
Compressive strength 119 9.9
Impact strength 86.4 22.8
Critical stressintensity factor 219 297
Fracture energy 832 1267

Results from the compression test in the epoxy. composite coated
concrete showed that the sequence of improvement in the coated concrete from the
lowest to the highest compressive strength is the same as those observed in the epoxy
composite coating material alone, as displayed in Table5.8 .
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Table 5.8 : Improvement in compressive strength of the epoxy composites coated

concrete cured at 65 °C for 36h.

Improvement in compressive strength (%)

Concrete coated with | Concrete coated with Concrete coated with
with glassfiber-reinforced |27% sand filled glass fiber-
neat epoxy epoxy composite  |reinforced epoxy composite
35 16.9 16.6

The sequence of improvement in the impact strength of the epoxy
composite coated on mortar is also the same as those in the epoxy composite coating

material aone, as shownin Table5.9 .

Table 5.9 : Improvement in mechanical properties of the epoxy composites
coated mortar cured at 65 °C for 36h.

Improvement in the impact strength (%)
Mortar coated with Mortar coated with Mortar coated with
with glass fiber-reinforced |27% sand filled glass fiber-
neat epoxy epoxy composite  jreinforced epoxy composite
0.8 223 190

5.5 EFFECTSOF CURING FACTORS ON MECHANICAL PROPERITES OF
THE EPOXY COMPOSITES

Influences of the curing factors on the mechanical properties of the
epoxy composites drawn from the experimental testsin Section 5.3 are summarized in
from Tables5.10t0 5.12 .

From Table 5.10, the cure temperature that gives the highest
compressive strength in both the epoxy composite and the epoxy composite coated
concrete is quite high. By extending the cure time, a more practical cure temperature
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of 31°C, which is the lowest cure temperature in the range studied is recommended.

High compressive strength can also be achieved by curing at this condition.

Table5.10: Effects of the cure temperature on mechanical properties of the

€poxy composites.

Mechanical Epoxy Concrete coated with Mortar coated with
properties Composite epoxy composite €poxy composite
Increasing cure temperature
Compressive strength induces better Optimum at 67 °C
compressive strength
Reducing cure temperature Reducing cure temperature
Impact strength induces better induces better
impact strength impact strength

Critical stressintensity
factor (K,¢) and
Fracture energy (Gyc)

Reducing cure temperature

induces better
fracture properties

Table5.11 : Effects of the cure temperatur e on mechanical properties of the

€poXy composites.

Mechanical Epoxy Concrete coated | Mortar coated with
with
properties Composite €epoxy composite | epoxy composite
Increasing cure time
Compressive induces better Optimum at 49 h
strength
compressive strength
Impact strength Optimum-at 12 h Optimum at 29 h
Critical stress | Increasing curetime
intensity
factor (K,¢) and induces better
Fracture energy fracture properties
(Gid)
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Table5.12 : Effects of the cure temperature on mechanical properties of the

€POoXy composites.

Mechanical Epoxy Concrete coated with Mortar coated with
properties Composite €poxy composite epoxy composite
Reducing amount of sand
Compressive strength induces better Optimum at 25%
compressive strength
Impact strength Optimum at 27% Optimum at 29%

Critical stressintensity
factor (K,o) and
Fracture energy (Gyc)

Increasing amount of sand

induces better
compressive strength

5.6 OPTIMUM CURE CONDITION

Curing the epoxy compasite with an appropriate cure condition can

enhance the mechanical properties of the epoxy coating composite material.

Experimental results drawn form Section 5.3 illustrated how to cure the epoxy coating

composite material to give the greatest mechanical properties, which are summarized

inTable5.13.

Table5.13: Theappropriate cure condition for each mechanical property.

Mechanical Cure temperature Curetime Amount of sand
Properties (°C) () filler (% vol)
Compressive strength 31 56.2 25
Impact strength 31 29 23
Critical stressintensity
factor (Kc) and 31 15.8 38.77
Fracture energy (Gyc)

Since the most suitable cure condition for adding each mechanical

property at its best tend to vary, a compromise condition needs to be drawn. From the

varying the curing factors in the response surface equations of the mechanical

properties, the appropriate condition for curing the epoxy composite coat material is
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at the cure temperature of 31 °C for 56.2 h with 29% sand. At this condition,
reductions of mechanical properties from the highest values are compromised. The
mechanica properties achieved at this recommended cure condition, as shown in
Table 5.14, are still desirable and appropriate for industrial floor coating application.

Table5.14 : The mechanical properties of the epoxy composites, the epoxy
composite coated concr ete and the mortar coated composites cured
at 31 °C for 56.2 h. Theamount of sand filler added is29%.

Cure condition of | Decrease from
Mechanical properties 31°Cfor 56.2 h | the highest value
with 29% sand. | achievable (%)

Epoxy composite
Compressive strength (M Pa) 89.04 24.2
Impact strength (KJ/m?) 10.11 3.3
Critical stressintensity factor (MN/m*?) 4.943 18.8
Glc (Im?) 24,867 18.2
Concrete coated with epoxy
composite
Compressive strength (MPa) 46.96 9.7
Mortar coated with epoxy
composite
Impact strength (KJ/m?) 4.915 36

5.7 MICROSCOPIC OBSERVATION

The studies of the fracture surface of epoxy composite coats are
shown in their fractographs from Figures 5.28 to 5.42 .

Figures 5.28 to 5.32 show the micrographs of the fractured surface of
epoxy composite failed by impact. A complete width depicting 5 individual layers of
the fractured epoxy composite with glass fiber reinforced and sand filler appears in

Figure5.28 .
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Figure5.28 : Impact fracture surface of epoxy composite cured at 65 °C 36 h
27%sand.

Detailed analysis of the impact fractured surfaces from Figure 5.28
are shown in Figures 5.29 to 5.32 . Figure 5.29 displays the fracture in the epoxy
layer at the bottom of the composite. Apparent on the fracture surface caused by local
plastic deformation was the texture of river markings oriented in the direction of crack
propagation [18, 48]. They were significant morphological clue for locating local
crack propagation.

Figure5.29 : Impact fracture surfacein the epoxy layer of the epoxy composite
cured at 65 °C for 36 h. The amount of sand added was 27%.
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Figure 5.30 : Impact fracture surface in the epoxy layer of the epoxy composite
cured at 65 °C for 36 h. The amount of sand added was 27%.
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Figure5.31: Thesand layer in the epoxy composite cured at 65°C for 36 h. The
amount of sand was 15.23%

Figure 5.32 Adhesion between sand and epoxy resin in epoxy omposite.
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Figure 5.30 shows the sand layer in the epoxy composite cured at
65°C for 36 h. The amount of sand was 27%. The nature of local crack pattern in the
sand filler layer is more apparent in Figure 5.31 where less amount of sand was
present. Figure 5.32 shows adhesion between the sand filler and the epoxy matrix.

The fracture surfaces obtained from the double torsion test are shown
in Figures 5.33t0 5.40 . It is obvious from the fractographs that the fracture behavior
of the epoxy composites failed by double torsion differs from that failed by impact
test. The fracture surface of epoxy composite, as shown in Figure 5.33, is quite
rough, indication that it is quite a tough specimen. A section of the fracture area of
the double torsion test specimen is displayed in Figure 5.34.

G

Figure5.33 : Fracture surface of epoxy composite cured at 65°C 36 h 27% sand.
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A larger magnification of Figure 5.33 is shown in Figures 5.35 to
5.40. Figure 5.35 shows the river marking in the epoxy layer. Figure 5.36 shows the
adhesion between the sand filler and the epoxy matrix, which is magnified in Figure
5.37 . By comparing the surface shown in Figure 5.37 with that shown in Figure 5.31,
it is apparent that the fracture in the sand layer of double torsion test and impact test
occurred in different manners. Better adhesion between the sand filler and the epoxy
resin is observed in the double torsion specimen as shown in Figure 5.37. This
behavior is also the same in the adhesion between the glass fiber reinforcement and
the epoxy matrix as shown in Figures 5.38 to 5.40, in which the resins is seen adhered
to the pulled-out glass fibers.
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Figure5.36: Thesand layer of te epoxy composite cured at 65°C for 36 h. The
amount of sand added is38.77%.
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Figure5.37 : Adhesion between the sand and the epoxy resin in epoxy composite
cured at 65°C for 36 h. The amount of sand added is 38.77%.
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Figure5.38 : Pulled-out glassfibersin the fracture surface of epoxy composite
failed by doubletorsion test.

oA e, ' 1 Sal
e M\e.a

10kyY X588 S0krm BQ0R127

Figure 5.39 :Glassfibers and the epoxy resin adhered to them.
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Figure5.40 : Adhesion between glass fiber and epoxy resin.

Micrographs of the interface between the concrete substrate and the
epoxy resin coated on the concrete are illustrated in Figure 5.41 and magnified in
Figure 5.42, which exhibit adhesion between the concrete and the epoxy resin.

Figure5.41 : Fracture surface of the concr ete coated with the epoxy composite.
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Figure 5.42 : Adhesion between the concrete and the epoxy composite.

5.8 SAMPLE CHARACTERIZATION

The Dynamic Mechanical Anaysis (DMA) test is capable of
measuring viscoelastic properties of polymers such as the storage modulus (G’) and

the loss tangent (tan §). These properties are plotted against the temperature as
shown in Figure 5.43 .

Peledulus (M Pa) Tan dslta
500
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450
400 12
GI
50
— Lo
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10 1 —
02
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0 ]
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Figure 5.43 : The dynamic mechanical spectrum (storage modulus and loss
tangent plotted against the temperature at the frequency of 1 Hz) of
neat epoxy cured at 65 °C for 36 h.
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The value of the glass transition temperature (Tg), the bending
modulus in the rubbery state and the strand density or crosslink density of polymer
can be evaluated from these property-temperature curves. The T4 can be detected at
the peak of tan 5. An analysis on the crosslink density can be done by application of
the statistical theory of rubber elasticity under the condition that makes the polymer
elastic and rubber-like. The strand density of the epoxy resin can be derived form
Equation 5.10[19, 20].

— G
y——
K T
where v is the strand density, which is defined as the number of crosslinking chains

5.10

per unit volume. G’ isthe modulus at the temperature that epoxy is in a rubber-like
state. Kg is the Boltzmann's constant, its value is 13.8x10%* Jmol and T stands for
the absolute temperature that induces the epoxy to be in its rubber-like state. The
strand density implies whether the epoxy resin has low or high degree of crosslinks.
High strand density is related to high degree of crosslinks while low strand density
relates more to the softening of epoxy [19, 20]. The experimental results of the DMA
test istabulated in Table 5.15 .

Table5.15 : Experimental results from dynamic mechanical analysistest for neat
epoxy with different cure condition.

Cure Curetime Bending Glass transition | Strand density
temperature(°C) (h) modulus (MPa)| temperature(°C) |  (10*'/m®)
65 15.8 24.91 99.8 4.33
31 36 14.23 86 2.42
65 36 18.67 101.6 3.21
99 36 31.15 115.2 5.36
65 56.2 25.04 106.1 4.35

Experimental results drawn from table 5.15 illustrated that, at constant

cure temperature, the T, raised as the cure time was extended and at constant cure
time, the T, raised as the cure temperature was elevated. Table 5.15 also exhibited

that, the strand density increases as the Ty increases.



CHAPTER VI

CONCLUSIONSAND RECOMMENDATIONS

6.1 CONCLUSIONS

The main objectives of the present study is to relate the curing

factors with the mechanical properties of epoxy composite for industrial floor coating,

and to find the optimum conditions for curing the coat. The mechanical properties of

the epoxy composite coating layer and the simulated epoxy composite coated floor,

which was epoxy composite coated on concrete/mortar substrate, were studied. Based

on the experimenta work conducted in this investigation, the results can be

summarized as follows.

6.1.1

6.1.2

As floor coating material, glass fiber reinforced-epoxy composite exhibit
better mechanical properties than neat epoxy resin. At the cure temperature
of 65 °C for 36 h, the compressive strength of concrete coated with epoxy
composite was enhanced by 16.9% while the neat epoxy did by 3.5%. The
impact strength was increased by 190% in the glass fiber reinforced
composite coated mortar due to the presence of the glass fiber. This is
because of the superior properties of the glass fiber, which supports the
applied load transferred from the epoxy resin matrix. Fracture toughness of
epoxy composite is greater than that of neat epoxy by 832%.

Mechanical properties in terms of the compressive strength of the concrete-
coated with epoxy composite and the impact strength of the mortar-coated
with epoxy ‘composite show the same trend as those found in the ones
without any substrate. The compressive strength of uncoated concrete was
raised by close to 17% upon coating with filled or unfilled epoxy composite,
but in increase for those coated with neat epoxy was insignificant. The
Impact strength for mortar coated with unfilled epoxy composite was
enhanced by 223% while the filled one led to a slightly lower raise of 190%.
With the neat epoxy coat on mortar, the impact strength was relatively
unchanged.



6.1.3

6.1.4

6.1.5
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Cure temperature effects the impact strength and fracture toughness of the
epoxy composite in the same manner, i.e. a lower cure temperature imparts
better impact and fracture properties. For the range of cure temperature of
31 °C vyields the greatest impact and fracture toughness. Greatest
compressive strength was achieved when curing the epoxy composite and
that coated in the concrete at 99 °C and 67 °C for 15.8 h and 29 h
respectively. A raise in the cure temperature can be substituted by extended
period of cure time at a lower cure temperature. A compressive strength of
only 2.9% less than those at the optimum in the epoxy composite and 13.7%
in the concrete coated with epoxy composite can be obtained by curing for

extended period of 56.2 h at alower cure temperature of 31 °C.

Influence of the cure time on the compressive strength and the fracture
toughness of the epoxy composite are of the same manner. Extending the
cure time tends to inferior these mechanical properties. The highest
compressive strength and fracture toughness are attained upon curing the
epoxy composite for 15.8 h. However, in curing the concrete coated with
epoxy composite to give high compressive strength, the recommended cure
time is for not less than 49 h. The optimum cure time, which gives the
highest impact strength, found for both the epoxy composite and mortar
coated with epoxy composite, were for the duration of 12 and 29 h
respectively.

Filling sand with a higher amount increases both the fracture properties.
Therefore, the epoxy “composite with the highest fracture properties is
achieved at the highest amount of sand, i.e. at 38.77%. An optimum amount
of adding sand was discovered in the impact test of both the epoxy composite
and the mortar coated with epoxy composite at 27% and 23% sand
respectively. An optimum amount of adding sand is also found for the
compressive strength of the concrete coated with epoxy composite at 25%
sand while the compressive strength of the epoxy composite reduces as more
amount of was added. Hence, the highest compressive strength is obtained
from the lowest amount of 15.23% added sand.



6.1.6

6.1.7

6.1.8

6.1.9
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An appropriate cure condition can improve the mechanical properties of the
filled-epoxy composite coat. High temperature cure can be remedied by
extended cure time. For optimum mechanical properties, the following cure
conditions were found.
6.1.6.1 Epoxy composites with high compressive strength can be achieved
by curing at 31°C for 56.2 h with the amount of sand filler of 25%.
6.1.6.2 Epoxy composites with high impact strength can be achieved by
curing at 31°C for 29 h with the amount of sand filler of 23%.
6.1.6.3 Epoxy composites with high fracture toughness can be achieved by
curing at 31°C with the shortest curing period and the highest
amount of sand filler in this study, i.e. at 15.8 h and 38.77%
respectively.

The optimum cure condition, which was compromised all
mechanical properties, is at the cure temperature of 31 °C for 56.2 h with
29% sand. At this condition, the minimum reductions of mechanical
properties from the highest value are obtained. The highest reduction at this
condition is in the compressive strength of epoxy composite, which
decreased by 24.2%.

At a constant cure temperature, the glass transition temperature of the neat
epoxy was raised as the cure time was extended. At constant cure time, the
glass transition temperature of epoxy increased as the cure temperature was
elevated.

The glass transition temperature increased with the strand density of the neat
€POXY.

Results from the regression analysis and the ANOVA test illustrated that the
relationships between the curing factors and the mechanical properties are
properly fitted by the response surface equations from the Central Composite
Rotatable (CCR) technique and Response Surface Methodology (RSM).
These equations are displayed in the Table 6.1 .
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Table 6.1 : Interaction between cure temperature (T) and the coded variables of
cure time (t), amount of added sand (x) and the mechanical property
(y). All equations are valid when the epoxy composites are cured
with the cure temperature from 45 to 85 °C, the cure time from 24 to
48 h and the amount of sand from 27 to 34%

Epoxy Composite Coating M aterial

Compressive Strength (Mpa) y =98.82 + 2.27T — 3.53t— 4.16x + 2.52tx

Impact Strength (KJm?) y = 7.801 —0.985T + 0.229T2 — 0.295x>

Fracture Toughness (MN/(m*?)) y = 3.972 —0.413T — 0.208t + 0.175x + 0.197T?

Fracture Energy (Jm?) y = 14,909-2,843T-907t+1,761x-1,114Tx+1,107T*+850t>

Concrete Coated with Epoxy Composite

Compressive Strength (Mpa) y = 51.23 - 4.09Tt — 5.42T% -3.75x*

Mortar Coated with Epoxy Composite
Impact Strength (KJm?) y = 4.490 — 0.560T — 0.181t* — 0.169x°

6.2 RECOMMENDATIONS FOR FURTHER STUDY

6.2.1  Surface treatment of sand can be performed to promote better epoxy-sand

adhesion.

6.2.2  Aninvestigation on the effects of sand particle size can be studied.

6.23 A study on cure temperature profile is suggested to detect the actua

temperature devel opment during curing.

6.24  Deterioration due to environmental effects and physical aging of epoxy

composite coat is anarea still opened for investigation.

6.2.5 © Hardnesstest of epoxy composite can be conducted.
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APPENDIX A

Results of Mechanical Properties from the Experimental Tests

Appendix A-1:The compressive strength of epoxy composites.

Run Cure Cure Sand Compressive
Temperature Time Strength (M Pa)
(C) (h) (% val.)
1 45 24 20 108.50
2 85 24 20 112.82
3 45 48 20 94.59
4 85 48 20 99.71
5 45 24 34 94.80
6 85 24 34 98.39
7 45 48 34 89.34
8 85 48 34 97.00
9 31 36 27 94.29
10 99 36 27 100.45
11 65 15.8 27 100.50
12 65 56.2 27 92.00
13 65 36 15.23 99.19
14 65 36 38.77 86.87
15 65 36 27 101.53
16 65 36 27 98.50
17 65 36 27 97.50
18 65 36 27 99.83
19 65 36 27 97.47
20 65 36 27 98.88




Appendix A-2: Theimpact strength of epoxy composites.
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Run Cure Cure Sand I mpact I mpact
Temperature Time Strength Strength
(°C) (h) (% vol.) (I/m) (KJI/m?)
1 45 24 20 52.63 8.771
2 85 24 20 41.91 6.984
3 45 48 20 52.48 8.747
4 85 48 20 42.85 7.142
5 45 24 34 50.90 8.483
6 85 24 34 42.67 7.112
7 45 48 34 53.22 8.869
8 85 48 34 41.06 6.843
9 31 36 27 62.55 10.425
10 99 36 27 38.76 6.461
11 65 15.8 27 50.43 8.405
12 65 56.2 27 46.26 7.709
13 65 36 15.23 43.09 7.181
14 65 36 38.77 41.66 6.943
15 65 36 27 46.86 7.810
16 65 36 27 48.07 8.012
17 65 36 27 47.26 7.876
18 65 36 2y 46.80 7.800
19 65 36 - 47.17 7.862
20 65 36 20 44.70 7.449




Appendix A-3: Thecritical stressintensity factor and the fracture energy of
€poxy composites.
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Run Cure Cure Sand Kic Gic
Temperature Time

(°C) (hr) (% vol.) (NM/m*?) (J/m?)
1 45 24 20 4.590 15,114
2 85 24 20 4.001 12,532
3 45 48 20 4.302 16,143
4 85 48 20 3.669 13,248
5 45 24 34 5.103 22,330
6 85 24 34 3.917 13,640
7 45 48 34 4.470 18,395
8 85 48 34 3.850 12,699
9 31 36 27 5.202 23,502
10 99 36 27 3.650 12,227
11 65 15.8 27 4.178 15,079
12 65 56.2 27 3.275 9,576
13 65 36 15.23 3.524 11,195
14 65 36 38.77 4.486 19,532
15 65 36 27 4.026 15,376
16 65 36 27 3.827 14,287
17 65 36 27 3.803 14,462
18 65 36 27 3.929 13,250
19 65 36 27 4.022 15,645
20 65 36 27 4.262 16,493




Appendix A-4 : The compressive strength of concrete coated with epoxy
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composites.
Run Cure Cure Sand Compressive
Temperature Time Strength (M Pa)
C) (hr) (% vol.)
1 45 24 20 35.79
2 85 24 20 44.00
3 45 48 20 48.48
4 85 48 20 42.54
5 45 24 34 28.71
6 85 24 34 43.83
7 45 48 34 44.44
8 85 48 34 40.97
9 31 36 27 33.67
10 99 36 27 37.21
11 65 15.8 27 47.84
12 65 56.2 27 46.42
13 65 36 15.23 42.59
14 65 36 38.77 37.77
15 65 36 27 52.44
16 65 36 27 52.26
17 65 36 27 52.18
18 65 36 27 50.93
19 65 36 27 46.85
20 65 36 27 50.06




Appendix A-5: Impact strength of mortar coated with epoxy composites.
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Run Cure Cure Sand I mpact I mpact
Temperature Time Strength Strength
(°C) (hr) (% vol.) J) (KJI/m?)
1 45 24 20 3.866 4.989
2 85 24 20 2.739 3.534
3 45 48 20 3.449 4.451
4 85 48 20 2.900 3.742
5 45 24 34 3.423 4.417
6 85 24 34 2.789 3.599
7 45 43 34 3.464 4.469
8 85 48 34 2.900 3.742
9 31 36 27 3.907 5.041
10 99 36 Y 2.094 2.702
11 65 15.8 27 2.819 3.638
12 65 56.2 27 3.061 3.949
13 65 36 15.23 3.027 3.906
14 65 36 38.77 2.905 3.749
15 65 36 27 3.664 4.727
16 65 36 2T 3.623 4.675
17 65 36 27 3.423 4.417
18 65 36 27 3.377 4.357
19 65 36 -- 3.377 4.357
20 65 36 27 3.464 4.469




APPENDIX B

Calculation Method

Experimental design and statistical analysis for impact strength of
epoxy composite is exemplified in this section. Other mechanical properties can are
also analyzed by the same approach.

1. Calculation of coded independent variable in central composite rotatable
design

In central composite rotatable design, independent variables are

represented by codes +1, 0, and +a. The code o for three independent variables is

calculated by from the following equation
o = 2% = 2 = 1682

the actual numerical measures will be converted to coded variables by using Equation
29

24

where X is the variables to standardized (or coded), x Is variables, X, is the center of
the region and t is the current region of interest for X.

In this study, temperature will be varied from 31 to 99 °C, which
gives the center-point (Xp) at 65 °C. The coded variable for the highest temperature
99 °Cis 1.682, sot can be calculated from

b= (X=X e = (99 -B5)1.682 = 20 B-1
At coded variable 1, experimental test temperatureis
¥ = xt+B5 = (120 +65 = 85°C B-2

Other test condition can also be derived from the same calculation

giving the following curing condition



Table4.2: Test Condition at center point, cube point and star point.

Star Cube | Center | Cube Star
I n\(j:e?ggim Point Point Point Point Point
(-1.682) (-1) (0) (1) (1.682)
Cure Tegnperature 31 45 65 85 99
@)
Cure Time 15.8 24 36 48 56.2
(h)
Sand Filler 15.23 20 27 34 38.77
(% by volume)

2. Estimation of multiple linear regression coefficients

129

The study of response surface methodology in all mechanical

properties are carried out by creating mathematical model with second order

polynomia equation as shown in Equation B-3

Y =bo + bixi1 + bpxo + baxs + b11X12 X b22X22 + b33X32 + D1oX1X2 + D13X1X3 + DasXoXs

B-3

The estimation of coefficients in the above equation can be done by

matrix calculation using in multiple linear regression analysis. The result of impact

strength of epoxy composite in Table 4.1 can be written in matrix as follows.
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Hence, the response surface equation can be written in second o

polynomial equation showing the “relationship between curing, factors and imy

strefpth of epoxy composite as Equation 5.2

y = 7.801 - 0.985x, — 0.067x, — 0.0534x; — 0.039x,%, - 0.001x%;
— 0.002x,x, + 0.229%," + 0.093x,” — 0.295x;"

52

For other responses, regression analysis can also be calculated fr

this method.
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3. Analysis of Variance

The total sum of square of responses y is calculated from Equation

2.28.

SST: Z Yio T 2.28

i

(8.77° + 6.98° + ... + 7.457) - (8.77 + 6.98 + ... + 7.45)%/20
= 17.095
Regression sum of square is calculated from Equation 2.30 or Equation
B-4 as follows.

2

SSp = D¢ 2.30
n
SSR = SSRJ F i SSR2 B-4

The first order term of regression sum of square is calculated from

Equation 2.31
n 3
SSR1 = Xbi(iy) 2.31
i=1
= (-0.985)(-13.46) + (-0.067)(-0.92) + (-0.054)(-0.737)

=13.36

o

Mean square of coefficient of the first order term is
MS; = {SSRJ)/k = 13.36/3 = 4.453
The first order term of regression sum of square is calculated from

Equation 2.32

£k k 62
SSR2 =bo(0y)+ Z X bij(iiy)—— 2.32
i=1j=1 n
= (7.801)(156.88) + [(0.229)(110.72) + (0.093)(108.54) + ... +
(-0.02)(-0.017)] - (8.77 + 6.98 + ... + 7.45)*/20
=1223.8 + 8.852 — 1225

=7.7Y1
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Mean square of coefficient of the second order term is

SS

R2

2
Therefore, regression sum of square calculated from Equation B-4 is
SSr=13.36+7.717=21.077

Mean square of coefficient of the regression is

MSg = =21.077/9=12.342

Error sum of square is calculated from Equation 2.34 by replacing

information from Table 5.2 as follows
4 « $3
SSE = X(yi—¥i) 2.34
i=1
= (8.771-8.909)* + (6.984-7.062)% + ... + (7.449-7.801)’
=0.817

Mean square of coefficient of the error sum of square is

SS,

n—]———

2

Pure error sum of square is calculated from Equation 2.37

n
SSpE = 2V —J71)2 2.37
u=1

y is the average of center responses, which is equal to
y=(7.810+8.012+7.876+7.800+7.862+7.449)/6
=7.801
So, SSpr 1s

SSpg = (7.810-7.801)% + (8.012-7.801)> + ... +(7.449-7.801)* =0.178
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Mean square of coefficient of the pure error sum of square is
MSpr = SSpi/ (n; — 1) = 0.178/(6-1) = 0.036
Hence,

SSLOF = SSE - SSPE =0.817-0.178 = 0.639

SS

LOF
MSor= k(k=+3) =0.128
n s
2
2

4. Calculation of statistical Fy

Statistical value Fo of the regression analysis is calculated from

Equation 2.40
SSp
k(k+3)
2 MSR _
Fy = =
0 Sz MSg 2.40
o KE+3)
2

= 2.342/0.082 = 28.67
Fo of SSg; and SSk» is also calculated from the same method

Fo of error is caiculated from Equation 2.41

SSLoF
vy - HEFD)
Fo= 2 2 MSioF 241
SSPE MSpg;

np—1

=0.128/0.356 =3.6

5. Calculation of statistical {g

Statistical value ty of each regression coefficient is calculated from

Equation 2.44
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b;

t =
0 JMSECii

For Example, ty of by is

2.44

7.801

0= Jr0.082)(0.1663) =669

6. Coefficient of determination

Coefficient of determination of regression analysis is calculated from

Equation 2.45

R2=5R ) BE 2.45
SSt SST

=1-(0.817/17.095) = 0.949



APPENDIX C

ANOVA Table and Regression Coefficients

Appendix C-1 : ANOVA table for the multiple regression analysis of the
interactions of cure temperature, cure time, and amount of
sand on the compr essive strength of epoxy composites.

Sourceof Variation | Sum of Square| DF |Mean Square Fo
Regression 556.04 9 61.78 7.76
First order terms 476.82 3 158.94 19.97
Secondary order terms 79.22 6 13.20 1.66
Error 79.56 10 7.96
Lack of fit 67.63 5 13.53 5.67
Pure error 11.93 5 2.39
Total 635.29 19 R® = 0.875

Appendix C-2 . Statistic-tp test of coefficients testing for interactions of cure
temperature, cure time, and amount of sand on the
compressive strength of epoxy composites.

Regression Coefficients| to Hypothesistest
(to.oes/2,10 = 2.228)
Bo 98.821 85.90 Significance
by 2.274 2.98 Significance
by -3.527 -4.62 Significance
bs -4.160 -5.45 Significance
b1» 0.609 0.61 Not significance
b13 0.226 0.23 Not significance
b2 2521 2.53 Significance
b11 0.296 0.40 Not significance
b2, -0.101 -0.14 Not significance
b33 -1.239 -1.67 Not significance
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Appendix C-3 : ANOVA table for the multiple regresson analysis of the
interactions of cure temperature, cure time, and amount of

sand on the impact strength of epoxy composites.

Sourceof Variation |Sum of Square| DF |Mean Square Fo
Regression 21.077 9 2.342 28.67

First order terms 13.360 3 4.453 54.55

Secondary order terms 7.717 6 1.286 15.76
Error 0.817 10 0.082

Lack of fit 0.639 5 0.128

Pure error 0.178 5 0.036

Total 16.251 19 R® = 0.949

Appendix C-4: Statistic-tg test of coefficientstesting for interactions of cure
temper ature, cure time, and amount of sand on the impact
strength of epoxy composites.

Regression Coefficients|  to Hypothesistest
(to.o25/2,10 = 2.228)
bo 7.801 66.95 Significance
by -0.985 -12.74 Significance
b, -0.067 -0.97 Not significance
[ bs -0.054 -0.70 | Not significance
bys -0.059 -0.58 Not significance
b13 -0.001 -0.01 Not significance
b3 -0.002 -0.02 Not significance
b1 0.229 3.05 Significance
b2, 0.093 1.23 Not significance
b33 -0.259 -3.44 Significance
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Appendix C-5: ANOVA tablefor the multipleregression analysis of the
interactions of curetemperature, curetime, and amount of sand
on the critical stressintensity factor of epoxy composites.

Sourceof Variation |Sum of Square| DF |Mean Square Fo
Regression 4.068 9 0.452 9.65
First order terms 3.339 3 1.113 23.75
Secondary order terms 0.729 6 0.121 2.59
Error 0.469 10 0.047
Lack of fit 0.378 5 0.066 2.33
Pure error 0.141 5 0.028
Total 7.743 19 R? = 0.897

Appendix C-6 : Statistic-tg test of coefficientstesting for interactions of cure
temperature, curetime, and amount of sand on thecritical stress
intensity factor of epoxy composites.

Regression Coefficients|  to Hypothesistest
(to.o25/2,10 = 2.228)
bo 3.972 44.96 Significance
by -0.413 -7.05 Significance
b, -0.208 -3.55 Significance
[ bs 0.175 2.99 Significance
bys 0.065 0.85 Not significance
b13 -0.073 -0.95 Not significance
b3 -0.010 -0.13 Not significance
b1 0.196 3.45 Significance
b2, -0.051 -0.89 Not significance
b33 0.048 0.84 Not significance
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Appendix C-7: ANOVA tablefor the multipleregression analysis of the
interactions of curetemperature, curetime, and amount of sand
on the fracture energy of epoxy composites.

Sourceof Variation |Sum of Square| DF |Mean Square Fo
Regression 212*10° 9 2355%10° | 11.27
First order terms 164*10° 3 54.66*10° | 26.16
Secondary order terms 48*10° 6 8*10° 3.83
Error 23.28+10° 10 2.33*10°
Lack of fit 14.29* 10° 5 2.86*10° 2.16
Pure error 6.61* 10° 5 1.32¢10°
Total 233+10° 19 R® = 0.91

Appendix C-8: Statistic-tg test of coefficientstesting for interactions of cure
temperature, curetime, and amount of sand on thefracture
ener gy of epoxy composites.

Regression Coefficients|  to Hypothesistest
(to.o25/2,10 = 2.228)
bo 14,909 25.29 Significance
by -2,843 -7.27 Significance
b, -907 -2.32 Significance
[ bs 1,761 450 Significance
bys 335 0.66 Not significance
bis -1,114 -2.27 Significance
b3 -828 -1.62 Not significance
b1 1,107 2.91 Significance
b2, -850 -2.23 Significance
b33 223 0.59 Not significance
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Appendix C-9: ANOVA tablefor the multipleregression analysis of the
interactions of curetemperature, curetime, and amount of sand
on the compressive strength of concrete coated with epoxy

composites.
Sourceof Variation | Sum of Square| DF |Mean Square Fo
Regression 386.42 9 42.93 6.19
First order terms 117.51 3 39.17 5.75
Secondary order terms 268.91 6 44.82 6.46
Error 79.559 10 7.956
Lack of fit 45.296 5 9.059 1.78
Pure error 25.420 5 5.084
Total 888.223 19 R? = 0.92

Appendix C-10 : Statistic-tg test of coefficientstesting for interactions of cure
temper atur e, cure time, and amount of sand on the compressive
strength of concrete coated with epoxy composites.

Regression Coefficients| to Hypothesistest
(to.o2s/2,10 = 2.228)
bo 51.231 47.70 Significance
by 1.455 2.02 Not significance
b2 1.590 221 Not significance
bs -1.535 -2.13 Not significance
b1» -4.093 -4.35 Significance
b13 1.173 1.25 Not significance
D23 0.205 0.22 Not significance
b1y -5.422 -71.74 Significance
b2, -1.289 -1.84 Not significance
b33 -3.746 -5.35 Significance
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Appendix C-11 : ANOVA tablefor the multiple regression analysis of the
interactions of curetemperature, curetime, and amount of
sand on the impact strength of mortar coated with epoxy
composites.

Sourceof Variation | Sum of Square| DF |Mean Square Fo
Regression 5.520 9 0.613 8.23

First order terms 4.330 3 4.453 1.443

Secondary order terms 1.190 6 0.198 2.66
Error 0.7457 10 0.075

Lack of fit 0.6148 5 0.123

Pure error 0.1310 5 0.026

Total 6.264 19 R? = 0.881

Appendix C-12 : Statistic-tg test of coefficientstesting for interactionsof cure
temper ature, cure time, and amount of sand on the impact
strength of mortar coated with epoxy composites.

Regression Coefficients| to Hypothesistest
(to.o2s/2,10 = 2.228)
bo 4.490 40.33 Significance
by -0.560 -7.57 Significance
b2 0.028 0.38 Not significance
bs -0.055 -0.75 Not significance
b1» 0.105 1.08 Not significance
b13 0.077 0.80 Not significance
bo3 0.066 0.68 Not significance
b11 -0.153 -2.13 Not significance
b2, -0.181 -2.51 Significance
b33 -0.169 -2.35 Significance
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Appendix D-2: Thecritical value of F-distribution at the level of significant of
0.01.
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Appendix D-3: Thecritical value of F-distribution at the level of significant of

0.025.
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Appendix D-4: Thecritical value of F-distribution at the level of significant of
0.05.
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Appendix D-5: Thecritical value of F-distribution at the level of significant of

0.10.
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Appendix D-6 : Thecritical value of F-distribution at the level of significant of

0.25.
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