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EPOXY/ GRAFTED DEPOLYMERIZED NATURAL RUBBER/ METHYL

METHACRYLATE/ GLYCIDYL METHACRYLATE

In this thesis, depolymerized natural rubber (DRl grafted depolymerized
natural rubber (GDNR) were used as toughening agemfpoxy resin. Natural rubber
was depolymerized because rubber needed to ballinitholecularly dispersed in
epoxy resin. The molecular weight and moleculargiedistribution of DNR, which
were characterized using gel permeation chromabbgréGPC), were 55,984 g/mol
and 2.420, respectively.

DNR was grafted with monomer mixture of methyl nasitylate (MMA)/
glycidyl methacrylate (GMA) (90/10 wt/wt%). The efits of types of initiator,
initiator concentration and monomer concentrationtloe degree of graftization of
DNR were investigated. The results obtained frontlear magnetic resonance
spectroscopy showed that benzoyl peroxide (BPO) tkeda higher degree of
graftization than azo-bis-isobutyronitrile (AIBNHowever, GDNR prepared using
BPO did not completely dissolve in epoxy resin. Tegree of graftization reached
the maximum at 2 phr of AIBN and increased with réasing monomer
concentration. The results from GPC showed thateoutdr weight of GDNR

decreased with an increase of monomer concentration



Mechanical properties of DNR/epoxy and GDNR/epoggin blends were
investigated using impact and flexural tests. Theults proved that the blend
containing 1 phr of DNR showed the highest impaargth. Flexural modulus and
flexural strength decreased with increasing rubbentent. In addition, impact
strength of GDNR/epoxy resin blends was higher thzat of DNR/epoxy resin
blends. Generally, impact strength tended to irsgewith increasing degree of
graftization.

Moreover, the result from mechanical testing resgahat the composite of
the blend with 5 wt% fiber glass possessed highgsact strength and flexural

modulus than neat epoxy resin.
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SYMBOLS AND ABBREVIATIONS (Continued)
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mm

mol
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SEM
wt%
wt/v
wit/wt

30_2AIBN(L)
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Millimeter

Number average molecular weight
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Weight average molecular weight

Molecular weight distribution

Parts per hundred resin

Parts per million in frequency (foH-NMR) and Parts per
million (for concentration)

Revolution per minute

Second

Scanning electron microscope

Weight percentage

Weight by volume

Weight by weight

Example of nomenclature used to idgnindividual GDNR
types. ‘30’ denotes amount of monomer used in phulober.
The following digit denotes amount of initiator ledson
rubber content. ‘AIBN’ denotes type of initiator eds to
prepare GDNR. ‘L’ denotes large scale preparatiout (f

small scale preparation, this letter is omitted).
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SYMBOLS AND ABBREVIATIONS (Continued)

1_DNR

120 2AIBN(L)

1_DNR_5% GF

Example of nomenclature used to identifydividual
DNR/epoxy resin blend. ‘1’ denotes amount of DNRdign
phr.
Example of nomenclature used toeniify individual
DNR/epoxy resin blend. ‘1’ denotes amount of GDNdRdliin
phr. ‘20_2AIBN(L)’ denote GDNR types in the blend.
Example of nomenclature used to if§enindividual
(G)DNR/epoxy composites. ‘1’ denotes amount of rrbb
used in phr. ‘DNR’ denote types of rubber in thenposites.

‘6% GF’ denote amount of 5 wt% fiber glass used.



CHAPTER |

INTRODUCTION

1.1 General introduction

Epoxy resins are very important class of thermioggepolymers that exhibit
high tensile strength and modulus, excellent chalv@ad corrosion resistance, good
dimensional stability, low creep and reasonabldéoperance at elevated temperature.
Hence, they are widely used in structural adhesigesface coatings, electrical
laminates and as matrix resins for fiber reinforoednposite materials. However,
such characteristics in an epoxy require modenataegh levels of crosslinking which
can and usually does result in brittle behavior.

As pure materials, epoxy resins have low fracemergy, which is typically
less than 200 JA{Arends, 1996). Therefore, toughening of epoxjnrésis been the
subject of intense investigation.

Toughness improvement for epoxy resins can beewaeti using various
rubbers (Saadati, Baharvand, Rahimi, and Morshe@@05; Ramos, Costa, Soares,
and Nascimento, 2005), engineering thermoplastidsn (and Park, 2007),
interpenetrating polymer networks (IPNs) (Zhi-hudao-peng, Dong-yan, and
Zi-qgiao, 2008) or inorganic particles (Zhou, Wu,e@ly, Ingram, and Jeelani, 2008).
Among these, blending epoxy resin with reactivaiitigrubber such as carboxyl-
terminated butadiene acrylonitrile copolymer, CTBRamos et al., 2005), amine-

terminated butadiene acrylonitrile copolymer, ATERhikhi, Fellahi, and Bakar,



2002) and hydroxyl-terminated polybutadiene, HTFgdati et al., 2005) showed
substantial toughness enhancement.

Apart from reactive liquid rubber, liquid rubbeortaining chemical groups
can be used to obtain a significant increase ighoass as well. This was proposed
by Huang and Kinloch (1992) and Ismail et al. (200@or liquid rubber/epoxy
blends, liquid rubber is initially dispersed on alecular level in an epoxy and
encouraged to precipitate out when epoxy crossigkiccurs. Then, in cured state,
rubber is present as particles in epoxy matrix. fideetive sites or chemical groups
promote better adhesion across rubber particlentditeix interface leading to efficient
stress transfer by which a significant increas®ughness is obtained.

Liquid rubber used in toughness enhancement okyepesin is normally
derived from synthetic rubber. However, there israntly increasing awareness of
environmental issues, and this has created a leiggl bf interest in natural rubber
(NR) and its derivatives. This is implied by volumienatural rubber produced in year
2002 to year 2006 as shown in Table 1.1.

Natural rubber has attracted great interest bectdus a renewable resource,
whereas its synthetic counter parts are mostly faatwred from non-renewable oil-
based resources.

Also, natural rubber can be used as impact madife polymers
(Charmondusit, Kiatkamjornwong, and Prasassaraki®®8). Several studies have
been done on toughening epoxy resin using natubddar (Chuayjuljit, Soatthiyanon,

and Potiyaraj, 2006; Ismail et al., 2006; Kumar &aethandaraman, 2008).



Table 1.1The total production, export, domestic use andkstd natural rubber of

Thailand from 2002-2006 (Rubber Research InstéifEhailand, 2007).

Year Total Production Export Domestic Use Stock
(Tonnes) (Tonnes) (Tonnes) (Tonnes)
2002 2,615,104 2,354,416 278,355 196,680
2003 2,876,005 2,573,450 298,699 202,240
2004 2,984,293 2,637,096 318,649 232,560
2005 2,937,158 2,632,398 334,649 204,256
2006 3,136,993 2,771,673 320,885 249,895

As previously discussed, rubber needs to be liyithnolecularly dispersed in
epoxy resin. This can be done by increasing pglaritnatural rubber or reducing
molecular weight of rubber. Molecular weight of uvall rubber can be reduced either
by ozonolysis (Nor and Ebdon, 2000), photolysisk€&&wad and Sakdapipanich,
2005), or chemical depolymerization (Tanaka et #99). In addition, in order to
achieve an efficient stress transfer between thbeuand the matrix, rubber must
have functional groups which can form chemical omdth epoxy matrix or can
promote interfacial adhesion between rubber partaeld matrix. Natural rubber can
be functionalized either by epoxidation or graftimgth various monomers.
Monomers including methyl methacrylate and malerthyaride are the most
frequently studied (Charmondusit et al., 1998; Naka Kaesaman, and

Supasanthitikul, 2004).



In this work, depolymerized natural rubber wasppred and grafted with
methyl methacrylate (MMA) and glycidyl methacrylg@MA). Depolymerized and
grafted depolymerized natural rubbers were usddughening agents for epoxy resin

and fiber glass/epoxy composites.

1.2 Research objectives

The objectives of this study are:

(i) to study the effects of monomer concentration,idtot concentration
and types of initiator on the degree of graftizatiof depolymerized
natural rubber grafted with MMA/GMA.

(i) to study the effects of depolymerized natural rul{ilENR) content on
morphological and mechanical properties of DNR/gp@sin blends.

(i) to study the effects of degree of graftization odfted depolymerized
natural rubber (GDNR) on morphological and mechanproperties of

GDNR/epoxy resin blends.

1.3 Scope and limitation of the study

In this study, the depolymerized natural rubber E)Nwvas prepared by
a depolymerization process of natural rubber byragdatural rubber latex to methyl
ethyl ketone, and then the resulting mixture walsjestied to air oxidation in the
presence of a potassium persulfate at 70°C. The [PkRIuct was grafted with
monomer mixture of methyl methacrylate/glycidyl hmstrylate (90/10 wt/wt%) in
toluene solution at 80°C. The amounts of monomedturg in the grafting process

were 20, 30, 50 and 75% by weight based on DNRetdnThe amounts of initiator



used were 1, 2 and 3% by weight based on DNR cbrf@nthermore, the effect of
types of initiator was compared between AIBN andOB&t 50 phr of monomer
mixture. Molecular weight and molecular weight dimition of DNR and GDNR
were determined by gel permeation chromatographg.olecular structure of DNR
and GDNR was characterized by nuclear magneticeesme spectroscopy. DNR was
blended with epoxy resin in an amount of 0.5, &nd 3 parts per hundred of epoxy
resin (phr). Blending formulation that showed thghlest impact strength was chosen
to study the effect of degree of graftization. (GlRepoxy blends which possessed
the highest impact strength were applied as médripreparation of fiber glass/epoxy
composites. The neat epoxy, (G)DNR/epoxy blends (@)®NR/fiber glass/epoxy
composites were prepared by hand lay-up process.

The universal testing machine and basic pendulupaantester were used to
study the mechanical properties of neat epoxy, (@3[2poxy blends and
(G)DNR/fiber glass/epoxy composites. Morphologytlé fracture surfaces of the
neat epoxy, (G)DNR/epoxy blends and fiber glassi@®/epoxy composites was

analyzed using scanning electron microscopy (SEM).



CHAPTER I

LITERATURE REVIEW

Highly crosslinked epoxy resin for engineering a&adions is normally strong
but brittle. Therefore, many attempts have beenemtadmprove toughness of epoxy
resin (Ratna, 2001; Kong, Ning, and Tang, 2006; ket al., 2008; Kumar and
Kothandaraman, 2008). One of the most successftihade is the use of reactive
liquid rubber (Collyer, 1994). In this work, theaudies of using liquid natural rubber
and modified liquid natural rubber as toughnessaanbment materials for epoxy

resins were focused.

2.1 Epoxy resins

Epoxy resins are reactive chemicals which are @o@tbwith other chemicals
known as hardener or curing agent such as trigibyd¢ramine (TETA) and 4,4’-
diaminodiphenylsulfone (DDS) to give systems capabdf conversion to
predetermined thermoset products. Some commerng@yeresins and examples of
important hardener are discussed below.

2.1.1 Commercial types of epoxy resins

2.1.1.1 Diglycidyl ether of bisphenol A
The most widely used epoxy resins are diglycietyiers of
bisphenol A, DGEBA (Figure 2.1). These are produmgthe reaction of bisphenol A

and epichlorohydrin in the presence of sodium hyidie
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Figure 2.1 Chemical structure of bisphenol A based epoxy sedifan, 1998).

2.1.1.2 Bisphenol F based epoxy resins
Instead of reacting bisphenol A with epichlorohgdo form a
liquid resin, a similar reaction can be conducteetween bisphenol F and
epichlorohydrin. Figure 2.2 shows the chemicaldtme of bisphenol F based epoxy

resins.

| T |
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n
Figure 2.2 Chemical structure of bisphenol F based epoxysedifan, 1998).

2.1.1.3 Hydantoin resins
In recent years, the hydantoin resins (Figure Ba&8)e shown
greater popularity for increasing temperature tasie and improving mechanical
properties, particularly in structural compositétowever, this type of epoxy has
presented toxicity problems. At least one hydantmsed product is being supplied

for commercial applications, but it requires spklsandling precautions.



0

CH,~CHCH,

o)
N~ <

WN—CHZCﬁ—\CH

O

Figure 2.3Chemical structure of hydantoin resins (Goodm&e3).

2.1.1.4 Novolacs
Novolacs are epoxidized phenol-formaldehyde drsstuted

phenol-formaldehyde resins. Chemical structureosbiacs is shown in Figure 2.4.

@) O
CH,~CHCH,-0 OCH,CH-CHy  O—CH;CH-CH,
| X I X X
= CH2 v I =
n

Figure 2.4 Chemical structure of novolacs (Goodman, 1998).

2.1.1.5 Peracid resins
Of the peracid resins the cyclic types contebtd higher
crosslink densities. These resins have lower visessand color compared to novolac
and DGEBA types. Such a typical resin is illustdatey the structure of 3,4-

epoxycyclohexylmethyl-3,4-epoxycyclohexane carbate/las shown in Figure 2.5.
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Figure 2.5Chemical structure of peracid resins (Goodman8199

2.1.2 Characterization of uncured epoxy resins
Epoxy resin used in the present work is modifieglycidyl ether of
bisphenol A. Hence, the characterizations of urctgtgcidyl ether type epoxy resins
are described as follows:
2.1.2.1 Viscosity
The viscosity of epoxy resin is an important @ap to be
considered in handling of the resins. It dependthertemperature, molecular weight,
molecular weight distribution and chemical compdneithe resin. An increase in
temperature reduces the viscosity. The presendaghf molecular weight species
increases the viscosity.
2.1.2.2 Epoxide equivalent weight
Epoxide equivalent weight, EEW, is the value thatermines
the amount of epoxy groups. It is the weight ofirgen grams) containing 1 gram
chemical equivalent epoxy. For a pure diglycidyieztwith two epoxy groups per
molecule, the epoxide equivalent will be half thelecular weight, EEW = 170. An
example of EEW calculation for pure diglycidyl ethsith two epoxy groups per

molecule is described as follows:
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Molecular weight of diglycidyl ether:

21 carbons =21x12 =252
24 hydrogens =24 x1 =24
4 oxygens =4x16 =64

Molecular weight (g/mol) =340

There are two epoxides functionally active.

Therefore,
EEW— Molecularv.velghtof DGEBA
No.of activeepoxidegroup
_ 340g/mol
2equivalenimol

=170 g/equivalent
Epoxide equivalent can be determined by reactinighown
guantity of resin with hydrochloric acid and measgrthe unconsumed acid by back
titration. Table 2.1 shows the relationship betwagarage molecular weight, EEW,
and melting point of some commercial glycidyl ethesins.
2.1.2.3 Hydroxyl equivalent
The hydroxyl equivalent is the weight of resin oning one
equivalent weight of hydroxyl groups that could determined by reacting the resin

with acetyl chloride in a similar manner as the»age equivalent.
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Table 2.1Typical data for some commercial glycidyl ethesims (Chiraphaphisarn,

1997).
Resin Average molecular weight| Epoxide _equivalent Melting point
(g/mol) weight (°C)

A 350-400 175-210 -
B 450 225-290 -
C 700 300-375 40-50
D 950 450-525 64-76
E 1400 870-1025 95-105
F 2900 1650-2050 125-132
G 3800 2400-4000 145-155

2.1.2.4 lodine number
The iodine number is the number of milligrammésoadine
absorbed by one gramme of the compound. It is ssuneaf the unsaturation of the
epoxy molecule.
2.1.2.5 Colour
The colour of epoxy resins is normally expressedardner
colour units, Gardner 1-5 are pale straw colourard@er 5-12 are significantly

yellow, Gardner 12+ are darker coloured (but traresht).
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2.1.2.6 Structure

The structure of the resin is a determining fadwr the
physical and chemical properties. The number amdtion of the reactive sites
determine the functionality and the crosslinkingslgy.

2.1.3 Curing agents (Hardeners)

Curing agents or hardeners are chemically activepoands which
convert epoxy resins into hard, infusible thermes&hey promote the crosslinking
reaction either by polyaddition or by homopolymatisn (Irfan, 1998). Four
commonly used curing agents can be divided intdahewing.

2.1.3.1 Amine curing agents

Amine is an important curing agent for epoxy resamd can
be divided into three groups.

First, aliphatic amine and derivatives, theselaveviscosity
materials with high reactivity and fast cure at @nbtemperatures. Aliphatic amines
are used principally in civil engineering appliceis such as in patch repair systems,
adhesives, floorings, high solid coatings and gro@ome examples of aliphatic
amine curing agents are primary aliphatic amingsdethylenetriamine (DETA) and
triethylenetetramine (TETA).

Second group includes cycloaliphatic and tertiahphatic
amines. This group of curing agents is used atenitbnditions than the aromatics
amine but give elevated-temperature performancecaedhical resistance of cured

resins. They have found usage in adhesive andngpatiplications.
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Lastly, aromatic amines such as 4,4 -diaminodiglseilfone
(DDS), 4,4 -diamino diphenyl methane (DDM) and nepylenediamine (MPDA)
are used to cure epoxy resins at high temperaanmdsat long cure times resulting
from the rigid benzene ring in their structure. Erematic amines are widely used in
composite fabrication in both wet and dry lay-uplagation for filament winding,
electrical, piping and tooling. Some examples ofmowercial curing agents are

presented in Table 2.2.

Table 2.2Commercial curing agents (Mark, 2003).

Formula Name Abbreviation

Aliphatic amines
NH>CH,CH,NHCH,CH,NH Diethylenetriamine DETA

NH,CH,CH,NHCH,CH,NHCH,CH;NH, | Triethylenetetramine TETA

Cycloaliphatic amines
O
NH,
Isophoronediamine IPDA
NH.,

<:><NH2 1,2- DACH
NH,

Diaminocyclohexane

Aromatic amines
4.4 -Diamino- DDM
diphenylmethane

HoN OSOzONHz 4,4’ -Diamino- 4,4’-DDS

diphenylsulfone
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2.1.3.2 Acid anhydride agents
Acid anhydrides are another recognized curingnader
epoxy resin because of their good characteristich sas long pot life, high heat
distortion temperature, good physical propertiegdgelectrical properties and giving
low exothermic energy for curing. Nevertheless, soof their disadvantages are
lower resistance to alkali than amine cured systefesd anhydrides are preferred
curing agents to acid derivatives as the lattel walease more water on cure
mechanism leading to formation of foaming in thedurct.
2.1.3.3 Lewis acid agents
Lewis acid such as boron trifluoride in the forof
monoethylamine complex (BAMEA) can be used as a curing agent for epoxy sesin
BFs-MEA is characterized by a long pot life and a hgjass transition temperature
(Tg). Samples of DGEBA catalyzed with BMEA, although showing considerably
increased viscosity, are still usable after stofagé months at room temperature.
2.1.3.4 Polyamides
Polyamides are extremely versatile curing agenkey are
inexpensive, have little color and can be mixedainy ratio. They provide good
mechanical properties, exhibit readily workable pees, and cure under mild
conditions. Amides groups may be considered asogglic acids whose hydroxyl
groups have been replaced by a basic group defisedammonia. The polyamides
are generally employed with the glycidyl ether gpogsins and are less frequently

used, if at all, with the epoxidized olefin typee@and Neville, 1982).
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2.2 Natural rubber

One of the most important polymeric materials itura rubber (NR) which
contains 93-94%cis-1,4-polyisoprene (Figure 2.6). NR latex is thenfom which
rubber is exuded from théevea brasiliensisree as an aqueous emulsion. The rubber
particles range in size from about 50 A to abou080 A (3im). Exceptionally
particles up to 5 or um in diameter are found. The molecular weight (M&/)
normally in the range of f@0'g/mol, depending on the age of the rubber tree,
weather, method of rubber isolation and other factdhe polydispersity of MW is

usually in the region of 2.5-10 (Bhowmick and Steqmd 2001).

CH, CH5

c=—c¢C
RN
H CHs /,

Figure 2.6 Chemical structure dafis 1,4-polyisoprene.

The advantages of NR are outstanding flexibiliyxcellent heat built up
properties and high mechanical strength. Moreovtelis a renewable resource,
whereas its synthetic counterparts are mostly nzatufed from non renewable oil-
based resources (Nakason, Kaesaman, and YimwaB). Z0@erefore, NR has created
a high level of interest in using it and its detivas. Examples of works that have
focused on NR uses are discussed below.

Thongpin, Wongtimnoi, Kamolsawat, and RotkasemO@)Ostudied binder
synthesis from natural rubber for use in makingnmg tracks in Thailand via UV-

irradiation.
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Suriyachi, Kiatkamjornwong, and PrasassarakichO420prepared natural
rubber grafted with glcidyl methacarylate and stgreThe grafted NR was used as
a compatibilizer in NR and poly(methylmethacrylat#g¢nds for the fabrication of
automobile components.

In 2007, Siri-Upathum and Boonyawat proposed thethod of reducing
allergenic rubber protein in the natural rubbegxaor rubber glove production.

Moreover, there are many research works that hameentrated on using NR
as impact modifier for polymer. In 1998, Charmontles al. grafted copolymer of
methyl methacrylate and styrene onto natural rubbsing emulsion process.
The grafted natural rubber product could be usedamsimpact modifier for
polyvinylchloride, PVC.

Chuayjuljit et al. (2006) used epoxidized naturablrer, ENR, as impact
modifier for epoxy resin. The impact strength obep resin could be improved by
blending with ENR.

Recently, Kumar and Kothandaraman (2008) modifieglydidyl ether of
bisphenol A (DGEBA) type epoxy resin with maleatkpolymerized natural rubber,
MDPR. The addition of MDPR into epoxy resin resdlte an increase in the
elongation at break, flexural strain to failure amgbact strength.

As mentioned above, NR used as impact modifier époxy resin is
epoxidized NR or depolymerized NR. NR was appliedhat form because it must
have polarity or be a low molecular weight polynreiorder to initially molecularly

disperse in epoxy matrix.
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2.3 Depolymerization of natural rubber

Depolymerization of polymer is based on a reactiowhich a reagent with
reactive polar groups opens the active linkagdéngolymer backbone. It can reduce
chain length of polymer. Natural rubber that isjeated to depolymerization is called
depolymerized natural rubber (DNR) or “liquid naturubber”. Having strong
adhesive power and excellent crosslinking reagtivithas been used widely as a raw
material for adhesives, pressure-sensitive adhgsigealing materials, caulking
compounds and the like. It is now attracting attenin various industrial fields. As
compared with solid rubber, liquid rubber is adegaous for the production of
various products because it can be easily procemsgdequires less energy (Tanaka,
et al., 1996).

2.3.1 Depolymerization methods

In general, a DNR can be obtained by masticatibotgdysis, chemical
decomposition or the like of the natural rubber.

Mastication is a method for accelerating reductiorthe molecular
weight by breaking the rubber molecular chainshefriaw rubber through mechanical
action and heating in a roller mill or internal raixand then adding a peptizing agent
such as a mercaptan (Okwu and Akinlabi, 2007).

Suksawad and Sakdapipanich (2005) used photolysthod for
breaking the molecular chains with light energg, ultraviolet light.

Another approach which has been used to reducecuar weight of
natural rubber is chemical decomposition. This meétls degradation of molecular
chains with chemical reagents. In 1996, Tanakal.epraposed the process for

depolymerizing natural rubber which comprised addan carbonyl compound to
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natural rubber latex or deproteinized natural ruphed then subjecting the resulting
natural rubber or deproteinized natural rubberitoogidation in the presence of a
radical forming agent. The results showed that depolymerized natural rubber
having a narrow molecular weight distribution ca@ @btained at high reaction
efficiency.

2.3.2 Parameters affecting the molecular weight afepolymerized

natural rubber

The intensity and the extent of the chain scisseattion depend upon
temperature, reaction time and concentration ofiggradation agent etc.

Isa et al. (2007) investigated the influence ofigerature and reaction
time in the thermal degradation of natural rublagex. They found that the longer
reaction times and higher temperature, the lowerlavbe the molecular weight of the
products formed.

Nor and Ebdon (2000) studied ozonolysis of natwrbber, described
as low protein unvulcanised in diluted chloroforafugion at 6C. They found that the
number average molecular weight of less than 98®was obtained after 20 min of
ozonolysis.

Suksawad and Sakdapipanich (2005) studied phaoyidal
degradation of deproteinized natural rubber (DPNEX using UV irradiation in the
presence of kD, and TiQ film as catalysts. They found that the photodegtiad of
10% dry rubber content DPNR latex on Fi€ated petri dish in the presence of 20%
H,0O, with UV light (60 watt) for 5 h gave the low moldar-weight natural rubber

with the value of 1bg/mol.
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Pinyocheep and Duangthong (2000) prepared liqatural rubber
(LNR) using phenylhydrazineAOsystem. Their results illustrated that the vistyosi
average molecular weightM,, of LNR was varied with the amount of
phenylhydrazine. The lowebt, which they obtained was 4,700 g/mol.

Moreover, Okwu and Akinlabi (2007) used Funtumieexawhich is
one of the sources of wild rubber in Africa andratienzene as molecular weight
depressants for natural rubber. They found thahereasing the amount of Funtumia
latex in a blend with natural rubber could prodadewering of the molecular weight.
For the effects of concentration of nitrobenzend seaction time on the molecular
weight of NR, the results showed that an increaseoncentration and time gave a

decrease of molecular weight.

2.4 Radical graft copolymerization

2.4.1 Graft copolymer synthesis

The synthesis of graft copolymers using free rddpzdymerization
can be divided into groups of related processeainciansfer and copolymerization,
redox polymerization, high-energy radiation tecluis| and photochemical synthesis
(Halasa, Massie, and Ceresa, 2005).

2.4.1.1 Chain transfer and copolymerization

In a free radical polymerization, chain transtean important

reaction. Chain transfer to a monomer, solventcapan, or other growing chain can
take place. When a chain transfer reaction to a&mothain takes place, it creates

a radical which acts as a site for further chaowgh and grafting:
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P + P — PH + P

The reaction proceeds by the transfer of a hydragéralogen
(in the case of halogenated polymers) atom fromaaramolecule P to the growing
chains P (or to an excess initiator free radical, fhereby “terminating” them). The
reactivity is now located on the transfer molecuilghich in turn initiates
copolymerization, i.e., the growth of a graftedesichain of a newly introduced
second monomer. A measure of grafting occurs witbstmmonomer-polymer
systems, especially those initiated by benzoyl xide if the concentrations of
polymer and initiator are high.

The simplest technique is to dissolve the polynmrerthe
appropriate solvent. Then peroxide initiator, whaibstracts hydrogen radical and
generates a radical on the polymer chain, is adéitelr that, fresh monomer is filled
for grafting onto this site. This technique has rbeemployed in grafting
methylacrylate onto natural rubber and synthetigipoprene (Halasa et al., 2005).

2.4.1.2 Redox polymerization

Redox polymerizations are among the most popular
techniques for grafting reaction, and of the pdssihitiator systems, ferrous ion
oxidation and those based on ceric ion reductiam \ardely used. In a redox
polymerization, a hydroperoxide or similar groupgesluced to a free radical plus an
anion, while the metal ion is oxidized to a highalency state, and at the same time a

monomer is added. When the reducible group is latht¢o a polymeric chain, the
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free radical grafting sites thus formed on the maunplecular backbone act as
initiators for graft copolymerization (Halasa et &005).
2.4.1.3 High-energy radiation techniques

During high-energy irradiation in vacuo, e.g.,nfrca °°Co
source, some main-chain degradation of natural eutdnd other polyisoprenes
occurs. Much of the irradiation energy is also absd by the removal of hydrogen
atoms from main chain.

The irradiation of natural rubber in the presenfea vinyl
monomer thus leads primarily to a synthesis of tgcapolymers, but some block
copolymer is certainly always present. Irradiat®ymtheses may be carried out in
solution, either in contact with liguid monomer (wior without a diluent) or in
contact with monomer in vapor phase, or in emulsiosuspension. The rubber may
be preirradiated in the absence of air to produee fadicals for later monomer
addition, but the life of these radicals is shartaaresult of mobility within the rubber
matrix. Irradiation at very low temperatures makiepossible to use the trapped
radicals technique for a variety of natural andtlsgtic rubbers. Polymers with
a crystalline phase are more readily preirradiatethitiate later grafting by trapped
radicals.

The irradiation of mixed latexes for subsequennicmation
of the ruptured chains is another approach; itdessn carried out with natural rubber
and poly(vinyl chloride) latexes to prepare graftidlock copolymers in fairly high

yields without the problem of monomer recovery @4al et al., 2005).
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2.4.1.4 Photochemical synthesis
Macromolecules containing photosensitive groupsickvh
absorb energy from ultraviolet frequencies oftegrdde by free radical processes.
The degradative process as a rule is fairly slowt by the addition of
photosensitizers, such as xanthone, benzyl, beremwil 1-chloroanthraquinone, the
rate can be speeded up to enable graft copolyntienze take place in the presence
of methyl methacrylate or other monomers. This bardone in the case of natural
rubber in the latex phase with reasonably highdgiebf graft copolymer. Natural
rubber-g-polystyrene and poly(butadiene-g-styrehaye both been prepared by
ultraviolet irradiation of sensitized latex-monomeispersions. A combination of
photochemical synthesis and redox-type initiatian @lso be carried out, a process
known as one-electron oxidation, to achieve grgftmth minimal homopolymer
formation (Halasa et al., 2005).
2.4.2 Graft copolymerization of natural rubber
As mentioned earlier, natural rubber (NR) possessgeellent physical
properties including its high resilience, strengtid fatigue resistance. Moreover, it is
a renewable resource. However, NR is less resistemozone, oxidation, weathering
and a wide range of solvents due to unsaturategrenatf NR chains and its non-
polarity. In efforts to extend its use, there hdeen various methods developed in
order to modify its properties such as hydrochlatieéa NR (Nghia Onoe, Yamamoto,
and Kawahara, 2008), epoxidized NR (Thongpin e28l06) and grafted NR (Kumar
and Kothandaraman, 2008). One of the most practoadlification methods is
grafting the second polymer onto the NR backboreadRons involving free radicals

have been the most widely applied in grafting psses, and such reactions have been
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used with a wide range of polymers and monomeran@uand Kothandaraman,
2008; Lehrle and Willist, 1997; Oliveira et al.,@). The grafting of monomers onto
NR chains can be represented by the following mesha

Initiation:

Attacking monomer: RO- + M Mp:

Attacking rubber: RO- + NR-H——NR: + ROH

Reinitiation: NR- + M NR-M,-

Propagation:

Propagation of free polymerization: M+ M Mhn+1-
Propagation of graft polymerization: NRsM+r M NR-Mp.1:
Chain transfer to macromolecules:
Transfer to monomer: NR-M+ M M- + NR-M,
Transfer to rubber: NR-M+ NR-H — NR:- + NR-MH
Mp- + NR-H —— NR- + M|H
Transfer to chain-transfer agent: ;M + A A+ M,
NR-M, + A A-  + NR-MH
Termination by combination:
M- + My Mn+m

NR-M,- + NR-M;,s —— NR-M,:+NR

NR-Mp- + My — NR-Mpim
Here, RO- represents the initiating free radicalaMl M,- are the monomer and
monomer radical. NR and NR- and NRyMare polyisoprene, polyisoprene radical
and grafted polyisoprene. A and A- are chain temsgagent and chain transfer

reagent radical.
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Grafting is mostly carried out using vinyl monomelike methyl
methacrylate (MMA) and styrene (Charmondusit et 4898). The quantities of
grafted monomer on natural rubber molecules aextdtl by various parameters such
as monomer and initiator concentrations, reaciioe aand reaction temperature.

Oliveira et al. (2005) investigated the graftingfioeency of
dimethylaminoethylmethacrylate (DMAEMA) grafted ontnatural rubber (NR).
The results fromtH-NMR spectroscopy showed that no detectable gigftietween
NR and DMAEMA occurred when 10 wt% of DMAEMA weresed. On the other
hand, the amount of grafting increased to a sigaifi amount when NR was grafted
with 30% DMAEMA.

Nakason et al. (2004) studied the grafting of mcaémhydride (MA)
onto natural rubber in a toluene solution. It wasnfd that quantities of the grafted
MA on NR molecules increased with increasing monomend initiator
concentrations. An increase of reaction time amdtren temperature also caused the
increasing level of grafted MA. However, increasimgiator concentration (>3.0
phr), reaction temperature (8) and reaction time (>2.0 h) caused the presemde a
increasing level of the gel fraction in the gradpolymer.

Nakason et al. (2003) investigated the preparaifograft copolymers
from deproteinized (DPNR) and high ammonia conegett (HA) natural rubber
latex with methyl methacrylate. The results showret a larger quantity of grafted
poly(methyl methacrylate), PMMA, a larger averagetigle size and a fewer free
natural rubber molecules were observed in theiggafiystem with DPNR. The levels
of grafted PMMA for the graft copolymer obtainesrit DPNR were higher than

those of the graft copolymer of HA. It was belieubdt proteins played a significant
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role in free-radical polymerization. This could llxecause the free-radical species may
be terminated by proteins during graft copolymeitra

Charmondusit et al. (1998) investigated grafting afethyl
methacrylate and styrene onto natural rubber bg-sbell emulsion polymerization to
use as an impact modifier for polyvinyl chlorideV@®). The optimum condition of
graft copolymerization was found to be at 100 phastsveight of monomer per 100
parts by weight of NR latex, 1.5 parts by weigheaiulsifier, 1.5 parts by weight of
initiator and at a temperature of°@for 8 h. The grafted NR product could be used
as an impact modifier for PVC resin to form PVCfgrd NR product blends by
mechanical blending and compression molding. Treelgoechanical properties were
obtained at 10 and 15 phr of the grafted NR praduct

Suriyachi et al. (2004)grafted glycidyl methacrylate (GMA) and
styrene (ST) onto natural rubber latex by emulgp@fymerization using cumene
hydroperoxide and tetraethylene pentamine as xredt@tor. The effects of initiator
and monomer concentration, reaction temperaturdiareon grafting efficiency and
monomer conversion were investigated. The apprmrieondition for graft
copolymerization was found to be an initiator corication of 2.5 phr, a monomer
concentration of 100 phr and a reaction temperaifi€’C for 10 h. The conversion
under this condition was 69.3% and the graftingcigfiicy was 69.3%. The result
from transmission electron microscopy showed thaftgd natural rubber had the
core shell configuration with complete closed shelf ST and GMA copolymer
around the cores of each natural rubber partide grafted natural rubber product

(NR-g-ST/GMA) was used as a compatibilizer for makturubber/polymethyl
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methacrylate, PMMA, blends. The fracture surfadesatural rubber/PMMA blends
showed good interfacial adhesion upon the addafagrafted natural rubber.

George, Britton, and Sebastian (2003) studiedt g@bolymerization
of methyl methacrylate, MMA, onto natural rubberdatex by gamma irradiation for
improving the mechanical properties of the dry fililne result showed that modulus
of the films was improved with increasing MMA contebut tensile strength was
reduced. Nevertheless, high modulus without mudugton in tensile strength can
be achieved if the MMA content was 50-60 phr.

Derouet et al. (2009) prepared graft copolymers rudtural
rubber/poly(dimethyl(acryloyloxymethyl)phosphonatdR-g-PDMAMP, and natural
rubber/poly(dimethyl(methacryloyloxyethyl)phosphte)a NR-g-PDMMEP, from
photopolymerization in latex medium. The effects mbnomer concentration on
monomer conversion and grafting rate were studtedlas found that conversion and

grafting rate increased with increasing monomereatration and reaction time.

2.5 Rubber-toughened epoxy resins

2.5.1 Types of rubber modifiers
Types of rubber which have been considered andestusiith a view
to rubber modification of epoxies are listed below:
2.5.1.1 Reactive butadiene-acrylonitrile rubbers
Butadiene-acrylonitrile rubbers comprise a rekdiv low
molecular weight backbone of butadiene and acryfigggroups with reactive groups
in the terminal position which can be either amarecarboxyl group as shown in

Figure 2.7
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CN

x{{CHz—CH:CH—CHﬁXCHZ—ICquLx

Figure 2.7 Molecular formula of butadiene-acrylonitrile rubbi§€ollyer, 1994).

2.5.1.2 Reactive acrylate elastomers
Ratna (2001) used carboxyl-terminated poly(2-ethgkyl

acrylate), CTPEHA (Figure 2.8), to improve toughmetepoxy networks.

HOOCR[CHZ—QH2+ RCOOH

2 C
O—CHZ_CI:H_C4H9

CoHs
Figure 2.8 Chemical structure of CTPEHA (Ratna, 2001).

Kong et al. (2006) used the acrylate liquid rublbegure 2.9)
to toughen bisphenol A diglycidyl ether epoxy resiwith triethanolamine as

hardener.

—%CHZ—C\:H%;(CHZ—(ZIH}),—(CW‘C\Hj;—

c-0 c=0 c-0
O Q A0
C4H9 Csz CHZ_CH'CHZ

Figure 2.9 Molecular formula of acrylate liquid rubber comii@ig pendant epoxy

group (Kong et al., 2006).
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2.5.1.3 Polysiloxanes
Rutnakornpituk (2005) found that the fracture toogss
properties of the epoxy-novolac networks were imapb with the statistical
epoxidized polycyanopropylmethylsiloxane-co-polyditylsiloxanes (PCPMS-co-

PDMS). Figure 2.10 shows the chemical structure@PMS-co-PDMS.

CH; | [ CHs |[CH,

- Tp-~ "4 -n
o)

Figure 2.10Chemical structure of PCPMS-co-PDMS (Rutnakoripifn05).

2.5.1.4 Reactive polybutadiene rubbers
Ramos et al. (2005) used hydroxyl-terminated paigtiene,

HTPB (Figure 2.11) as impact modifier for epoxyimes

HO{—(CHZCH=CHCH2j]L)pH
Figure 2.11Chemical structure of HTPB (Ramos et al., 2005).

2.5.1.5 Modified natural rubber
Chuayjuljit et al. (2006) prepared epoxidized naltuubber,
ENR (Figure 2.12) using situ epoxidation technique. ENR product was applied as

impact modifier for epoxy resin.
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__ /
CH—C\ CH—C\ \CH=C
CH3 \O/ C:H3 \C H3

Figure 2.12Chemical structure of ENR (Chuayjuljit et al., 00

Kumar and Kothandaraman (2008) modified epoxynrasth

maleated depolymerized natural rubber, MDPR (FiQui&).

Figure 2.13Chemical structure of MDPR (Kumar and Kothandanan2808).

2.5.2 Toughening mechanism

A number of quite different toughening mechanisins rubber-
toughened epoxy resins have been proposed. Thelkgléncrazing, shear yielding
and rubber cavitation as shown in Figure 2.14-2d€pectively.

Barcia, Thiago, and Soares (2003) studied impabt@wor of block
copolymer of polybutadiene modified bisphenol Algidyl ether (DGEBA) based
epoxy resin. They observed the impact behaviorhef tbughened networks using
scanning electron microscope. They found thatdlighiening mechanism was related

to the cavitation in the rubber particles dispersside the epoxy matrix. They also
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suggested that, according to Bucknall and Smitiesty, the rubber particles initiate
the formation of crazes and control their growtrorbbver, they explained that there
is the flexibility effect. The flexibility is causeby the presence of dissolved rubber
inside the epoxy matrix. Similar result has begrorted by Saadati et al. (2005).
Pearson and Yee (1991) observed the influenceadfcfe size and

particle size distribution of rubber on toughenimgchanisms in rubber-modified
epoxies. They found that the toughness was inadebgecavitations-induced shear
banding. Similar behavior has also been reportetienstudy on the modification of
epoxy resins with acrylate liquid rubber containpgndant epoxy groups (Kong et
al., 2006). Kong et al. (2006) illustrated that thbber globular particles dispersed in
the connected epoxy resin phase acted as centdisBpation of mechanical energy
by cavitations and shear yielding. The results ¢dag proved by the existence of
cavitations of rubber particles and correspondingss whitened zone around rubber

particles.

Figure 2.14 Schematic diagram of shear vyielding (SpecialChemovation &

Soultions, 2008).
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-

Figure 2.15 Schematic diagram of crazing (SpecialChem Innowa8 Soultions,

2008).

Initial state Volume strain \dappearing
due to tension releasing stress

Figure 2.16 Schematic diagram showing cavitation of a rublzetige (SpecialChem

Innovation & Soultions, 2008).

In addition, Ratna (2001) used scanning electroicrascopy to
observe toughening mechanism of carboxyl-termingtelg(2-ethyl hexyl acylate),
CTPEHA, modified epoxy resin. SEM micrograph showeslbroken rubber particles
and stress whitening zone. The researcher explémadtress whitening is due to the
scattering of visible light from the layer of theastering centers which in this case are

voids. The generation of the voids is due to theitaaon of rubber particles.
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Thomas et al. (2008) also reported similar resutis hydroxyl terminated
polybutadiene, HTPB, modified epoxy resin.

In 1996, Bagheri and Pearson studied rubber-meatli@poxy resin.
The rubbers used are hollow latex particles (HLRdhwa styrene-acrylic shell,
carboxyl terminated butadiene acrylonitrile copogyn{CTBN) and core-shell latex
particle comprised of a methacrylated butadieneesy copolymerwith acid
functionality in poly(methyl methacrylate) (PMMA)hsll (MBS-COOH). They
observed the crack tip of modified epoxies usirapgmission optical microscopy.
They found shear yielding in all cases. Howeveeastbands are much finer in case
of epoxies toughened by smaller size modifiers.

Chikhi et al. (2002) found that toughness of DGEBAs improved by
adding amine-terminated butadiene acrylonitrile.idearease of toughness was due to
some cavitation of the rubber particles accomparbgdstress whitening zones
developed on the fracture surface of the modifigolxg. This stress whitening effect
was related to the local plastic deformation at tmack tip. Furthermore, the
cavitation was followed by the onset of shear liaedilon process. Similar results
have been reported elsewhere (Ratna, Banthia, abddD00).

Recently, Ratna and Banthia (2007) employed readcrylic liquid
rubber containing terminal and pendant carboxyuigsoas a modifier for epoxy resin.
The results illustrated that toughness of epoxyeased with increasing functionality
of the liquid rubber. They suggested that an irseda functionality of rubber led to
higher matrix-particle adhesion which resulted wblber cavitation and plastic

deformation.
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Kumar and Kothandaraman (2008) showed shear bgnokitween
maleated depolymerized natural rubber particle poxg matrix, which advocated
appreciable matrix shear yielding and plastic deftion over a large volume of
rubber. This attributed to the improvement of imength value of the blends.

2.5.3 Factors affecting toughness of rubber-toughed epoxy resins

Many investigations conducted on epoxies have aidit several
factors likely to influence toughness of rubbergbened epoxy resins. These include
rubber concentrations, molecular weight, particte sinter-particle distance and cure
conditions.

Bagheri and Pearson (1996, 2000) studied toughméssubber-
toughened epoxy resins with CTBN and core-shedixligiarticles modifiers. It was
found that, at the same particle size, the intetigda distance decreased when rubber
volume fraction was increased. This led to an iaseeof fracture toughness. At the
same volume fraction, the smaller particles gaweelointer-particle distance and
higher fracture toughness.

Ratna et al. (2000) investigated the effect of enolar weights of
carboxyl-terminated poly(2-ethylhexyl acrylate), RHHA, on impact energy of

CTPEHA/epoxy blends. CTPEHA with number averageanalar weightsy,,, in the

range of 3500-7000 g/mol performed almost equallighening efficiency. However,

the liquid rubber withyg,, = 9500 g/mol, was found to be ineffective in toegimg

epoxy. This could be because of the formation igfdagglomerates.
Ratna (2001) studied relationship between impabttabior and initial
curing condition of carboxyl-terminated poly(2-etimexyl acylate), CTPEHA, liquid

rubber-modified epoxy resins. The impact strendtthe modified networks slowly
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increased with an increase in initial cure tempesatp to 148C and decreased with
a further increase in initial cure temperature. iginbehavior has been also reported
in hydroxyl terminated polybutadiene rubber-modifepoxy system (Thomas et al.,
2008).

Several reports have shown an influence of ruldosicentration on
toughness of epoxies. Ratna (2001) illustrated tkk&tionship between the
concentration of CTPEHA and notched Izod impactrgith per unit width of the
specimen. The impact strength of the modified epsayples was higher than that of
the unmodified epoxy. The modified network contagnilO phr showed maximum
impact strength of 25.6 J/m which is about 60% arghan the neat epoxy (16.3 J/m).

Chikhi et al. (2002) found that the toughness wofire-terminated
butadiene acrylonitrile, ATBN, modified epoxy resimcreased with an increase of
ATBN content up to 12.5 phr in comparison with tbatnfilled resin.

Moreover, it is well known that the reactivity aseélectivity of the
elastomer play an important role in the processctonal groups must present in the
chain of the rubber in order to promote the forovatof chemical bonds with the
epoxy matrix, which are necessary for an efficiginéss transfer between the rubber
particles and the matrix.

Ramos et al. (2005) evaluated and compared theotismrboxyl-
terminated butadiene acrylonitrile copolymer (CTBMhd hydroxyl-terminated
polybutadiene (HTPB) as impact modifiers for epoggin. They found that CTBN
led to higher impact strength than HTPB. The res@iiom rubber particle size
observation revealed that the materials modifieth TBN showed CTBN particle

size was between 14m. On the other hand, HTPB modified epoxy resinwst
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large difference in rubber particle size that ranffem 10 to 50um. A lower in
toughening efficiency of HTPB could be becauseitheraction between the HTPB
particle and matrix was not satisfactory.

Generally, carboxyl termination has usually bebowsn to exert a
greater toughening effect than most other functites including phenol, epoxy,

hydroxyl and mercaptan (Table 2.3).

Table 2.3Effect of terminal functionality on the tougheniability of butadiene-

acrylonitrile elastomer (Collyer, 1994).

Elastomer Functionality FraCétE\;/emez?ergy
CTBN Carboxyl 2.8
PTBN Phenol 2.6-3.0
ETBN Epoxy 1.8-2.5
HTBN Hydroxyl 0.9-2.6
MTBN Mercaptan 0.2-0.4

Recently, Kumar and Kothandaraman (2008) studradtigg maleic
anhydride onto depolymerized natural rubber. Théeatad depolymerized natural
rubber (MDPR) obtained was used as a minor phasedoxy matrix. The results
showed that the impact strength values of the 12apdr MDPR/epoxy blends were

higher than that of the unmodified epoxy.
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EXPERMENTAL

3.1 Materials and chemical reagents

High ammonia natural rubber latex concentrates wepplied by Thai Hua
Rubber Public Co., Ltd. (Udornthani, northeasteegion of Thailand). The

specification of high ammonia natural rubber latercentrates is shown in Table 3.1.

Table 3.1Specification of high ammonia natural rubber latercentrates.

Specification Content
1. Total solids content, % 61.23
2. Dry rubber content (DRC), % 60.09
3. Non-rubber solid content, % 1.14
4. NHcontent (on total weight), % 0.60
5. NHcontent (on water phased), % 1.55
6. pH value 10.48
7. Potassium hydroxide number 0.52
8. Volatile fatty acids number 0.04
9. Latex mechanical stability time, sec 330
10. Md" (on solid), ppm 39.35
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Deionized (DI) water, methyl ethyl ketone (gEH,COCHs, Carlo Erba,
99.5%), potassium persulfate fBOg, Aldrich, 99%), potassium hydroxide (KOH,
Aldrich, 85%) and high ammonia natural rubber wased in the preparations of
depolymerized natural rubber (DNR). Calcium chler{€aC}, Carlo Erba, 92%) was
employed to coagulate DNR. n-Hexane ¢0EH,),CHs, Carlo Erba, 95%) was used
to dissolve DNR. Methyl alcohol (G@H, Carlo Erba, 99.9%) was applied to
precipitate DNR.

Toluene (GHsCHs, Carlo Erba, 99.5%) was used as a solvent fortiggaf
DNR. Methyl methacrylate @#sO,, Fluka, 99%) and glycidyl methacrylate
(C7H1003, Aldrich, 97%) were used as the monomers for gr@fDNR. The chemical

structures of the monomers are shown in Figure 3.1.

9] O

\C—O \C—O
/CHZ
H,C=C CHs H,C—C H,c—CHL|
\O
CH3 CH3
Glycidyl methacrylate (GMA) Mt methacrylate (MMA)

Figure 3.1 Chemical structures of glycidyl methacrylate aretimpl methacrylate.

Sodium hydroxide (NaOH, Carlo Erba, 97%) was usedremove the
inhibitor. Initiator for grafting process was azis-Hisobutyronitrile (AIBN) and
benzoyl peroxide (BPO). The chemical structuresth& initiators are shown in

Figure 3.2.
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O,
0] O
CH CH \
3 3 o
H;C—C—N=N—C—CH,
CN CN
Azo-bis-isobutyronitrile (AIBN) Benzoyl peroxide (BPO)

Figure 3.2Chemical structures of azo-bis-isobutyronitrilel dienzoyl peroxide.

Acetone (GHsOs, 99.8%) was applied to precipitate grafted depelyned
natural rubber (GDNR). Bisphenol-A based epoxymrr€&piclon 850) with epoxide
equivalent weight 184-194 g/equivalent and polyamiduckamide GL 120) were
supplied by Siam Chemical Industry Co., Ltd. Theroical structure of polyamide is
shown in Figure 3.3. Fiber glass (Chopventager HBB&vith 3 mm in length was

supplied by Behn Meyer Chemical (T) Co., Ltd.

O O
R CNHR T—CNHR"

n

Figure 3.3Chemical structure of polyamide.

3.2 Experimental
3.2.1 Preparation of depolymerized natural rubber
61.23% Total solid content natural rubber lateaswdiluted by
deionized water to a concentration of 5 wt% basedubber content in a 1 liter

reaction flask, followed by the addition of @EH,COCH; and KS,0g in an amount
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of 4 v% of total volume and 2 wt% based on the anldmntent, respectively. The pH
of latex was adjusted to about 9-10 with 10 wt%eaqus KOH solution. Then, the
reaction mixture was mechanically stirred with aexpp of 200 revolutions per minute
(rpm) at 70°C in water bath for 24 h under a flogveir. At the end of reaction, the
reaction mixture was coagulated by 1 wt% aqueouSIGsolution. The coagulated
substance was dissolved in hexane and stirred mahnetic bar for 3 h. Then,
resulting solution was stood overnight and filter&th vacuum buchner. The filtrate
was purified two times by the re-precipitation noethusing methanol, followed by
vacuum drying at 4 until weight is constant.
3.2.2 Preparation of grafted depolymerized naturafubber

To remove inhibitor, methyl methacrylate (MMA) maner was
washed twice with 2 wt/v% NaOH solutions (ratio wiixture 1/1 v/v%) in a
separating funnel. Then, monomer was cleaned timees with DI water to remove
residual sodium hydroxide. After that, anhydrousCGavas added overnight into
monomer to remove moisture in a refrigerator. NeékRe monomer was filtered
through a filter paper to separate CaCrhe inhibitor-free MMA monomer was
further used in grafting process. GMA monomer wseuas received.

Grafted depolymerized natural rubber (GDNR) wasthsgsized in a
solution state. In a typical solution-grafting pess, DNR was dissolved in toluene
(1 g of DNR:10 ml of solvent) and heated to 80°Ghwstirring at about 200 rpm
under a flowing nitrogen atmosphere. After compigtidissolution of DNR, the
monomer mixture of MMA/GMA (90/10 wt/wt%) was addedd stirred for 10 min.
The addition of free radical initiator was followet@lhe reaction was continued for

2 h. At the end of reaction, the graft copolymesweecipitated by adding acetone at
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room temperature. After thoroughly washing with taoe five times, the graft
copolymer was kept to a vacuum oven dGiantil weight is constant. The amount of
each variable reactant added to the reaction nagtig shown in Table 3.2. In each

reaction, DNR 5 g and toluene 50 ml were used.

Table 3.2Amount of each variable reactant added to theimamixtures.

GDNR MMA (g) GMA (g) AIBN (g) BPO (g)
20_1AIBN 0.90 0.10 0.05 -
20_2AIBN 0.90 0.10 0.10 -
20_3AIBN 0.90 0.10 0.15 -
30_1AIBN 1.35 0.15 0.05 -
30_2AIBN 1.35 0.15 0.10 -
30_3AIBN 1.35 0.15 0.15 -
50_1AIBN 2.25 0.25 0.05 -
50_2AIBN 2.25 0.25 0.10 -
50_3AIBN 2.25 0.25 0.15 -
75_1AIBN 3.38 0.38 0.05 -
75_2AIBN 3.38 0.38 0.10 -
75_3AIBN 3.38 0.38 0.15 -
50_1BPO 2.25 0.25 - 0.07
50_2BPO 2.25 0.25 - 0.13
50_3BPO 2.25 0.25 - 0.20
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The effect of types of initiator was compared hegw AIBN and BPO
at 50 phr of monomer mixture. Furthermore, effeofsmonomer and initiator
concentration on the degree of graftization of Diifafted with MMA/GMA were
studied. The amounts of initiator were varied frano 3% based on DNR content.
The amounts of monomer mixture was varied froma203 parts per hundred (phr) of
DNR.

The nomenclature used to describe the GDNR is detraied by
considering 20_1AIBN. The ‘20’ corresponds to tiheoant of monomer used in part
per hundred of DNR (phr). The following digit repests the percentage of initiator
based on rubber content. The ‘AIBN’ is the typearofiator used to prepare GDNR.
Thus, the 20_1AIBN defines GDNR prepared using B0 gf monomer mixture, 1
percent of initiator based on rubber content an8MIwas used as an initiator.

Grafting reaction that gave GDNR with suitable rdegof graftization
and proper characteristic was scaled up to pre@&BR for blending with epoxy
resin. For each large scale reaction, DNR 15 gtahane 150 ml were used. The

amount of each variable reactant added to theiosatixtures is shown in Table 3.3.

Table 3.3Amount of each variable reactant added to theslaogle reaction

mixtures.

GDNR MMA (g) GMA (9) AIBN (g)
20 2AIBN(L) 2.70 0.30 0.30
30_2AIBN(L) 4.05 0.45 0.30
50 2AIBN(L) 6.75 0.75 0.30
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3.2.3 Preparation of rubber/epoxy resin blends
The rubber (DNR or GDNR) was dissolved completelgpoxy resin
at 80C using mechanical stirrer at a speed of 500 rpni fb. The epoxy resin and
rubber mixtures were allowed to reacP@0ONext, 40 phr of polyamide (Luckamide
GL 120) were added and stirred at a speed of 260 fgr 3 min. Thereafter, the
blends were poured into a steel rectangular motdgiqusly coated with releasing
agent. Then the mixture was degassed for 15 miuaduum dessicator and cured at
room temperature for 4 h. After that, each specimas cut and polished with
sandpaper. Finally, the specimen was post-curel?@tC for 2 h in a mechanical

convection oven. The composition of (G)DNR/epoxgrils are shown in Table 3.4.

Table 3.4Composition of (G)DNR/epoxy resin blends.

Designation Epoxy resin (g)] Hardener (g) DNR (g)| GBR (g)
Neat epoxy 100 40 - -
0.5 DNR 100 40 0.5 -
1_DNR 100 40 1.0 -
2_DNR 100 40 2.0 -
3_DNR 100 40 3.0 -
1_20_2AIBN(L) 100 40 - 1.0
1_30_2AIBN(L) 100 40 - 1.0
1 50 2AIBN(L) 100 40 - 1.0




43

3.2.4 Preparation of rubber/fiber glass/epoxy compsites

Fiber glasses (GF) were thermal treated aGdor 3 h in a muffle
furnace before use. The rubber (1 phr of DNR or ®pWas dissolved completely in
epoxy resin at 8 using mechanical stirrer at a speed of 500 rpnd flo. After that,
5 wt% GF were added and stirred at a speed of @@0for 5 min. Then the mixtures
were allowed to reach 80. Next, 40 phr of polyamide (Luckamide GL 120) wer
added and stirred at a speed of 200 rpm for 3 Thereafter, the blends were poured
into a steel rectangular mould previously coatethweleasing agent. Then the
mixture was degassed for 15 min in vacuum dessieait cured at room temperature
for 4 h. After that, each specimen was cut andspelil with sandpaper. Finally, the
specimen was post-cured at 120°C for 2 h in a mmchkhconvection oven. The

composition of (G)DNR/fiber glass/epoxy composes shown in Table 3.5.

Table 3.5Composition of (G)DNR/fiber glass/epoxy composites

. . Epo.xy Hardener Fiber DNR | GDNR
Designation resin @) glass () )
(9) (9)
Neat epoxy 100 40 - - -
5% GF 100 40 5 - -
1 DNR_5% GF 100 40 5 1 -
1 30_2AIBN(L)_5% GF 100 40 5 - 1
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3.2.5 Material characterization
3.2.5.1 Molecular weight and molecular structure ofubber

In order to determine molecular structure of NR, PDldnd
GDNR, nuclear magnetic resonance spectroscopy iBO@ MHz spectrometer
(Varian, Inova 300) at 30°C with deuterated chlorof as a solvent was used. The
concentration of the rubber in deuterated chlorofosolution was 1-3 wt/v%.
Tetramethylsilane (TMS) was used as internal ref@eand chemical shifts were
reported in ppm.

The molecular weight and molecular weight disttidi of
NR, DNR and GDNR were investigated by gel perm@atibromatography (GPC).
The GPC instrument was equipped with universaksiadivinylbenzene copolymer
columns (PLgel Mixed-C, 300x7.5 mm, 5um) and déferal refractometer detector
(RI-G1362A). Temperature of the column and the detewas maintained at 40°C
and 35°C, respectively. The molecular weight of sanples was obtained from
calibration curves using polystyrene standards @8kostandard). Chloroform was
used as the mobile phase at a flow rate of 1 ml/ifiive concentration of the rubber
in chloroform solution was 0.1 wt/v%. The solutiosas filtered through a 0.45 um
polyamide filter paper prior to measurement.

3.2.5.2 Mechanical properties

Notched Izod impact strength of the neat epoxynretie
rubber/epoxy blends and rubber/fiber glass/epoxypmusites was tested according to
the ASTM D 256, method A, using a basic pendulurpdot tester (Atlas model BPI).
The total striking impact energy of 2.7 J was assthat room temperature. The

geometry of specimens was 4 mm in thickness, 64 imtength and 12.7 mm in
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width. Ten specimens were tested on each matd@tal.impact strength (kJAnwas
calculated and reported.

In order to determine flexural properties of theanepoxy
resin, the rubber/epoxy blends, and (G)DNR/fibeasglepoxy composites, five
specimens of each material were examined accotdidgTM 790 using a universal
testing machine (Instron model 5569) with a loaldl @e50 kN, a crosshead speed of
1.66 mm/min and span length of 62.4 mm. The spetsmeere having a thickness of
4 mm, a width of 15 mm, and the overall length @f48mm. The measurements of
flexural modulus, flexural strength, and flexurédagh were recorded. The support
span (span length) of machine shall be 16 timesdiyeth of the sample. The

crosshead speed of machine calculated by the foitpaquation.

_ZL?
6d

R
where R = rate of crosshead motion, mm/min

L = support span, mm

d = depth of specimen, mm

Z = rate of straining of the outer fiber, Z shad equal to 0.01 mm/mm/min

3.2.5.3 Morphological properties
Morphology of the fracture surfaces of the neabxgp

(G)DNR/epoxy blends, and (G)DNR/ fiber glass/eporynposites was examined by
scanning electron microscope, SEM (JEOL model JSAD0BR employing an

accelerating voltage of 10 kV. The sample surfagese coated with gold before

SEM analysis.



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Molecular weight and molecular structure of natiral rubber
and depolymerized natural rubber

As mentioned in chapter |, the aim of this studyasenhance toughness of
epoxy resin by blending with natural rubber (NRR & normally a high molecular
weight polymer. Therefore, it is difficult to disfse in epoxy resin. To promote initial
dispersion of NR in epoxy resin, high molecular girtinatural rubber was subjected
to depolymerization. Depolymerized natural rubdeNR) product obtained was a
light yellow viscous liquid with sticky characternd thoroughly soluble in
chloroform. Molecular weight and molecular weigh$tdbution of DNR and dried
natural rubber latex, which used as a starting nahtéor DNR production, were
determined using gel permeation chromatography. dlmaber average molecular
weight, M, weight average molecular weigM,,, and molecular weight distribution,

MWD, of NR and DNR are tabulated in Table 4.1.

Table 4.1Molecular weight and molecular weight distributioihiNR and DNR.

Type of rubber Mn (9/mol) M., (g/mol) MWD

NR 657,720 880,630 1.339

DNR 55,984 135,487 2.420
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The results showed that tihd, and M,, of NR were decreased significantly
after depolymerization. The molecular weight diaition of DNR was slightly board.

The chemical structures of the NR and DNR werdyaed by proton nuclear
magnetic resonance spectroscopi-NMR. The results shown in Figure 4.1
indicated that DNR obtained had the same chemittilass NR.The chemical shift at
5.12 ppm was attributed to proton attached to cadawbon double bond, unsaturated
methyne proton (1H, =CH). The chemical shift at42fpm was attributed to the
methylene protons (4H, (Gh) and the chemical shift at 1.68 ppm was the single

resonance signal of methyl proton (3H, ££H

(a)

Ma_

(b)

S—

7 fi 5 4 3 2 l 0 PpIm

Figure 4.1*H-NMR spectrum of DNR (a) and NR (b).



48

4.2 Characterization of grafted depolymerized natual rubber
(GDNR)

4.2.1 Molecular structure of GDNR

In this study, 12 different grafting conditionssing azo-bis-
isobutyronitrile (AIBN) as an initiator and 3 difnt grafting conditions using
benzoyl peroxide (BPO) as an initiator were perldmGDNR was synthesized in
a toluene solution. The monomer mixture of methyletmacrylate/glycidyl
methacrylate, MMA/GMA (90/10 wt/wt%) was used. GDN#Roduct which was
obtained from each grafting condition was analyzsihg *H-NMR in order to
observe the attachment of the monomers onto DNRbome. The'H-NMR spectrum

of grafted DNR (GDNR) and DNR are compared in Fegdi2.

(@) 2 Z,
HS HaC

/~— CHe C=CH, v

0=C ! o
O—CH; || OFC ~1"

x 0= CH,—CHZ_
Z,0r7Z,
(MMA or GMA)

(b)

Figure 4.2'H-NMR spectrum of GDNR (a) and DNR (b)
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As seen in Figure 4.2 (a), the methoxy protonaofylic group of
MMA unit (X) appears at 3.60 ppm. This proved thHaNR backbone was
successfully grafted with MMA. Furthermore, the wheal shiftat 2.65-2.85 ppm
might be attributed to the methylene protons of époxy group of GMA (Y).
Nevertheless, there was rather low signal of GMAdted to DNR backbone. This is
not surprising because the amount of GMA used #itigg process was small. The
chemical shift at 0.93-1.26 ppm was attributedatusated methyl protoru{CHz) of
both MMA (Z;) (Kongparpkul, Prasassarakich, and Rempel, 2088) GMA (Z)
(Espinosa, del-Toro, and Silva, 2001). Therefdre,dhemical shifts at 2.65-2.68 and
3.60 ppm which clearly represented the attachmém@MA and MMA onto DNR
backbone were chosen for reporting degree of geditin.

In order to show the effect of initiator concetita on molecular
structure of GDNRH-NMR spectra of GDNR prepared from 75 phr of monomer
mixture using three different AIBN initiator condestions are illustrated in
Figure 4.3. The results showed that GDNR prepaii#itl 2vphr of initiator seemed to
show the highest sign of monomer attached to DNéktx@ne. GDNR prepared from
other monomer concentrations (20, 30, and 50 gho) showed the same trend. This
would be later discussed. The results of monomerceairation are shown in
Figure 4.4. It could be seen that, at the sameaiait concentration, the sign of
monomer attached to DNR increased with increasingnamer concentration.
Figure 4.5 compared betweéh-NMR spectra of GDNR prepared from AIBN
initiator and that prepared from BPO initiator. TBRRO initiator tended to give higher

level of monomer attached to DNR than AIBN initiato
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Figure 4.3 'H-NMR spectra of GDNR; (a) 75_1AIBN, (b) 75_2AIBNnc

L

~ T
P
Gy
~—t—
L

—
(=)
~—

I | I I
0 ppm

-1
[
LN
=
[ ]
[ S ]
i

(c) 75_3AIBN.



51

J(E) 7\ ] Jﬂlb
| JM

(©) *
J
(d)
I\ ) Jﬂl
7 ) £ 4 } R

Figure 4.4 'H-NMR spectra of GDNR; (a) 20_2AIBN, (b) 30_2AIBLt) 50 _2AIBN

and (d) 75_2AIBN.
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Figure 4.5'"H-NMR spectra of GDNR; (a) 50_2AIBN and (b) 50_2BPO

4.2.2 Degree of graftization

In this section, degree of graftization of GDNFRared from different
grafting condition was discussed. The degree dtigation was estimated based on
the copolymer composition using théH-NMR technique (Arayapranee,
Prasassarakich, and Rempel, 2003). Analysis wasedaout using a 1-3 wt/v%
solution in deuterated chloroform (CRQI

From the different signal as shown in Figure #h@, amount of MMA
per proton MMA), the amount of isoprene per protdwR} and the amount of GMA

per proton GMA) were calculated using the following equations:

MMA:% (1)
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GMA= A§ 265-285 (2)
2
NR= —Af>‘15-12 (3)

where Asss0, As2.65-2.85 and Ass. 12 are the peak areas corresponding respectively to
MMA, GMA and NR.
The fractions of MMA Euvag and GMA Ecemag in the graft

copolymers were calculated by the following equagio

Fumag = MMA @)
-9~ (MMA+GMA)

. GMA
GMA-g ~ (MMA+GMA)

(5)

—CH
(NR)
JEP—
ocH, L9 J
(MMA?3 (GMA)
y\ J me_ |
||||||||I||||I T T T 1 ||||||
7 f 5 0 ppm

Figure 4.6'H-NMR spectrum of 50_2AIBN.
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4.2.2.1 Effect of types of initiator on the degreef graftization
To determine the effect of types of initiator ongoee of
graftization, the monomer mixture of MMA/GMA (90/1@t/wt%) was fixed at
50 phr based on rubber content. Two types of toitiased were benzoyl peroxide
(BPO) and azo-bis-isobutyronitrile (AIBN). The anmbwf MMA per proton KIMA),
the amount of isoprene per protd¥R), the amount of GMA per protorGMA), the
fractions of MMA Fuwva-g) and the fractions of GMARgma-g) in the graft copolymers

which were calculated from the different signalearare given in Table 4.2.

Table 4.2Graft copolymer compositions of GDNR prepared frdifferent initiators.

GDNR NR MMA GMA FuMma-g Foma-g
50_1BPO 10.310 0.433 0.095 0.820 0.180
50_2BPO 9.820 0.743 0.135 0.847 0.153
50_3BPO 9.530 0.783 0.115 0.872 0.128
50_1AIBN 10.830 0.157 0.060 0.724 0.276
50_2AIBN 9.630 0.283 0.050 0.850 0.150
50_3AIBN 10.330 0.133 0.085 0.611 0.389

As expected, the level of MMA in the graft copokrs was
higher than that of GMA because the concentratioB A used in grafting process
was low. The results presented in Table 4.2 alsovsihat, at the same amount of
initiator, the BPO initiator led to higher degrek graftization than AIBN initiator.
This might be because the half-life time of BPO Wwagyer than that of AIBN. The

grafted monomer increased with increasing halfdifee (t,;) of the initiator (Kim
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and Lee, 2003) and the initiator radical of AIBNsmawore bulky than that of BPO.

The schematic diagram showing cleavage of AIBN BR®D initiator are shown in

Figure 4.7.
(a) AIBN c|:H3 c|:H3 (|3H3
H3C—(|3—N=N—(|3—CH3 — 2 H3c—c|: + N,
CN CN CN
(b) BPO e}

Figure 4.7 Schematic diagram showing cleavage of AIBN (a) BRO (b).

Although GDNR prepared from BPO initiator showddher
degree of graftization than that prepared from AlBNiator, it did not dissolve in
epoxy resin.This might be because the reactions of reactives sitn the DNR
molecules caused gel fraction in graft copolymeakaton et al., 2004). Therefore,
AIBN was used as an initiator in grafting processorder to study the effect of
monomer and initiator concentration on graftingoséhcy.

4.2.2.2 Effects of monomer and initiator concentrigon on the
degree of graftization

In this section, the effects of monomer and indtiat
concentration on degree of graftization of GDNR evewestigated. The amounts of

monomer mixture were varied from 20 to 75 phr of ®Nontent. The free radical
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initiator, azo-bis-isobutyronitrile (AIBN) was usedhe amounts of initiator were
varied from 1 to 3% based on DNR content.

The amount of MMA per protonMMA), the amount of
isoprene per protolNR), the amount of GMA per protorGMA), the fractions of
MMA (Fumag) and the fractions of GMAFgma-g in the graft copolymers which

were calculated from the different signal areagtaelated in Table 4.3.

Table 4.3Graft copolymer compositions of GDNR prepared bg af AIBN initiator.

quomer AIBN
GDNR mixture (%) NR MMA | GMA | Fumag | Fovag
(phr)
20_1AIBN 1 10.470| 0.053 0.050 0.516 0.484
20_2AIBN 20 2 10.390] 0.067 0.040 0.6256 0.375
20_3AIBN 3 10.490; 0.037 0.050 0.423 0.577
30_1AIBN 1 10.470| 0.083 0.080 0.510 0.490
30_2AIBN 30 2 10.240; 0.150, 0.09% 0.612 0.388
30_3AIBN 3 9.450| 0.093] 0.085 0.523 0.4717
50_1AIBN 1 10.830| 0.157 0.060 0.728  0.2797
50_2AIBN 50 2 9.630| 0.283] 0.050 0.850 0.150
50_3AIBN 3 10.330] 0.133 0.08%5 0.61p 0.389
75_1AIBN 1 9.950 | 0.423| 0.070 0.858 0.142
75_2AIBN 75 2 9.400| 0.893] 0.085 0.913 0.087
75_3AIBN 3 9.830| 0.303] 0.115 0.725 0.275
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The results showed that, for all reaction, thaltamount of
MMA and GMA increased until initiator concentration reachegh2. When initiator
concentration was further increased to 3 phr, tital tamount ofMMA and GMA
seemed to decrease. This might be because an exaresntration of AIBN initiator
generated more homopolymer chain which ultimatedgulted in termination of
growing chains. The fractions of GMAF{ua-g in graft copolymers tended to
decrease as the fractions of MMPwua-g) increased.

The results of monomer concentration showed thattotal
amount ofMMA and GMA increased with an increase of monomer concentratio
Generally, the grafted monomer increased with @ireg monomer concentration
(Jiang and Wilkie, 1998).

Accordingly, it can be concluded that, at 2 phr AIBN
initiator, degree of graftization is in the ordef @5 2AIBN>50 2AIBN>
30_2AIBN>20_ 2AIBN.

Although GDNR prepared using 75 phr monomer megur
showed the highest grafting efficiency, it was velfficult to precipitate from
solution. This could be because more homopolymeurmed.

4.2.3 Characteristics of GDNR prepared for blendig with epoxy resin
As presented in section 4.2.2.2, the highest igafefficiency of
GDNR prepared from different monomer concentratieas achieved when AIBN
initiator concentration was 2 phr. Therefore, ia greparation of GDNR for blending
with epoxy resin, the amount of initiator was fixetl 2 phr and the amount of
monomer mixture was varied from 20 to 50 phr ineortb obtain three different

degree of graftization.
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4.2.3.1 Molecular weight and molecular structuref DNR and

GDNR

Molecular weight of DNR and GDNR were determinedobe
blending with epoxy resin using gel permeation atography. The number average
molecular weightM,,, weight average molecular weigi,,, and molecular weight
distribution, MWD, of DNR and GDNR are tabulated Table 4.4. The results
showed that molecular weights of GDNR obtainedlawneer than that of DNR. This
result indicated that the scissions of chain lermdtBNR occurred in grafting process.
The decrease of molecular weight of DNR might bee da the high reaction
temperature of grafting process (Kongparakul et 2008) and the degradation of
natural rubber molecule was found as AIBN initiateas used (Hourston and
Romaine, 1991). Moreover, molecular weight of GDMRded to decrease with
increasing monomer mixture concentration. The megctivity of monomeric radical
might enhance chain scission in this system. InreggnMWD of DNR and GDNR
was only slightly different. However, 30_2AIBN(L)eemed to show the highest

MWD.

Table 4.4Molecular weight and molecular weight distributiohDNR and GDNR.

Types of rubber My, (g/mol) My (g/mol) MWD
DNR 55,984 135,487 2.420
20_2AIBN(L) 46,715 105,691 2.262
30_2AIBN(L) 25,991 70,574 2.715
50 _2AIBN(L) 24,684 57,260 2.320
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Figure 4.8 'H-NMR spectra of GDNR; (a) 20_2AIBN(L), (b) 30_2AMgL) and

(c) 50_2AIBN(L).

Figure 4.8 illustrateSH-NMR spectra of GDNR which were
prepared for blending with epoxy resin. The ressittswed that the level of monomer
attached to DNR increased with increasing monoraecentration.

4.2.3.2 Degree of graftization

Table 4.5 illustrates graft copolymer compositiaisGDNR
which were used in the blends. The results showatl degree of graftization of

GDNR increased with an increase of monomer conagotr. Hence, the degree of
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graftization is in the order of 50 2AIBN(L)>30_2ANgL)>20 2AIBN(L). These

results were in agreement with the results destritbsection 4.2.2.2.

Table 4.5Graft copolymer compositions of GDNR prepareddi@nding with epoxy

resin.

GDNR NR MMA GMA Fmmag Femasg
20 _2AIBN(L) 10.290 0.052 0.038 0.579 0.421
30_2AIBN(L) 10.050 0.117 0.073 0.617 0.383
50 2AIBN(L) 10.230 0.220 0.055 0.800 0.200

4.3 Mechanical and morphological properties of dedgmerized
natural rubber (DNR)/epoxy resin blends

4.3.1 Mechanical properties of DNR/epoxy resin biels

In this section, depolymerized natural rubber (DNR an amount of
0.5, 1, 2 and 3 phr, were blended with epoxy rasith cured with polyamide at room
temperature for 4 h. The mechanical properties bIRIZpoxy resin blends are
summarized in Table 4.6.

4.3.1.1 Impact properties of DNR/epoxy resin blersl

The results of impact strength were reported @mms of

energy absorbed per unit of cross sectional ardaruhe notch. The impact strength
of neat epoxy and DNR/epoxy resin blends are gcailsicompared in Figure 4.9.
The results showed that, with an exception of flkead containing 3 phr of DNR, the

impact strength of epoxy resin was generally impcbwhen DNR was added.



Table 4.6Mechanical properties of DNR/epoxy resin blends.

Amounts of DNR

Impact strength

Flexural modulus

Flexural strength

Flexural strain

Designation (phr) (k3/m?) (GPa) (MPa) (%)
Neat epoxy 0 2.292+0.224 2.504+0.106 99.488+2.44D  .77120.582
0.5_DNR 0.5 2.344+0.259 2.376+0.037 96.299+4.012  957%0.818
1 DNR 1.0 2.544+0.179 2.368+0.065 96.008+4.125 BOF68

2 DNR 2.0 2.303+0.159 2.309+0.077 94.623+2.466 FLO450
3_DNR 3.0 1.380+0.104 2.275+0.084 92.640+3.619 B8521

T9
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Figure 4.9Impact strength of neat epoxy and DNR/epoxy re@nds.

For the blends containing 0.5, 1 and 2 phr of emplthe
impact strength of the blends was higher than ¢ihdhe neat epoxy. This might be
because DNR which presented as rubbery particlesnatrix acted as stress
concentrator creating shear yielding and/or cramirtpe matrix.

In addition, some of rubber molecules might digsoh epoxy
matrix leading to flexibility of epoxy resin. Thdemd containing 1 phr of rubber
showed the highest impact strength among the DNRkepesin blends. This might
be because both toughening and flexibility effextsild be operative, resulting in
maximum improvement in impact strength (Kumar andthidndaraman, 2008).
However, the impact strength of the blend contagjr8rphr of rubber was lower than
that of neat epoxy. This could be due to rubbereggiion. The large size of rubbery
particles might lead to poor adhesion between tmtigle and matrix. This agreed

with morphology of the blends (see section 4.3.2).
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4.3.1.2 Flexural properties of DNR/epoxy resin bleds
The results of flexural strain at break (%) of poesin were

improved when DNR was added as seen in Figureah@l(Figure 4.11
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Neat epoxy

< 0041 =T e - eeeeens 0.5 DNR
= e ¥ —
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Figure 4.10Flexural curves of neat epoxy and DNR/epoxy resendis.
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Figure 4.11Flexural strain (%) of neat epoxy and DNR/epoxyrrésgends.
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The flexural strain of the blends was in agreemeitih the
results of impact strength. The blend containinght of rubber showed the highest
flexural strain. This could be seen in Figure 4T8is shows that the rubber modified
epoxy has undergone higher percent of strain bdtohare, which was significantly
contributed in enhancing the toughness propertyhef epoxy resin (Kumar and
Kothandaraman, 2008). Nevertheless, in agreemdahtmany studies (Chikhi et al.,
2002; Saadati et al., 2005; Chuayjuljit et al., @0@he addition of rubber into epoxy
resin slightly brought down flexural strength atekéiral modulus. The reduction in
flexural strength and flexural modulus are graphicahown in Figure 4.12 and
Figure 4.13, respectively. This was not unusualabse soft segment structure of

DNR had low modulus (Chuayjuljit et al., 2006 andinkar and Kothandaraman,

2008).
120
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Figure 4.12Flexural strength of neat epoxy and DNR/epoxy résimds.
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Figure 4.13Flexural modulus of neat epoxy and DNR/epoxy réséemds.

4.3.2 Morphological properties of DNR/epoxy resifblends
In order to correlate the mechanical propertiemotlified epoxy resin
with the morphology, particularly, searching focarelation between particle size of
the rubber phase and impact strength results,réotufe surfaces of neat epoxy and
DNR/epoxy blends were analyzed by scanning electmcroscope (SEM). SEM
micrographs are shown in Figure 4.14. Inspectiorighire 4.14 (a) shows ridged
surface with cracks in different planes for unmiadifepoxy. SEM micrographs of
rubber modified epoxy resin, Figure 4.14 (b)-(eyeal two phases structure which

comprised of the discrete rubber particles ancefexy matrix.
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Figure 4.14 SEM micrographs at 500x magnification of epoxy éDNR/epoxy

resin blend:

The average particle sizes of D in epoxy matrix for each ble are
shown in Table 4.7. It was found that the averagéigle size of DNR increasewith
increasing rubber conte This implied that rubber tended to coalesce as et
content was increased. This was due to low compgtibetween DNR and epox
matrix (Saadati et al., 200! When particle size was too large, theeraction betwee
the particle and the matrix was not satisfactorgnis et al., 200t Furthermore, the

blend containing 3 phr of rubber showed the verpatm glassy fractured surfac
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This indicated a brittle fracture which accounts its poor impact strength (Ratna,
2001). In Table 4.7, it could be seen that theigartsize of dispersed rubbery
domains of 0.5_DNR was closed to that of 1_DNR. kwsv, the blend containing
0.5 phr of DNR or 0.5_DNR showed lower impact sgtérthan the blend containing
1 phr of DNR. This might be due to higher volumaction of rubber in 1_DNR.

Higher volume fraction of rubber led to higher irmpement in toughness of epoxy
resin (Thomas et al., 2008). Similar results haeénbeeported by Kumar and

Kothandaraman (2008).

Table 4.7DNR patrticle size in epoxy resins modified by eéiffnt amount of DNR.

Designation Rubber content (phr) Particle size of DR (um)
0.5 _DNR 0.5 14.09+5.38
1 DNR 1.0 16.48+6.23
2_DNR 2.0 54.93+21.55
3_DNR 3.0 70.29+24.46

From mechanical and morphological properties ofRD&boxy resin
blends, it can be concluded that the blend comtgidi phr of DNR showed the best
toughness improvement. Therefore, this optimum itmmd was chosen to study
effect of degree of graftization on the mechaneail morphological properties of

GDNR/epoxy resin blends.
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4.4  Mechanical and morphological properties of graéd DNR
(GDNR)/epoxy resin blends

In this section, three GDNRs, which were 20 _2AIBN(BO_2AIBN(L) and
50 2AIBN(L), were used to study the effect of degref graftization on the
mechanical and morphological properties of GDNR¥gpe@sin blends. As reported
in Table 4.5 (see section 4.2), the degree of igedibn of GDNR is in the order of
50_2AIBN(L)>30_2AIBN(L)>20_2AIBN(L). The amount o&DNR in the blends
was 1 phr, since this composition showed the higtmsghness as mentioned in
section 4.3.
4.4.1 Mechanical properties of (G)DNR/epoxy resinlbnds
The mechanical properties of (G)DNR/epoxy resirends are
summarized in Table 4.8.
4.4.1.1 Impact properties of (G)DNR/epoxy resin bleds
The impact strength of neat epoxy and (G)DNR/epesin
blends are graphically compared in Figure 4.1%a$ found that the incorporation of
DNR and GDNR into epoxy resin improved impact sgtenof epoxy resin. In
addition, it can be seen that the impact stren§t@@NR/epoxy blends was higher
than that of DNR/epoxy blends. This was expectedabge GDNRs were more
polarity than DNR. Moreover, there were some epexigloups in grafted GMA.
These could increase interfacial adhesion betweleinery particles and epoxy matrix.
The impact strength of 1 DNR, 1 20 2AIBN(L), 1 _3BIBN(L) and
1_50_2AIBN(L) was 2.544, 3.064, 3.703 and 2.888nkJtespectively. Compared to
neat epoxy, the impact strength of those blendeased 10%, 34%, 63% and 26%,

respectively. It could be seen that, with an exoepdf 1_50_ 2AIBN(L), the impact
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strength increased with increasing degree of gefon. This might be because an
increase of acrylic group of the MMA and the epaxpup of GMA onto DNR
backbone improved both the compatibility and irgeidl adhesion between rubber
and epoxy matrix and led to good stress transfem fepoxy matrix. The blend
containing 1 phr of 30_2AIBN(L) or 1_30 2AIBN(L) stved the highest impact
strength. A possible reason is related to the loaldretween molecular weight and
degree of graftization of GDNR (see section 4.ZT8) impact strength of the blend
containing 1 phr of 50 _2AIBN(L) was lower than thatl 30 2AIBN(L) although
50 2AIBN(L) had higher degree of graftization. Timsght be because of the rigid
characteristics of MMA that attached to DNR backédncreasing amount of MMA
led to more rigid structure of GDNR. Hence, it ntiglot properly act as soft rubbery.
Moreover, the molecular weight of rubber had affemighness of epoxy resin.
Molecular weight of 50 _2AIBN(L) is the lowest amo@DNRs. The GDNR with
low molecular weight might not efficiently toughespoxy resin. Thongpin et al.
(2006) suggested that the higher the molecular hwedf) epoxidized natural rubber
(ENR) gave the better mechanical properties imprear@ of epoxy resin. Another
reason might be because 30 _2AIBN(L) gave highebeulparticle size distribution
than 50_2AIBN(L) (see Table 4.9). Pearson and Y€91) suggested that a higher
rubber particle size distribution should result an greater increase in fracture

toughness in rubber-modified epoxies.



Table 4.8Mechanical properties of (G)DNR/epoxy resin ble(dbber content = 1 phr).

Impact strength

Flexural modulus

Flexural strength

Flexural strain

Designation (ka/m?) (GPa) (MPa) (%)
Neat epoxy 2.202+0.224 2.504+0.106 99.488:+2.440 712:0.582
1 DNR 2 544+0.179 2.368+0.065 96.008+4.125 8.4000.
1 20_2AIBN(L) 3.064+0.343 2.359+0.157 0537942281 | 8.734+0.345
1 30_2AIBN(L) 3.7030.297 2.387+0.054 05.268+3.501 | 9.415+0.622
1 50_2AIBN(L) 2.888+0.457 2.362+0.101 05.71243.847 |  8.014+0.363

0L
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Figure 4.15Impact strength of neat epoxy and (G)DNR/epoxyresends; (a) Neat
epoxy, (b) 1 DNR, (c) 1_20 2AIBN(L), (d) 1_30_2AN®BL)

and (e) 1_50_2AIBN(L).

4.4.1.2 Flexural properties of (G)DNR/epoxy resiblends

Flexural strain at break (%) of epoxy resin wagroved
when GDNR was added as shown in Figure 4.16 angréi4.17. Generally, with an
exception for 1_50 2AIBN(L), flexural strain of thelends containing 1 phr of
GDNR increased with increasing degree of graftoratiThe blend containing 1 phr of
30_2AIBN(L) showed the highest flexural strain. Fhilustrated that the degree of
graftization had affected toughness of rubber nedifepoxy. It implied that
compatibility between rubber and epoxy matrix wathasmced and led to an
improvement of toughness of epoxy matrix. Howewercase of 1_50 2AIBN(L),

flexural strain at break was out of trend. It midf&t explained in the same way as

impact strength results.
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Figure 4.16Flexural curves of neat epoxy and (G)DNR/epoxyrrééends.

=
N

Rubber content = 1 phr

871 1
6 -
4 -
2 .
0 T
(b) © (d) (e)

(@)

=
o
]

Flexural strain (%)

Type of blend

Figure 4.17 Flexural strain of neat epoxy and (G)DNR/epoxymrddends; (a) Neat
epoxy, (b) 1_DNR, (c) 1_20_2AIBN(L), (d) 1_30_2AIBL

and (e) 1_50_2AIBN(L).
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Figure 4.18 Flexural modulus of neat epoxy and (G)DNR/epoxynti (a) Neat

epoxy, (b) 1_DNR, (c) 1_20 2AIBN(L), (d) 1_30_2ANRL)
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Figure 4.19Flexural strength of neat epoxy and (G)DNR/epasim blends; (a) Neat

epoxy, (b) 1_DNR, (c) 1_20_2AIBN(L), (d) 1_30_2ANEL)

and (e) 1_50 2AIBN(L).
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In contrast to flexural strain, flexural modulusdaflexural
strength slightly decreased when GDNR was incotpdranto epoxy resin as shown
in Figure 4.18 and Figure 4.19, respectivallis is not unusual because soft segment
structure of GDNR has low modulus (Chuayjuljit dt, 2006 and Kumar and
Kothandaraman, 2008).

4.4.2 Morphological properties of (G)DNR/epoxy resi blends

SEM micrographs of (G)DNR/epoxy resin blends ab®w in
Figure 4.20 (a)-(e). The average particle size&DNR are shown in Table 4.9. It
could be seen that particle sizes of GDNR were lem#than those of DNR. The
particle sizes of GDNR generally decreased witlreasing degree of graftization.
This might be because the compatibility betweerbeutand matrix was enhanced by
grafted monomer on GDNR chain.

It also implied that the interfacial adhesion betw GDNR rubber and
epoxy matrix was improved. Therefore, the fracttoeghness of the blends was
enhanced. Moreover, in case of 1_30 2AIBN(L), thieber particle showed several
sizes and caused higher enhancement of toughnessgh&r rubber particle size
distribution showed a greater increase in fractaughness (Pearson and Yee, 1991).
Therefore, the toughness of 1_30_2AIBN(L) was highan that of 1_50_2AIBN(L).
This might be due to combination of rubber partislee distribution effect and

compatibility between rubber and epoxy matrix.
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(e) 1_50_2AIBN(L)

Figure 4.20 SEM micrographs at 500x magnification of epoxy #GJDNR/epox

resinblends The rubbeparticles are indicated by arro

Table 4.9(G)DNR particle size i the blendgrepared from different (G)DNR ty.

Designatior Particle size of (G)DNR pm)
1 DNR 16.486.2<
1 20 2AIBN(L 13.414.1¢
1_30_2AIBN(L) 11.15+8.8;
150 ZIBN(L) 11.8444.92
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4.5 Mechanical and morphological properties of shdrfiber glas

reinforced (G)DNR modified epoxy resin

Studies of modified natural rubber/epoxy resin tkern the present work
intend to develop tough epoxy matrix for applyingcomposite production. As stated
in previous section, 30_2AIBN(L)/epoxy resin blemd1 30 2AIBN(L) showed the
highest toughness. Therefore, the effect of thendblon properties of short fiber
glass/epoxy composites was evaluated. Three diffesbort fiber glass reinforced
epoxy composites which included fiber glass/pur@xgpcomposite, DNR/fiber
glass/epoxy composite and 30_2AIBN(L)/fiber glapsfey composite were prepared.
The amount of fiber glass (GF) in the composites Wawt%. The three different
composites were represented by 5% GF, 1 DNR_5% r@F1a30_ 2AIBN(L) 5%
GF, respectively.

4.5.1 Mechanical properties of (G)DNR/fiber glassfeoxy composites

Impact strength and flexural modulus of epoxyirrasere improved

when the 5 wt% of fiber glass was added but fleixstreangth and flexural strain were
decreased. The reduction of flexural strength dexlfal strain when the fiber glass
was added might be due to voids in the compositdgpaor wettability between fiber
and matrix. Moreover, this decrease could be réladethe uneven and random fiber
orientation, relatively low volume percentage, ahdrt lengths of the fiber (Kaynak,
Arikan, and Tincer, 2003). With incorporation ofplir of DNR, the impact strength
and flexural strain of 1. DNR_5% GF were higher that of composite made of
5 wt%_GF which presented an increase of 9.4%. rhied that the addition of

DNR could improve toughness of GF/epoxy composites.
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Furthermore, the toughness of 1_30 2AIBN(L) 5% ®&s higher
than that of 1. DNR_5% GF (about 23%). This mighbkeause functional group of
MMA and GMA that attached to DNR could enhance catifyility between rubber
and epoxy matrix. However, flexural modulus of batbmposites was slightly
decreased when rubbers were added. Neverthelegss still higher than that of pure

epoxy resin. The mechanical properties are sumethiiz Table 4.10 and graphically

compared in Figures 4.21-4.25.
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—H

Figure 4.21 Impact strength of neat epoxy and epoxy compgs{@sNeat epoxy,

(b) 5% GF, (c) 1_DNR_5%GF and (d) 1_30_2AIBN(L) &.



Table 4.10Mechanical properties of neat epoxy, 5 wt% fibesglepoxy composites and 5 wt% fiber glass/(G)DpNd¥¢g composites.

Impact strength

Flexural modulus

Designation ¢ Flexural Strength Flexural strain
(kd/m?) (GPa) (MPa) (%)

Neat epoxy 2.292+0.224 2.504+0.106 99.488+2.440 71A0.582

5% GF 2.367+0.150 2.701+0.132 60.262+4.202 2.44096).

1 DNR_5% GF 2.590+0.240 2.627+0.126 59.301+4.002 462%+0.328

1_30_2AIBN(L)_5% GF 2.917+0.384 2.670+0.062 59.R1291 2.692+0.199

8.
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Figure 4.22 Flexural curves of neat epoxy, 5 wt% fiber glageky composites and

5 wt% fiber glass/(G)DNR/epoxy composites.
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Figure 4.23 Flexural modulus of neat epoxy and epoxy compos$#gNeat epoxy,

(b) 5% GF, (c) 1. DNR_5% GF and (d) 1_30_2AIBN(L)_&.
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Figure 4.25Flexural strain (%) of neat epoxy and epoxy contepga) Neat epoxy,
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From the impact results obtained, it can be coreduthat modifiec
natural rubber/epoxy resin blends, particularly @ ZAIBN(L) which showed th
highest toughness (see section 4canbe used as toughening mateifor epoxy
composites.

4.5.2 Morphological properties of (G)DNR/fiber glasgepoxy composite

Fracture surfaces ofiber glasgepoxy composiis are shown in

Figure 4.26.

.

SUT / 19KU ‘?‘m@ 4Smm

(c) 1 DNR_5% GF (d) 1_30_2AIBN(L) 5% G

Figure 4.26 SEM micrographs at 500x magnification of epoxy apdxy composite

The rubber particles are indicated by arrt
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The fiber glass surface of 5% GF epoxy composgbBewn in
Figure 4.26 (b) presented the clean surface oegdutlut fiber. It indicated that the
surface adhesion between fiber and epoxy matrixneagood. This might cause the
reduction in flexural strength and strain. SEM rogmaphs of 1_DNR_5% GF and
1 30 2AIBN(L) 5% GF show the rubber particle sizaisout 15 and 8 um,
respectively. The decrease in size of rubbery garimplied better compatibility
between 30 _2AIBN(L) and epoxy resin. This suppdines improvement of impact

strength of 1_30 2AIBN(L) 5% GF.



CHAPTER YV

CONCLUSIONS AND SUGGESTIONS

FOR FURTHER WORK

5.1 Conclusions

Depolymerized natural rubber (DNR) was prepardlbiong Tanaka et al.,
(1999). The molecular weight and molecular weighgtribution of DNR were
55,984 g/mol and 2.420, respectively. The effe€tmanomer concentration, initiator
concentration and types of initiator on the degoégraftization of depolymerized
natural rubber (DNR) grafted with MMA/GMA (GDNR) we studied. The BPO
initiator led to higher degree of graftization thaiBN initiator. However, GDNRs
prepared using BPO as an initiator did not completissolve in epoxy resin.
Therefore, AIBN was used as an initiator in graftiprocess in order to study the
effects of monomer and initiator concentration ayrée of graftization. The total
amount ofMMA andGMA increased until initiator concentration reachgzh2 When
initiator concentration was further increased tph8, the total amount diMA and
GMA seemed to decrease. The fraction GIi¥IA in graft copolymers tended to
decrease as the fractions MMA increased. The results of monomer concentration
showed that the total amount 8MA and GMA increased with an increase of
monomer concentration. The molecular weight of GDi¢Rded to decrease with

increasing monomer mixture concentration.
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The effects of DNR content on morphological andcimaical properties of
DNR/epoxy resin blends were evaluated. The blentbgung 1 phr of DNR showed the
highest impact strength and flexural strain. Thiiction in flexural strength and flexural
modulus were happened. SEM micrographs of DNR neadépoxy resin revealed two
phases structure which comprised of the discrdibetuparticles and the epoxy matrix.
The average particle size of DNR increased witremsing rubber content.

The effects of degree of graftization of GDNR on rpimlogical and
mechanical properties of GDNR/epoxy resin blendsewdetermined. The graft
copolymer led to an improvement of toughness ofxgpuoatrix. The 1_30_ 2AIBN
showed the highest toughness. With an exceptiorl &0 2AIBN, the impact
strength and flexural strain increased with indregaslegree of graftization. Flexural
modulus and flexural strength decreased when GDMR wcorporated into epoxy
resin. The average particle sizes of GDNR genedabreased with increasing degree
of graftization.

The studies of short fiber glass reinforced (G)DiMBdified epoxy resin were
also performed. The impact strength and flexunalistof 130 2AIBN(L) 5% GF
was higher than that of 1_DNR_5% GF. Moreover,ithpact strength and flexural

modulus of 1_30_2AIBN(L) 5% GF were higher than thianeat epoxy.

5.2 Suggestions for further work

The main interesting topics for the further stuel\ated to this research should
be as follows:
() an investigation of the effect of other types ofmroamer and initiator on

the degree of graftization of GDNR
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(i) an evaluation of the effect of other types of GDbiRRthe properties of
GDNR/epoxy resin blends and
(i) a study of the effect of other types of fiber ore tproperties of

GDNR/epoxy composites.
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Abstract: Epoxy resin is one of the most important
thermosetting polymers due to its interesting properties
such as high tensile strength and modulus, excellent
chemical resistance and good dimension stability.
Nevertheless, in some particular applications of epoxy
resins, e.g. structural and automotive applications, high
impact strength is required. One of the most successful
methods to improve impact strength of epoxy resin is
blending with synthetic reactive liquid elastomers [1].
However, there are attempts to use natural rubber
because it is abundant and comes from renewable
resource [2-3]. The aim of this research was to improve
impact strength of diglycidyl ether of bisphenol A type
epoxy resin by blending with depolymerized natural
rubber grafted with methyl methacrylate/glycidyl
methacrylate (GDNR). Depolvmerized natural rubber
(DNR) was prepared by adding a carbonyl compound to
natural rubber latex solution and subjecting the mixture
to air oxidation in the presence of a radical forming agent
at 70 °C [4]. Monomer mixtures of methyl methacrvlate
and glycidyl methacrylate were grafted onto DNR
backbone. The synthesized graft copolymer was
characterized by proton nuclear magnetic resonance (IH—
NMR) analysis. The amounts of GDNR in the blends
were 1, 2, and 3 parts per hundred of epoxy resin (phr).
Tensile and impact tests were performed to observe
mechanical behaviour of the neat epoxy resin and the
blends.

Introduction

Epoxy resins in the cured state have many desirable
properties such as high modulus and tensile strength,
excellent chemical and solvent resistance. However, it
is extremely brittle. Hence. foughening of epoxy resin
has been the subject of intense investigation
throughout the world. One of the most successful
methods to improve impact strength of epoxy resin is
blending with synthetic reactive liquid elastomers [1].
In order to achieve this outcome, the rubber must
initially dissolved and become dispersed on a
molecular level in the epoxy. but be encouraged to
precipitated out when epoxy crosslinking occurs.

Nowadays, there are attempts to use natural rubber
because it is abundant and comes from renewable
resource. Several studies have been done on
toughening epoxy resin using natural rubber [2-3]. As
previously discussed, rubber need to be initially
dissolved in epoxy resin. This can be done by
increasing polarity of natural rubber or reducing
molecular weight of rubber. Molecular weight of
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natural rubber can be reduced either by ozonolysis.
photolysis or chemical depolymerization [4].

In addition, in order to achieve an efficient stress
transfer between the rubber and the matrix, rubber
must have functional groups which can form chemical
bonds with epoxy matrix or can promote interfacial
adhesion between rubber particle and matrix. Natural
rubber can be functionalized either by epoxidation or
grafting with various monomers. Monomers including
methyl methacrylate, and maleic anhydride are the
most frequently studied [5-6].

In this work. depolymerized natural rubber was
prepared and gratted with methyl methacrylate and
glycidyl methacrylate. Grafted depolymerized natural
rubber was used as a toughening agent for epoxy resin.

Materials and Methods

Materials: A high ammonia-concentrated natural
rubber latex containing 62% dried rubber was supplied
by Thai Hua, Ltd., Udontani, Thailand. Deionized
water. methyl ethyl ketone (MEK, Carlo Erba),
potassium persulfate (K,S;0s. Aldrich), potassium
hydroxide (KOH. Aldrich) were wused in the
preparations of depolymerized natural rubber (DNR).
Calcium chloride (CaCl, Carlo Erba) was used to
coagulate DNR. The n-hexane (Carlo Erba) was used
to dissolve DNR. Methyl alcohol (Carlo Erba) was
used to re-precipitate DNR. Toluene (Carlo Erba) was
used as a solvent in the grafting DNR. Methyl
methacrylate (MMA.  Aldrich) and  glycidyl
methacrylate (GMA. Aldrich) were used as grafted
monomers onto DNR backbone. Initiator for grafting
process was azo-bis-isobutyronitrile (AIBN, Carlo
Erba). Acetone (Carlo Erba) was used to precipitate
grafted depolymerized natural rubber. Modified
diglcidyl ether of bishenol-A with epoxy equivalent
weight of 175-195 glequiv (YD 535) and modified
aliphatic amine (TH 7256) were supplied by Science
International Co., Ltd.

Preparation of Depolymerized Natural Rubber
(DNR): Natural rubber latex was diluted by deionized
water to a concenfration of 5% wt in a 1 liter reaction
flask, followed by the addition of MEK and K;S,04
respectively. The latex was adjusted to about pH 9
with 10% KOH and then stirred at 70°C in water bath
for 24 howrs under a flowing air. At the end of
reaction. the reaction mixture was coagulated by 1%
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CaCl, at ambient temperature. The coagulated
substance was dissolved in hexane. The resulting
solution was purified two times by the re-precipitation
method using methanol, followed by vacuum drying at
60°C until weight is constant.

Preparation of Grafted Depolvimerized Natural
Rubber (GDNR): DNR were dissolved in toluene and
heated to 80°C with stirring under a flowing nitrogen
atmosphere. After complete dissolution of DNR.
monomer mixture of MMA/GMA (90/10 w/w) in an
amount of 30% based on rubber content were added.
This was followed by the addition of free radical
initiator. AIBN. The reaction was continued for 2 h. At
the end of reaction. the graft copolymers were
precipitated by adding acetone at room temperature.
After thoroughly washing with acetone, the graft
copolymers were transferred to a vacuum oven at 60°C
until weight is constant.

Preparation of the Blends: GDNR (0, 1, 2 or 3 phr)
were dissolved completely in curing agent. The
stoichiometric amount of epoxy resin was added into
the mixture under a stirring. After completely mixed.
the mixture was degassed for 15 min and then the
mixture was poured into a steel rectangular mould
previously coated with releasing agent. The mould was
left at room temperature for 24 h. After that, each
specimen was cut and polished with a sandpaper.
Finally, the specimens were post-cured at 60°C for 12
h in a mechanical convection oven.

Material Characterization: Molecular structure of
DNR and GDNR was analyzed by nuclear magnetic
resonance spectroscopy in a 300 MHz spectrometer
(Varian model Inova 300) at 30°C with deuterated
chloroform as a solvent.

Tensile properties of the pure epoxy and the blends
were tested according to ASTM D 5083-96 using a
universal testing machine (Instron model 5565) with a
crosshead speed of 5 mny/min. Five specimens of each
material were tested and average values were reported.

Izod unnotched impact tests of the pure epoxy and
the blends were tested according to the ASTM D 256.
method A. using a basic pendulum impact tester (Atlas
model BPI). Ten specimens were tested on each
sample. The impact strength was calculated and
reported.

Results and Discussion

Graft Copolvinerization: The backbone polymer of
cis-1.4-polyisoprene was grafted with the methyl
methacrylate (MMA) and glycidyl methacrylate
(GMA) monomers. To confirm the occurrence of graft
copolymers, the 'H-NMR spectra of DNR, grafted
DNR and poly(methyl methacrylate)-co-poly(glycidyl
methacrylate), PMMA-co-PGMA are compared in
Figure 1. The unsaturated methyne proton of NR
shows a singlet resonance signal at 5.12 ppm. The
methoxy proton of the acrylic group of the MMA unit
appears at 3.60 ppm. The peak at 3.12 ppm is due to
the methyne proton of the epoxy group of GMA. The
methylene protons of the epoxy group of GMA unit

PACCON2009 (Pure and Applied Chemistry International Conference)

show signals at 2.65 and 2.85 ppm. The results
confirmed that DNR backbones were grafted with
MMA. However, the signal at 3.16 ppm was very low
and there was no sign of GMA attached to DNR

backbone.
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Figure 1. 'H-NMR spectra of polymers: (a)
depolymerized  natural  rubber; (b)  grafted
depolymerized natural rubber and (c) PMMA-co-
PGMA

Izod unnotched impact strength: Izod unnotched

impact strength of pure epoxy, DNR/epoxy blends and
GDNR/epoxy blends are shown in Figure 2.
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Figure 2. Impact strength of (G)DNR/epoxy resin
blends

For the blends containing 1 phr of rubber. the
impact strength of GDNR/epoxy blend was higher

255




96

than that of the DNR/epoxy blend. This may be
attributed to the grafted MMA onto DNR backbone
which confirmed by 'H-NMR analysis. However, the
impact strength of GDNR/epoxy blends was lower
than that of pure epoxy resin. This could be because
the grafting level was not high enough to improve
interfacial adhesion between rubber particles and
matrix. Also, the impact strength decreased with
increasing rubber content. This might be due to an
increase in poor interfacial adhesion between rubber
particles and epoxy resin which might possibly act as
stress concentrators.

Tensile properties: Figure 3 shows that elongation
at break of GDNR/epoxy blends was slightly higher
than that of pure epoxy resin. This might be because
some of GDNR molecularly dissolved info epoxy
matrix. It was assumed that the rubber component
exhibited a ductile deformation which confributed to
this elongation [8].

Elongation at break (%)

0 T T
0 1 2 3

Concentration of rubber (phr)

-

Figure 3. Elongation at break of GDNR/epoxy resin
blends

There was no significant change in tensile strength.
as shown in Figure 4.

70

60

50 .—_Hf/’{‘\‘
4

40 A

30

Tensile strength (MPa)

0 T T

0 1 2 3

Concentration of rubber (phr)

Figure 4. Tensile strength of GDNR/epoxy resin
blends

As expect. the tensile modulus gradually decreased
with increasing GDNR content as shown in Figure 5.
A decrease of modulus could be due to the effect of
the softy segment structural of GDNR.
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Figure 5. Tensile modulus of GDNR/epoxy resin
blends
Conclusions

'H-NMR spectrum of grafted DNR confirmed that
DNR backbones were gratted with MMA. For the
blends comprising 1 phr of rubber, the impact strength
of GDNR/epoxy resin blends was higher than that of
the blend containing DNR. However. the impact
strength of GDNR/epoxy blends was lower than that
of pure epoxy resin. The impact strength and modulus
decreased when the concentration of rubber increased.
Elongation at break slightly increased with an increase
of rubber content.
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ABSTRACT

Highly crosslinked epoxy resin for engineering applications is normally stiff but brittle. Therefore, many attempts
have been made to improve its toughness. Nowadays, several studies have been done on toughening epoxy resin
using natural rubber (NR) because it is abundant and comes from renewable resource. In the present work. NR
was subjected to depolymerize in order to achieve molecular dispersion of NR in epoxy matrix. Depolymerized
natural rubber (DNR) was prepared by adding a carbonyl compound to natural rubber latex solution and
subjecting the mixture to air oxidation in the presence of a radical forming agent at 70°C [1]. In addition, the
interfacial adhesion between rubber and matrix must be present to achieve a significant increase in toughness.
Hence, DNR was further functionalized by grafting with monomer mixture of methyl methacrylate
(MMA)/glycidyl methacrylate (GMA) (90/10 wt/wt%) in an amount of 50% based on rubber content. Solution
polymerization was used to graft such monomers using 2 h reaction times at a reaction temperature of 80°C. Two
types of initiator used were benzoyl peroxide (BPO) and azo-bis-isobutyronitrile (AIBN). The amounts of initiator
in the grafting process were 1. 2, and 3 parts per hundred of DNR. Effects of type and concentration of initiator on
grafting efficiency of MMA/GMA monomer mixture onto depolymerized natural rubber were studied by proton
nuclear magnetic resonance ('H-NMR) analysis. The molecular weight of DNR was characterized by gel
permeation chromatography (GPC). The results indicated good evidence for the formation of graft copolymers in
the presence of both initiators, AIBN or BPO. However. the amounts of grafted MMA/GMA on DNR backbone
using BPO was higher than those on DNR backbone using AIBN.
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Abstract

The aim of this research was to improve toughness of bisphenol A tvpe epoxy resin
by blending with depolymerized natural rubber (DNR) and grafted depolymerized natural
rubber (GDNR). GDNR was prepared by grafting DNR with monomer mixture of methyl
methacrylate (MMA)/glycidyl methacrylate (GMA) (90/10 wt/wt%). Azo-bis-isobutyronitrile
(AIBN) was employed as an initiator. The amounts of DNR and GDNR in the blends were 1,
2 and 3 phr. The number average molecular weight (Mn) of DNR was 64.154 g/mol. The
results from proton nuclear magnetic resonance ("H-NMR) analysis showed evidence for the
formation of graft copolymers onto the DNR backbone. Flexural and impact tests were
performed to observe mechanical behaviour of neat epoxy resin and the blends.

Introduction

Toughening of epoxy resins has been the subject of intense research interest during
the last two decades. One of the most successful methods 1s blending with synthetic reactive
liquid elastomers.! Nowadays. there are attempts to use natural rubber because it is abundant
and comes from renewable resource.*” Nevertheless. due to non-polar nature of NR.
interfacial adhesion between NR and epoxy resin is weak. In order to achieve an efficient
stress transfer between the rubber and the matrix, the rubber must have functional groups. In
this work, DNR and GDNR were used as a toughening agent for epoxy resin.

Material and methods

DNR was prepared following Tanaka, et al.® Molecular weight of DNR was
calculated using gel permeation chromatography (GPC). GDNR was prepared in toluene at
80°C for 2 h. The monomer mixture of MMA/GMA in an amount of 20% based on rubber
content and ATBN of 2 phr were used. The GDNR were characterized using 'H-NMR. In the
preparation of the blends, rubbers (DNR or GDNR) were mixed with epoxy resin using
mechanical stirrer of 500 rpm for | h. Thereafter. the blends were cured using polvamide
(Luckamide®) at room temperature for 6 h and then post cured at 120°C for 2 h. The
obtained samples were characterized for the flexural and impact properties.

Results and Discussion
'"H-NMR spectra of DNR and GDNR are shown in Figure 1.

(a)

| Y ¥ ¥ S

7 6 5 4 3 2 1 0 ppm
Figure 1: 'H-NMR spectra of polymers: (a) GDNR: (b) DNR
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The methoxy proton of the acryvlic group of the MMA unit appears at 3.60 ppm. The
signal at 2.65 and 2.85 ppm may be attributed to the methylene protons of the epoxy group of
GMA. Mn and molecular weight distribution (MWD) of DNR were 64.154 g/mol and 2.329.
respectively.

The blends containing 1 phr of rubber showed the highest impact strength [Figure 2].
Impact strength of the blends tended to decrease with increasing rubber content. In addition,
the impact strength of the blends containing 3 phr of rubber was lower than that of neat
epoxy. This could be due to rubber aggregation. The impact strength of GDNR/epoxy blends
seemed to be higher than that of the DNR/epoxy blends. The grafted monomers may improve
the interfacial adhesion between rubber and matrix.
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Figure 2: Impact strength of neat epoxy. DNR/epoxy blends and GDNR/epoxy blends
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Figure 3: Flexural modulus (a) and strain (b) of neat epoxy. DNR/epoxy blends and GDNR/epoxy blends

The addition of rubber into epoxy slightly brought down flexural modulus as can be
seen in Figure 3 (a). This 1s not unusual because rubber has low modulus. The flexural strain,
in Figure 3 (b). of the blends containing | phr of rubber was higher than that of neat epoxy.
This showed that the rubber modified epoxy has undergone higher percentage of strain
(ductile deformation), which will contribute in enhancing the toughness property of the epoxy
resin.

Conclusions

The number average molecular weight (Mn) of DNR was 64,154 g/mol. "H-NMR
spectrum of grafted DNR confirmed that DNR backbones were grafted with MMA and
GMA. The blends containing | phr of rubber showed the highest impact strength and flexural
strain. As expected, flexural modulus of the blends was lower than that of neat epoxy. The
interfacial adhesion between rubber and matrix has effect on toughness of the blends.
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