CHAPTER II

THEORY AND LITERATURE REVIEW

2.1 Epoxy Resin

Epoxy resin is thermosetting plastics containing an epoxide group. Epoxy resin
systems have been found many uses in building, industrial maintenance paints and
civil engineering applications. Epoxy systems can be formulated to melt almost any
contingency, which is required when, for example, concrete needs to be bonded,
repaired, protected, surfaced or resurfaced and sealed or decorated. All these epoxy
systems can be applied on buildings above or below ground, on road and bridge
construction and even underwater. The principal characteristics of epoxy resin systems
provide an excellent combination of properties of high value in the construction
industry and coating formulation. These properties include [4]:

High strength adhesion to most building materials
Excellent abrasion resistance

Very low shrinkage during and after curing

Good chemical resistance

Excellent toughness, hardness and flexibility

Epoxy resin contains one or more reactive epoxy groups. The basic liquid epoxy
resin consists of hisphenol A (BPA) epoxides made by reacting BPA with
epichlorohydrin (ECH). Under basic conditions, the initial reaction is a formation of

BPA anion (BPA ), which attacks ECH and results in the formation of new oxirane



ring with elimination of chloride anion (Cl ). The reaction of BPA with NaOH and
ECH gives the diglycidyl ether of bisphenol A (DGEBA) [5, 6] (as shown in Figure
2.1).
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Figure 2.1 Standard bisphenol A - hased epoxy resin

Side reaction (hydrolysis of epichlorohydrin, reaction of epichlorohydrin with
hydroxyl groups of polymer) aswell as the stoichiometric ratio need to be controlled to
produce a prepolymer with two epoxide end groups. The polymer may be represented
by the following general formula, where the molar ratio of ECH/BPO determines the
average value; ECH/BPO = (n+2)/(n+l). The molecular weight of the polymer is
controlled by the ratio of ECH/BPO [7]. Epoxy resins are characterised by their
Epoxide Equivalent Weight (E.E.W.), which is defined as, the weight of resin
containing one gram equivalent of epoxide. The E.E.W. s also referred to as, Weight
Per Epoxide (W.P.E.) or Epoxy Molar Mass (E.M.M.). All three terms are
interchangeable. Most epoxy resins used in surface coating systems have equivalent
weights (E.w.w.) between 180 and 3,200, which are mainly in “two-package” low

temperature cure systems.



Table 2.1 Characterization of commercial epoxy resin

value Molecular Weight E.EW. Melting Point (°C)
0-1 350-600 170-310 <40 °c
1-2 600-900 310-475 40-70 °c
2-4 900-1,400 475-900 70-100 °c
4-9 1,400-2,900 900-1,750 100-130 °c
9-12 2,900-3,750 1750-3,200 130-150 °c

Epoxy resin coating obtains their excellent properties through reaction with
curing agents. The curing agent reacts with the epoxide groups and/or hydroxyl groups
of the epoxy resin. The curing agent is either an amine or an amide. All are capable of
undergoing crosslinking reaction with the epoxy resin to form tough resistant cross
linked fdms, which give outstanding protection and adhesion. These are normally two-
pack systems and the amine is kept apart from the epoxy resin until just before use.

Curing reactions of epoxy resins (DGEBA) with amine form cured epoxy.
Primary aliphatic amine reacts at room temperature with the epoxide group, forming
secondary amines, which are capable of further reaction with another epoxy group to
form a tertiary amine link between two epoxy resin molecules (as shown in Figure

22).
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Figure 2.2 Reaction of an epoxy resin and amine

Thus a complex, high molecular weight structure is achieved when both
reactions occur during epoxy resin is cured. In practice, primary aliphatic diamine are
too volatile to be satisfactorily used as a curing agent, however; it will be a high
molecular weight structure if it is reacted by polyamine such as diethylenetriamine
(DTA) [4] (as shown in Figure 2.3).
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Figure 2.3 Epoxy polyamine reaction



Epoxy resins used in coating formulations have properties include good
chemical resistance, outstanding adhesion to a variety of substrates, excellent
toughness, hardness and flexibility. However epoxy hased coating and flooring do not
have good resistance to weathering in sunlight resulting in a surface degradation
phenomenon known as chalking, which changes both gloss and color. The ways to
improve properties of resin by protective coating are typically top-coated with a more
weatherable coating, i.e. vinyl or aliphatic polyurethane coating. The end result is a

two or sometimes three coat system, but it is also labor intensive and expensive to

apply.

2.2 Silane Coupling Agent

Organofunctional silanes may he used as adhesion promoters hetween organic
polymers and mineral substrates. The silanes adhesion promoter, or “coupling agent’
may function as [8];

(1) A finish or surface maodifier may theoretically be only a monomolecular
layer, butin practice it may he several monolayers thick.

(2) A primer of size is generally 0.1 to 10 pm thick, and must have adequate
mechanical film properties, such as rigidity, tensile strength, and toughness to carry the
mechanical load when the composite is stressed.

(3) An adhesive depends on the thickness of the bonding material at the interface.

Silane coupling agents are used to improve the bonding between the reinforcing
phase and the polymer. The ability of silane added to a coating formulation to migrate
to the substrate interface and improve bonding, silanes have heen added to latices and
hydrolyzed to form an interpenetrating polymer network (IPN). A silane containing at
least one carbon-silicon bond is known as an organosilane. The organic groups

attached to the silicon atom can be either reactive or non-reactive. They have the



general structure of RnSiX(42, when R is a nonhydrolyzable organic moiety that can
be either an alkyl, aromatic, organofunctional or a combination of any of these groups.
These groups provide the organic com patibility, which allows the silane to form IPNs,
or in the case of a reaction of organofunctional silane to co-react with the coating
polymer. Alkyl and aryl silanes are utilized to improve gloss, hiding power, mixing
time and other properties. The X represents alkoxy moieties, most typically methoxy
or ethoxy, which reacts with various forms ofhydroxyl groups and liberates methanol
or ethanol. These groups can provide the linkage with inorganic substrate [8-10],

The reaction of silane can be described by Figure 2.4. First, the alkoxy group
of silane will be hydrolyzed by water from an external source or may come from the
water at the substrate to silanols, which spontaneously condense to yield silanol
oligomers. After that, the silane will be coupled onto a substrate surface with aloss of
water. Condensation polymerization of silanol molecules may be more rapid when
these molecules are adsorbed on an oxide surface than when they are in solution orin a
precipitated form. Siloxane network and surface siloxane bond formation are
accelerated by heat and dehydration of the hydrogen bonded adsorption complex
[11,12].
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Table 2.2 Representative commercial silanes

Organofunctional Chemical structure Abbreviations
Group

Vinyl CH2=CHSI(OCH33 VS

Chloropropyl CICH2ZH2CH2SI(OCH33 CPS

Epoxy | 0\ GPS
CH— CHCH2OCH2CH2CH2SI(OCH?3)3

Methacrylate ch3d MPS
CH2=C-COOCH2CH2CH2SI(OCH3)3

Primary amine HNCH2CH2CH2SI(0C2H 53 APS

Diamine HNCHXHNHCH2CH2CH2SI(OCH3)3 AEAPS

Mercapto HSCH2CH2CH2Si(OCH3)3 MGPS

Cationic styryl ~ CHZCHCBHACHNHCHXHNH(CH23Si(0CH33HC1 CSS

2.3 Color Difference of Film using a Colorimeter

Methods of measuring color by using a colorimeter gives three numbers, which
represent hue, intensity and value. The hue is the basic color (e.g., orange, green or
blue). The intensity, also called chroma, saturation or color strength, refers to the



12

concentration or dilution of the color. Value is the lightness or darkness of the color.
The L* & b* color sace is presently one of the most popular color spaces for
measurements of object color by Hunter Associates Laboratory in 1947.  In this color
space, L* inclicates lightness and a* and b* are the chromaticity coorcinates. The a*
and b* incicate color directions +a* isthe red direction, -a* is the green direction,
+* Is the yellow dlrection, and-b* is the blue direction. The center is achrometic &
the a* and b* values increase and the point moves out of the centey, the Saturation of
color increases [13] (as shown Figure 25).

A: Target color
. Specimen color Black
A" Taget color at the same lightness as specimen coior

Figure 25 Color difference in the L* a* b* color spece

Color aifference AE* inthe Hunter Lab color space, which indicates the
degree of color difference is oefined by the following equation;

AE* = \j (AL*) + (Aa*)’ + (Ab*Y’ (2.1)

where AL*, Aa*, Ab*: Difference in L*, a* and b* values between the specimen

colorand the target color.
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24 Fim Resistance to Salt Spray

This method Is used for testing dry films, the test is also applicable to comosion
resstance. It is well established that salts such @ sodium chloride can cause rapid
comosion of fermous substrate, and it is useful to have information of benaviour of a
particular system in protecting Such a substrate from corosion both with intact and
cameged paint films.

The corrosion tester typically operates as aconventional salt spray.
Corrosion solution from the intemal reservoir is pumped to the nozzle where
It mixes with compressed ar.
Nozzle atomizes solution and alr into corrasion fog
Chamber heater maintains the programmed chamber temperature.

Two tests arein common use: the continuious and the intermittent salt Spray tests.

The coninuous test: acontinuous fog of sat solution is wafted from anozzie in a
special cormosion-resistant chamber to test the ability of coating to balk corrosion of
metdl. The test is of the ‘pess or ‘fair type, whereby the coating is Subjected to
treatment for aspecified time and then examined for failure. Care must be exercised in
Interpreting the resuits of the test; it is not intended to be used as an acoelerated test for
nomnel weathering. The panels are prepared by the method descnbed in ASTM D 609
The hack and the eces of the panel are coated with a good protective air-clrying
matenial, tape or wax The pane! is aged for 24 hours hefore starting the test. A salt mist
IS procuced hy spraying a synthetic seawater solution through an atomizer. The
solution, which crains from the test panels is not recircuiated. Panels are examined,
finsed in running water andl dried with alosorert paper and examined immediately for
blistering, achesion, andl comasion from the cut. The Lse of standardized evaluation
techniques, giving numerical ratings to test Specimens is a common practice in paint
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testing. Rating systers for the evaluation of corrosion and blistering on coated metal
panels have been standarcized s follow [2, 14, 15

(1) ASTM D 610: Evaluating Degree of Rusting on Painted Steef Surfages

(2) ASTM D 714; Evaluating Degree of Blistering of Pairts,

(3) ASTM D 1654 Evaluation of Painted or Coated Specimens Subjected to

Carrosive Environments,
The intermittent salt Spray test is similar to the confinuious test excent the mist

IS procuced each day for 8 periods of 10 minutes &t intervals of 50 minutes. It is
camed for 5 consecuive aays and then ‘rested” for 2 days. It is normally confined to
govemment contract specifications and is clearty not &s severe &s the continuous sat
spray method
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25 Mechanical Properties of Flooring Paints

The testing for mechanical properties is to effectively evaluate their function of
SUstrate protection andlor improved appearance. Mechanical tests are usually camed
out with the coating intact on the substrate. The testing of mechanical properties in
many casss related to the end use of the paint, hes resulted in the establishment of
standard tests.

251 Adhesion Test

The most common test of achesion is the: crossout achesion test. A series of
parallel cuts meck into a coated surface In a systematic measure are Used to rate
achesion of the matenial to its sulostrate [1], In version A, anx cut is mede in the film
to the Substrate. In version B, alattice pattem with either six or 11 cuts, one or two
millmeters apart, in each direction IS mece In the film to the substrate, pressure
sensiive achesive tape is firmly pressed over the grid and pulled quickly to increase
the seventy of the test [3,16]. The number of soares that have coating remaining is
evaluated by comparison with descripion and illustration in Appendix A (ASTM D
3359 Tepe tesf).

252 Hadess Test

Hardness is a quality measurement for solidity and firmness. Durometers, the
measuning instrument, come in various types; therefore, the selection of durometers
clepends on the matenial to e measured. The type A durometer is used for soft rubber
and non-nigid plastics, while the type D s used for harder rubber and plastics (ASTM
D 2240). All durometers differ primarily in the shapness of the: point of the conical
steel indenter and the magnitude of the load applied to the indenter by a caliorated
spring, the type D having the shapest and most heavily loaded indeenter 1, 17), The
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durometer measres harchess besed on the depth of indentation;  the: hardhess varies
from 100 & zero indentation to O & an indentation of 0.100 in (254 mm) and is
automatically incicated on a scale. The load acting on the indenter usually varies
inversely with the depth of penetration, being a maximum & zero penetration and
reducing to practically zevo load a maximum penetration, although some: durometers
Use aweight to apply a constant load. Resuts dbtained with one type of durometer
cannot ke correlated with those obtained with ancther type.

253 Compressive Strength

Compressive properties descibe the behavior of amaterial when it is sUbjected
to a compressive load. Loadling is & arelatively low and uniform rate. Compressive
strength and modulus are the two most common values produced. The Specimen is
placed between compressive plates paralled to the surface. The specimen is then
compressed & a uniform rate. The maximum load is recorded along with stress-strain
ceta. An extensometer attached to the front of the fixture is used to determine moclus.
The specimen size is prepared by the method descrbed in ASTM ¢ 579,

Compressive strength and moaulus are the two Useful properties obtained,

COMpressive Sfength = —rememmmremmmm e 22)

minimum cross-sectional area
26 Literature Review

For many years now, enoxy coating and flooring have been used in a wide
range of protective coating for steel, aluminum and concrete in maintenance, marine,
construction and finishing product. However, epoxy besed coating and flooring
generally do not have good resistance to weathering in sunlight, while such coating
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maintains their chemical andl corosion resistance Upon exposure to ultraviolet light.
This objective is to provide epoxy resin with improved physical or mechanical
properties by siane coupling agert. In view of the commercial interest shown by the
reinforced plastics and achesion industry, slane coupling agenis ae in use
Pluecdermen & &, [18] reported on the use of mixed slane coupling agents in primers
and coupling agents for composttes. The benefit is to denve this coating by using
mixed slanes rather than single slane coupling agents. In this work, freeracical
curing matrix polymers henefit least from mixed slanes on the reinforcement.  Singie
reactive slanes with methacrylate or styrene functionality react completely in afree-
radical initiated polymerization. Dilution with an amino-functional slane may e
beneficial in condensing the Sloxane with an inorganic Substrate. High temperature
composites benefit the most if stable aromatic slanes are mixed with organafunctional
slane in the coupling agent. Foscarte &t al. [19] reported on the epoxy-based coating
meterial  with improved solvent, aod and bese resistance by forming an
interpenetrating polymer network (IPN) of polymenzed epoxy resn network
interwined with apolysioxane network formed by the hydrolytic polycondensation of
slane groups. A preferred method for preparing the IPN is to react the epoxy resin
with aminosiane and sllicone intermegiate resin capable of hoth  hydrolytic
palycondensation of the: Slane molety andl amine: adcition of the oxirane 1ings of the
epoxy resin. The selection of solverts affects the relative rates of reaction,
Hydrocarbon solverts, which have no affinity for weter, have little effect beyond
increasing monomer mobility and regucing the monomer concentration. Alcohol
solvertts best  catalyze the epoxy-amine reaction, but also abso weter from the
amosphere to facllitate the distribution and avalibility of water for condensation of
slane groups. A more complex Situiation anises when  kefone solvents are usad
Ketones react reversible with primary amines to form ketimines and water, also the
hyarolysis of slane by the water from ketimine: formation acoelerates the formation of
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the polysiloxane portion of the IPN. Thus, the interpenetrating polymeric matrices are
comprised of intertwined epoxy-palyamine and polysiloxane network, which resuting
structure hes physical and chemical properties much improved over those of etther
polymeric component alone. Witucki et dl. [12] stucied on the application of alkoxy
slanes for use & achesion promoters, crosslinkers and hydrophobes. The: basic
methods of utilizing Slanes in a coating application are (1) Surface treatmet, which
treaiment is formulated into primers by applying slane from agueous alcohal solution.
The solution can be wiped, dipped or sprayed onto the Surface. (2) Adaltives into
paints, inks and achesives; the sllane becomes a component of the coating from which
If diffused or migrated to the inorganic Substrate and readts. (3) Reactive intermeiate
for slicone resin syrthesis and organic resin modification, Such s alkoxy Slanes,
when cold blended with acrylic emuision. These silicon acrylic emulsions have shown
to have improved weathering characteristics. By utilizing a unique biend of methoxy
slanes, a slicone modified latex improved the gloss retention and color retention.
Each of these methods requires special consideration. Kim et . [20] studied various
slane-modified poly(vinyl imidezole)s Syrntnesized, and the carrosion protection for
copper a elevated temperature and in- humid condition. Vinyl imidazole (V1) wes
copolymerized with four slane coupling agents, namely: allyitrimethoxysilane (ATS),
y-methacryloxypropyttnmethoxysilane(MPS), 3(A-styryimethoxyl-2aminoethylamino)
propytrimethoxysiiane hydrochloride (STS), and vinyitrimethoxysilane (VTS), by
freeracical copolymerization. Al copolymers show good cormosion protection
capability, the themmal stability of copolymers depends on the length of the side chain
In slane coupling agernts. The copalymer with the long side chain Poly(STS-co-VI)
hes hardlly formed the slloxane network structure. Hull et dl. [21] developed epoxy
coating by synthesis of epoxy-siloxane: hybrid polymer, upon exterior exposure, an
epoxy coating hecomes chalk and lose all of its goss quickly. Therefore, goss
retention is required, 50 um of an aliphatic polyurethane top coat must be used. The
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free isocyanate groups in Urethanes lead to toxicity concems. Epoxy-siloxane hytrid
polymers have weathering and physical properties greatly exceeding those of bath a
typical epoxy and analiphatic polyurethane. Tumer et d. [22] Stucied the work dealing
with characterization of 3-(trimethoxysilyl)propyimethacrylate (y-MPS) grafted onto
Zr0Zonder surface. The modified Zr02poncer wes stucied using x-ray photoelectron
spectroscopy (XPS), FTIR and NMR. The proposed model suggests bonding of the -
MPS molecules to the Zr02 powder surface through Zr-OSi bonding, accompanied by
Interiinkage between individual y-MPS molecules via SHO-SI bonding. The cesonbed
bonding configuration may also be applicadle to ather ceramic oxide-organic Slane
molecule-modified systerms, particulary for the case of Ti02 Quinton et &, [23]
investigated of organoslane adsorption mechansms through the Lse of a model
adsorate and sustrate system Propyitimethoxy slane (PTMS) is suted to the study
ofthe sllane strface bonding mechanism The ability of metal oxide Surface to form an
interfacial bond with Slane coupling agert is related to the electrokinetric character of
the surface. The greatest Slane adsorption Is expected to occur on Surface with the
lowest values of the isoelectric paint (IEP). Quinton & d. [24] investigated the
structure of y-aminopropyttriethoxysiiane (y-APS) an mechanically polished iron oxide
suface. The situation for hydrolyzed y-APS; which molecule possesses two moieties
on aminapropyl group and silanol spees, that interact with an oxide Surface. The -
APS molecule is capable of bonding to the oxide surface via both the silanol and
amne groups. The preferred bonding group, and hence the orientation of the
molecules, depend upon the isoelectric point a surface and the solution onto iron
Substrates & pH 104, The deposted fims possessed asignificant fraction of molecules
bonded to the surface through protonated amine groups. A model of the: possible
agsomtion conformations is clsplayed, three possibilties for molecule orientation on
the surface. The conformation of type (a) molecule is adsorbed via aprofonated amine
oroup and an amine group & the surface/film Interface. Type (1) comesponds to the
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possibility where each end of the molecules may be bonded to the Surface, and type (¢)
the molecule is bonded through silanal acsorption and condensation to from SHO-F
metallosiioxane bonds. It is conceivable that all three conformations exist on the
suface. The relative concentrations of protonated amine-surface bonding varies with
time.  Jang e dl. [29] studied and analyzed the epoxy/siane coating Steel system a
elevated temperature and in humid condiions. They also investigated types of slane
coupling aperts to epoxy for steel carrosion protection.  Siane coupling agerts ofw -js
-aminoethyl aminopropyttrimethoxysilane (AAPS), y-glycidoxypropyitrimethoxysilane
(GPS) and his[3-{trimethoxysilyi)-Hphenylpropyiftetrasulfide (RC-2) were introduced
& primers into an enoxy/steel system Aminoalkyt-functional slane (AAPS) inhérents
higher comosion protection capability than glycidoxy (epoxy) functional methoxy
slane (GPS) and timethoxysilyl (sulfio) functional slane (RC-2), because amino
alkyi-unctional slane (AAPS) hes an amine functional group that can act as acatalyst
for hydrolysis and conoensation to form sloxane network, which is thermally stable a
elevated temperatures and resistant o water diffusion into the interface between the
coating matenial and stee!
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