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This research studied the mechanigal properties including thermal and UV
stability of the modified acrylic sheet Centaining graft copolymer of poly(methyl
methacrylate-co-styrene) on EPDM (GEPDM ) synthesized via solution polymerization.
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CHAPTER1

INTRODUCTION

1.1 Purpose of investigation

Poly(methyl methacrylate) (PMMA) or acrylic is a thermoplastic, which
is a high amorphous. The production of the"aceylic sheets is carried out by bulk
polymerization via casting-process. Due to its-advantages in terms of high clarity and
safety with light weight and+high resistance to outdoor environment, it is used in
various applications suchsas sareraft ‘window, car components, laminated glass,
laminated roof, proteetive goating, dens, transparency roof tile, dyed interior decorated
product, dental materials, optical equiptﬁent, instrument, light box, furniture, stand
menu, aquarium and appliance covers, ﬁpﬁle furnishings etc (Billmeyer, 1984 and
Fred, 1971). Polystyrene: (PS)“is also gherfnoplastic material, which has similar
properties to PMMA (Chammondusit et al‘.':‘jif()09). To compare the price of methyl
methacrylate (MMA) and styrene (ST) moﬂor;iérs in mid-May of 2010, the price of
MMA was $2,250 -2,300/ton while ST was '.!$"17',:2'50—1,300/t0n (Asian market review by
Clive Ong, ICIS pricing; 2010):it-was ailso reported that-the price of MMA monomer
will be more expensive than that of ST as 77% per year. This will directly affect on the
production cost of acrylic products. In order to decrease the cost of the acrylic sheet
production, the€ cepoélymerization (techuique of MMA" and ST has been considered.
However, the tesulting product exhibit the brittle property and low impact strength

(Oommen et.al.,. 1993).

There are many attempts to improve mechanical properties of brittle
materials by blending with elastic polymers such as butadiene rubber, styrene-
butadiene rubber (Sriprachuabwong et al., 2006), ethylene-vinyl acetate copolymer,
natural rubber (Prasertpong et al., 2008) and polyurethane (Heim et al., 1993.
However, these rubbers contain unsaturated C=C bonds resulting in poor thermal and
oxidation stability which limit to outdoor applications. Thus, the saturated elastomers

are attractive materials to use for improving the mechanical properties including



oxidative and thermal stability of the brittle materials. Ethylene-propylene-diene
rubber (EPDM), one of saturated rubbers, shows outstanding thermal resistance to
heat, light, oxygen and ozone according to its less content of C=C bonds and non-
conjugated diene component (Indian Rubber Institute, 1998). EPDM has been used as
a toughen agent for non-polar polymers, such as polypropylene (PP) (Bassani and
Pessan, 2002). To get satisfied toughening properties, EPDM is often grafted with
vinyl and/or acryl monomers to increase its polarity to blend with plastics for
preparing the high impact engineering, material with excellent resistance to

weatherability, yellow discoloration and agingpreperty (Morton, 1973).

Generally, the-blend. of f)olymer with highly different polarity exhibits
poor mechanical properties «0f: final | product due to incompatibility and phase
separation (Bemiller, 1976)+To minimize phase separation and increase interfacial
adhesion, the addition of a compatibilizi;rjé agent such as a third polymer, a graft or
block copolymer, could improve the interﬁcti‘on between the constituent polymers. It is
well known that the grait gopolymers proih_otp_: the adhesion between the rubbery and
glassy phases resulting in mechanical pro‘g_e_rt'y improvement of the blends (Collyer,
1994). Therefore, the objective of this reseéi{;h was to prepare graft copolymer of
MMA and ST on EPDM rubber via sol.u?_iqg_ polymerization initiated by benzoyl
peroxide. The modified acrylic sheets were prepared by bulk polymerization of MMA
with a small amount“of graft rubber and then casted in a two-glass plate mold. The
mechanical,and physical properties including morphelogy of the modified acrylic
sheets were investigated ‘in‘terms of percentage of grafting efficiency and graft EPDM
content. The 'thermal andultraviolet (UV) resistance including kinetics of thermal

degradation were also reported.
1.2 Research objectives
The objectives of this research could be summarized as follows:

1. To prepare the graft copolymer of MMA and ST on EPDM rubber at various

reaction time to achieve the desired grafting level.



2.

To investigate the mechanical properties and morphology of the modified
acrylic sheets containing graft EPDM (GPDM) with various contents and

grafting levels.

. To study the thermal and UV stability of the modified acrylic sheets

containing GEPDM with various contents and grafting levels. The kinetics of

thermal degradation of the modified acrylic sheets was also reported.

1.3 Scope of investigation

In preparation of GEPQM, the effect of the reaction time of graft

copolymerization step on.the grafting properties was investigated. Subsequently, the

GEPDM was added inte'the.monomer mixture of MMA and ST at 80/20 wt% for

preparing the modified" acuylie Sheets: The effect of the GEPDM content and

percentage of grafting efficiency (%GE) On the mechanical and physical properties of

the modified acrylic sheets was examin”gd ‘before and after thermal and ultraviolet

ageing. The morphology ©f the modifi:cq acrylic sheet before ageing was also

reported. The step experiments were ‘as follows:

1.
2.

Literature survey and in-depth study of this research work.
Preparation of graft copolymer of MMA and ST on EPDM rubber via solution

copolymerizatton initiated by using benzoyl peroxide.

. Structure characterization of the GEPDM.

. Preparation of-the moditied acrylic sheets containing various contents and

grafting levels of GEPDM by bulk pélymerization.

. Investigationsof the effect oft GEPPM content and %GE of GEPDM on the

mechanical and physical properties of the.modified acrylic,sheets before and

after/thermaland UV ageing.

. Study of the kinetics of thermal degradation of the modified acrylic sheets.

Summary of results.



CHAPTER1I

THEORY AND LITERATURE REVIEWS

2.1 Methyl methacrylate and poly(methyl methacrylate) (Fred, 1971)

Methyl methacrylate (MMA) is a monomer used for production of the
transparent plastic poly(methyl methacrylate) (PMMA). Generally, MMA is

synthesized from acetone and hydrogen cyanideas shown in eq. 2.1:

[0} OH, CH; CH;
Il HCN | SO/ Al CH,0H
H;C—C—CH; —> H;C—C—=CN —>= Hz(,=‘C—C—NHZ * H,S0, —— H,C=C—C—O0—CH;
H,0 I
CH, v o
acetone acetone cyanohydrin methyl metﬁacrylamjde sulfate MMA (2 1)

In a typical progess, acetoﬁé_ 1s treated with hydrogen cyanide at 40°C
in the presence of ammonia used as a cataljs_t kto produce acetone cyanohydrin. Then,
the acetone cyanohydrin is treated with concentrated sulfuric acid at 100°C to form
methyl methacrylamide sulfate which ‘is d;_ceg'tly fed into an aqueous methanol to
produce MMA. The MMA product is separated by steam and purified by distillation.
The MMA or acrylicsmonomer is colorless liquid with a eharacteristic sweet odor. Its
boiling point is ca.-.100.5°C. For shipping and storage, hydroquinone or p-
methoxyphenol is commonly used as an inhibitor for MMA monomer to inhibit the

self-polymerization.of MMA (Ghosh, 1990).

The™first acrylic ;polymer commercially ‘produced was poly(methyl
acrylate)'. Its production was begun in 1927 by Rohm and Haas AG in Germany. In
about 1930, Hill of Imperial Chemical Industries Ltd. (UK) prepared acrylic or MMA
sheets which are potentially useful material for various applications. However, the
high raw material cost prohibited the commercial development. At that time, MMA
was obtained by dehydrogenation of hydroxyisobutyic ester. In 1932, Crawford
synthesized MMA based on cheap raw materials: acetone and hydrogen cyanide.

Thus, PMMA or acrylic plastic became a feasible proposition and commercial



production in 1934. The acrylic sheets were used during the Second World War for
aircraft glazing. After the world war, the acrylic sheets have been used in various
applications such as display signs, lighting fittings and bathroom fittings. PMMA can
be melted by heat to replace the casting process. This causes the enhancement of the

cost effective means. PMMA is also extensively used for the production of dentures.

The polymerization of MMA is readily accomplished by bulk, solution,
suspension and emulsion techniques. Ameong these methods, bulk and suspension
polymerization methods are mainly used for the production of the homopolymer. The
production of cast sheets; rods and tl}bes 1S carried out by bulk polymerization,
starting in most cases withesyrup of partially polymerized MMA with a convenient
viscosity for handling«In .addition, | the shrinkage and heat evolution during
polymerization are reduced by the use of syrup. PMMA sheets are also commonly
made by extrusion. Altesnatively, they m_ay be casted in cells consisting of two glass
sheets separated by a coated rubber gaskg;t.fThe polymerization is carried out at 60-
70°C in an air oven or water bath, with :'a__.fianishing treatment at 100°C. Normally,
peroxide or azo initiators'may be applied a‘s‘;fglgi'tiators. PMMA prepared by free radical
polymerization is amorphous bgcause of its' Iﬁc:_k of complete stereoregularity and its
bulky side groups. It is therefore soluble i;agomatic and chlorinated hydrocarbons
including esters. However, it has high resistance to water; alkali, solution, inorganic
solvent and most dilute acids. PMMA has more resistance to hydrolysis than
poly(methyl acrylate), probably by virtue of the shielding presented by the a-methyl
group (Brinkmann, 2006).

PMMAA is a linear, hard, polar and.rigid transparent thermoplastic with
a highes softening point, better impact strength, and better-weatherability than PS. The
typical properties of PMMA are given in Table 2.1. An outstanding property of
PMMA is its clarity. Thus, the transmission of normal incident light through a sheet
of the polymer is about 92%. A further outstanding property of PMMA is the good
outdoor weathering. After several years under tropical conditions, the color change is

extremely small. The mechanical and thermal properties of PMMA such as tensile



Table 2.1 Typical properties of poly (methyl methacrylate) (Katsikis et al., 2007)

Property Value
Density, g/cm’ 1.15-1.19
Water absorption, % 0.3-2
Hardness, Rockwell M 63-97
Young's modulus, GPa 1.79-3.38
Tensile strength, MPa 55-85
Elongation at break, % 1-30
Charpy Impact, J/cm? 0.2-0.4
Specific heat capacity, J/(g-K) 1.46-1.47
Thermal conductivity, W/(m_ i) 0.19-0.24
Glass temperature, °C 100-105
Melting point, °C g 130-140
Vicat Softening Point, °C |, S 47-117
Transmission, % 80-93

Refractive index ¥/ 1.49-1.498

strength, impact strength, etc..are-also good. Electrical properties are fair. A limitation
of the optical uses . of PMMA is its poor abrasion reSistance compared to glass.
Although it has been found the techniques to improve the scratch resistance, it also

deteriorated other properties such as impact strength.

It 'isigenerally accepted thatithe decomposition:of PMMA in nitrogen
atmosphere consists of three stages: the first stage (100-200°C) is ascribed to the
ruptureof weak headstohead linkages in/the main cham. The 'second stage (200—
300°C) 18 decomposition of the terminal vinyl group. Finally, the degradation in the
third stage (300-400°C) is related to the random scission of polymer main chain
(Hwu et al., 2002). For the decomposition of PMMA in the presence of oxygen, the
first peak disappears and the second peak either merges with the third peak or
becomes a shoulder to the third peak depending on the heating rate. This phenomenon

has been explained by the dual function of oxygen in PMMA decomposition.



At lower temperatures, oxygen inhibits PMMA decomposition by
reacting with a polymeric radicals and forming new polymeric radicals with higher
stability. Above 270°C, these new polymeric radicals are decomposed and release
more reactive radicals resulting to the acceleration of PMMA decomposition

(Peterson et al., 1999).
2.2 Styrene and polystyrene (Ghosh, 1990)

Styrene (ST) or vinyl benzeme.is an organic compound with the
chemical formula CcH;CH=CH,. Under»\normal conditions, this aromatic hydrocarbon
is an oily liquid and slightly-polai-compared to ethylene and a-olefins. It is also easily
evaporated and smells.sweei [i” often’ contains other chemicals having sharp and
unpleasant smell. |

The bulk of commercial ST1s prepared from benzene by the following

route (eq. 2.2):
1. C——CH: HC——CH

: +H2

tenzene ethyltemene I~ <tyrene (2 2)

In the first stage, Friedel-Crafts reaction is commonly carried out by
treating benzene with ethylene in the liquid phase at 90-100°C at slightly above
atmospheric pressure.'The ‘catalyst  is/ alominum’ chloride “(with ethyl chloride as
catalyst promoter) to produce ethylbenzene. The second stage involves with the
dehydrogenation, of+, ethylbenzene, This;reaction-is earried, out in, the vapor phase at
600-6502C" over 'catalyst based on either ferric’ or-zinc' oxide ‘with lesser amounts of
other metallic oxides such as chromic, cupric, and potassium oxides. The reaction is
favored by low pressure. In order to reduce the partial pressure of the ethylbenzene,
the feed is mixed with superheated steam before passing over the catalyst. ST is

colorless liquid with a characteristic odor and could be refined by distillation.

The production of ST in the United States was dramatically increased

during the 1940’s to supply the war to be used as the raw material for synthetic



rubber. Because the ST molecule has a vinyl group with a double bond, it can be
polymerized. It is normally used as a monomer to make plastics such as polystyrene
(PS), acrylonitrile-butadiene-styrene rubber (ABS), styrene-butadiene rubber (SBR)
and unsaturated polyesters. These materials are used in rubber, plastic, insulation,

fiberglass, pipes, automobile parts, food containers and carpet backing etc.

Polystyrene (PS) is a polymer made from polymerization of ST in four
techniques: bulk, solution, suspension,: and emulsion polymerizations. Although
solution or emulsion polymerization may geaerally be used, most PS is made either
by suspension or bulk polymerization. The“Chiemical structure of PS is shown in
Figure 2.1. At room temperatite, PS -is normally.a solid thermoplastic. It can be
melted at higher tempesature«for molding or extrusion.. Commercial interest in PS
began in the 1930s when the maierial \jVas found to have good electronic insulation
characteristics. The production was“start.(z& by LG. Farben industries (Germany) and
Dow Chemical Company: (USA) before 'Fhe.' Second World War. Application of PS
was vigorously explored and quickly adoﬁ_t_cq_ in many fields. PS is now one of the
major commercial plasties, which are veryd;g:ggiensively used such as food containers,
packaging, toys and thermal ingulation. Stréigﬁt PS is a hard, rigid and rather brittle
material. Some properties of PS are shown»T._ingthe Table 2.2. It has a relatively low
softening point and eannot withstand the temperature of boiling water. PS is a low
cost material with*high transparent property with 90% of transmission value

(Billmeyer, 1984).
2.3 Ethylene propylene diene rubber (EPDM) (Morton, 1973)

Thefirst commercial ethylene propylene rubbers,'were made by the
random copolymerization of ethylene and propylene in solution catalyzed by using
Ziegler-Natta catalyst. The dienes most commonly used today to produce the
ethylene-propylene diene rubber (EPDM) are 1,4 hexadiene, ethylidene, norbornene
and dicyclopentadiene, each conferring a different rate and state of cure to the

polymer.
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Figure 2.1 Structure of polystyrene.

Table 2.2 Typically properties of polystyrenc{Odian, 1991)

Property Value
Density, g/cm’ 1.04-1.07
Water absorption, % . 0-0.1
Hardness, Rockwell M : 70-74
Young’s modulus, GPa , 1.79-3.38
Tensile strength, MPa 25-69
Elongation at break, % s fis 1-45
Charpy impact, J/cm? A 0.2-0.4
Specific heat capacity, J/(g.K) e 1.2-2.1
Thermal conductivity, W/(im.K) 0.12-0.193
Glass temperature, °C 83-100
Melting point, °C 240
Vicat softtening point, °C 1.03-110
Transmission, % 80-90

In' general, the ‘ethylene propylene rubbers-are compounded to provide
good low-temperature flexibility, high tensile strength, high tear and abrasion
resistance, excellent weatherability (ozone, water, and oxidation resistance), good
electrical properties, high compression set resistance, and high heat resistance. Many
different types of EPDM are available with different properties. The ethylene content
ranges between 45 (amorphous types) to 55-65 wt% (semi-crystalline types) and 70
wt% (crystalline types). For EPDM containing ethylene content below 50 wt%, the

crystalline fraction is zero, but it can increase to 20% for EPDM with 80 wt% of
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ethylene. The high molecular mass crystalline EPDM can incorporate high levels of
fillers. Ethylene propylene rubber (EPMs) and EPDM have low resistance to
hydrocarbon oils and their lack of building tack must be compensated by using the
addition of resin. In this work, the EPDM containing 9.2 wt% of 5-ethylidene-2-

norbornene (ENB) (Figure 2.2) was used as a raw material for graft copolymerization.

EPDM rubber was developed and commercialized in the late 1950s.
With an annual production capacity of more than 1,000 kilotons in 1998. EPDM is
currently counted as the fourth elastomer by ¥olume to become a commodity rubber.
Actually, EPDM is the largest non-tire)rubber. ‘Ihe annual growth rate is about 4%.
Exxon mobil, Dow and DSM"aie market leaders..The outstanding property of the
ethylene-propylene rubber (EPM) andﬂ EPDM are their good weather-resistance
compared with polybutadiene. polyisoprl‘ene and styrene/butadiene copolymer, due to
less C=C double bond content in the str‘llclsliure of the polymer chains. Thus, they are
less sensitive to oxygen and 0zone inclu@ing UV-light. Other excellent properties of
these rubbers are high'resistance to acid and alkali with high insulation properties.
Some properties of rubber ate shown in the»Table 2.3. The EPM and EPDM are also

used in the automotive industry for wmdows,hoses, gaskets, wipers, bumpers, belts,

door seals, etc. They are also used for cable Ji_nsglation and roofing. Moreover, this can
be applied for white: sidewall compounds of tire production. A large number of
commercial EPM and'EPDM grades are produced. The main structural characteristics

are depended on the factors as followed (Noordermeer, 2002).

%CHz_CHzHCHZ—CH#CH—HC%

CH;

J

CH:

Figure 2.2 Structure of ethylene-propylene-diene rubber (Morton, 1973 and
Ciesielski, 1999).
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e Concentration ratio of ethylene and propylene chain units
(amorphous or crystalline grades)
e Co-or terpolymerization of ethylene, propylene and diene monomers
(EPM or EPDM)
e Type and amount of termonomer (chain branching, type of
crosslinking and mechanical properties)
e Molecular weight and molecular weight distribution
e Chain branching (differénces in viscosity and processability)
e Processability and price
EPM and EPDM containing below 55 wt% of ethylene section are
completely amorphous“and.arc.not self—reinforcing At higher ethylene contents of
(60-70 wt.%), the pelymers can form crystalhne domains. These polymers are
referred as “sequential? grades and theur processing behavior considerably differs
from that of the normal amorphous gr-'ades. The form with partially crystalline
domains is thermally revegsible physical é;OSslinks which is thermoplastic elastomer
to provide higher mechanigal strength WJthout chemical crosslinks. However, its
tensile properties in vulcanisates are low,_Most applications require crosslinking.
Traditionally, sulfur vulcanizatiofi requires Junsaturation and therefore fully saturated
EPM cannot be crosslinked by using sulfur. Non-conjugated diene monomers have
been introduced in ERM, yielding EPDM for sulfur—vulcanization. For peroxide
crosslinking, the presénce of the diene increases the crosslinking efficiency. The
termonomer used ;must have ,oneof jits E=C ,double-bonds~sufficiently reactive to
copolymerize ‘randomly” with " ethylene ' and ‘propylene,” while the other must be
unreactive in the polymerization. Normally, the ufisaturated terméndmer is present on
the side'chamn rather than in the main ehain. For yarious compounds in tire industry,
only three types of unsaturated termonomer are widely used (Figure 2.3). From a
practical point of view, ethylidene norbornene (ENB) and dicyclopentadiene (DCPD)
are the most important diene termonomers due to the high amounts of diene that can

be easily incorporated in commercial EPDMs (Hofmann, 1989).
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Table 2.3 Qualitative comparison of properties of rubbers (Indian Rubber Institute,

1998)
Class
Unsaturated carbon Saturated carbon
Properties chains chains
NR BR NBR SBR EPDM
Glass transition temperature (Tg, K) 203 - 168 232 217 213
Density (Kg/m®) 933 860
Tensile strength (MPa) 2-3 5
Hardness (IRHD) 40-90 40-90
Tear resistance P/F F/G
Abrasion resistance VG E
Compression set P/G G
Rebound resilience Cold VG VG
Rebound resilience Hot VG VG
Electrical properties
- Dielectric strength VG
- Electrical insulation E
Resistance to ageing
- Oxidation G E
- Ozone P E
- Sunlight P (0]
- Flame P P P P (0]
- Heat ﬂ fa " o ‘ q ; E
o AUYINENINGANT ¢

Note: E=excellent F—falr G= good Of)utstandmg P=peor VG=very

QWWNT’I‘?EM N gias

The increase in the amount of diene causes the enhancement of

crosslink densities resulting the corresponding changes in mechanical and elastic

properties. The preferred third monomer for peroxide cure is 1,4 hexadiene (VNB).
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(a) (b) (c)

Figure 2.3 Chemical structure of diene third monomers: (a) VNB, (b) DCPD and (c)
ENB (Noordermeer, 2002).

The commercial grades of EPDM differ in composition (ethylene and
termonomer content), molecular_mass and amount of extender. They are broadly
following categories: v

(1) Randem pelymer with lroughly equal ethylene/propylene ratio

(i1) Sequential polymers w1th higher ethylene content. The ethylene is
incorporation ratio into the molecular, cham partlally i the form of sequences to
produce a partially crystalline molecular strucl;ure

(iii) Oil extended polymers: Ihe advantages of EPDM are that they can
tolerate large amounts oil and black in the con‘ipound and being fully saturated. They
are not subjected to ozone or-oxidative attack and have good resistance to heat aging.

Characteristic propeitics.of EPDMs are good weatherability and excellent ozone and

heat resistance.

2.4 Elastomer-blends

Various polymers of rubbers aremoften blendedi.to reach required
properties for any-application. Fo©obtain a desired combination' of properties, both
theoretical and technical aspects should be taken into account. Compatibility of rubber
ingredients is vital for rubber blends to achieve optimum properties. Blending is an
effective and economic approach to achieve desired properties compared to synthesize
new elastomers. Potential merits of rubber blends are: (1) improvement of solvent
resistance; (2) improvement of processability; (3) better product uniformity; (4) quick
formulation changes and manufacture flexibility and (5) improvement of productivity.

The rubber blends, based on the miscibility of constituent polymers, can be divided
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into three broad classes: a) miscible blends (interpenetrating networks), b) partially

miscible blends and c¢) immiscible blends (e.g. polymer alloys which are immiscible
but compatibilized). Although the polymer alloy has two or more different phases on
a micro-scale, it exhibits macroscopic properties as a single-phase material (Brydson,
1988). The immiscibility and phase separation are normally occurred in the rubber
blends. The homogeneity at a fairly fine level instead of molecular miscibility is
sufficient for optimum performance. It is usually desirable to have a certain degree of
micro-heterogeneity to preserve the individual properties of the respective rubber

components. (Kraus, 1978)
2.4.1 Miscibility of polymers (Brydson, 1988)

Miscibiligy ofspolymers is determined by thermodynamic phenomena

in a term of the Gibbs ftee energy change fglf mixing (AG,,) as shown in eq. 2.3

&G = N, —TAS 4 <0 (2.3)

o

where, AH, is the enthalpy of mixing (J), ASmJIS the entropy change of mixing (J/K)
and T 1is the absolute temperature (K). Pdl.'}‘iﬁférs are only miscible when the Gibbs
free energy of mixing-is-negative:-Normally; the-most polymer blends are immiscible
because mixing is endothermic and the entropic contribution is small due to the high
molecular weights of the constituent polymers. Miscibility can also be predicted from
the solubility patametets! The telationshipbetweenthe'enthalpy change of mixing and

the solubility parameters is governed by eq. 2.4.
AH V=%(0, _52)2¢1¢2 (2.4)

where, V is the volume of the two polymers, k is a constant value close to 1, J,, ¢,
and J,, ¢, are the solubility parameters and volume fractions of components 1 and 2,
respectively. Polymer miscibility is possible only when the difference in solubility

1/2

parameters is small enough (<0.1 (J/cm3) )) or if there are specific interactions

existing which contribute to a negative AH, . The solubility parameters of some
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relevant polymers, determined by Gas Liquid Chromatography (GLC), viscometry,

swelling measurements together with the calculated data are given in Table 2.4.
2.4.2 Compatibility of rubber blends (Ghosh, 1990)

The lack of miscibility and technological compatibility of the rubberic
component severely restricts the application of rubber blends. It is very often that the
rubberic components are grossly immiscible as well as technologically incompatible.
The mutual compatibility is essentially govetned by the thermodynamic compatibility
of the rubber components involved in bjlyending. ‘Fhe better compatibility between two
phases in the blend shows~the smaller dispersed.phase domains. To concern the
morphology of phase separaied rubberl blends, the main influences governing the
structure of the entire systemeare: (1) thelinterfacial tension, which affects the size and
shape of the phases; (2) the Viscoéity (j):iz"lthe matrix; and (3) the shear stress. Co-
continuous blend morphologyis ob'served";,fori rubbers with similar viscosities.

Generally, the matr_ig( 18 féﬁge;d by the phase with lower viscosity,
while the one with higher viscesity forms ;J;]fle dispersed phase. Homogeneity of
mixing can be controlled by using either pjr:)_pgr. mixing conditions or by addition of

compatibilizers (Grulkei 1994 and Ebewelgz 2000).

Table 2.4 Solubility parameters of various polymers determined with different

methods (Hofmatin, 1989)

Elastomer GLC Solubility parameters ((J/cm’)"?) *

types Viscometry Swelling Caculated
EPDM 159 15.8 15.9 15.8
NR 16.6 16.8 16.7 16.7
Cis-BR 17.2 17.0 16.7 17.1
PS 19.9 - - 19.0

" calculated from eq. 2.4.
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2.5 Graft copolymerization methods (Bemiller, 1976 and Mark, 1994)

For graft copolymerizations, side chains of the backbone polymer are
formed by attachment of macromolecules with different chemical composition. The
simplest case of graft copolymer can be represented by the model as shown in Figure
2.4 where a sequence of monomer units (A) is referred as the main chain or backbone,
a sequence of B units is the side chain of graft and X is the grafting position on the
polymeric backbone (Bayer, 1992). Graft copolymerization is defined as a post
polymerization. The vinyl monomers such as _styrene, acrylonitrile and MMA are

normally used to graft on the-backbone.

The synthesis of graft copolymers is much more diverse, but it can be
|
divided into 5 groups related.to the reaction processes.

2.5.1 Chain transfer

In a free radical polymeri‘z_;qt_ion, the chain transfer is an important
reaction. The chain transfer to a/moenomer, SOl{zént, mercaptan, or other growing chain
can take place. When the chain transfer.réagﬁon to another chain takes place, it
creates radicals whieh act as sites for further chain growth-and grafting. The simplest
technique is to dissoive the polymer in the appropriate solvent and initiate with the
peroxide initiator to abstract a hydrogen radical and generate a radical on the polymer
chain as the grafting sitescfor the fresh méromer. In many cases, when grafting is
carried out in latex: form, git has/ been product is normallysused in thermoplastic

applications.

AAAAAAAAAAAXAAAAAAAAAA

W—W————

Figure 2.4 Model of graft copolymer (Bayer, 1992).
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2.5.2 Copolymerization via unsaturated groups (Schulz, 1982)

Redox polymerization is the most popular techniques for grafting
reactions. A hydroperoxide or similar group is reduced to a free radical plus an anion,
while the metal ion is oxidized to a higher valency state. At the same time, a monomer
is added. When the reducible group is attached to a polymeric chain, the free radical
grafting sites formed on the macromolecular backbone acting as initiators for graft
copolymerization. Hydroxyl polymers can be grafted by redox polymerization by
using water soluble peroxide, such as hydregCi-peroxide in conjuction with ferrous
ions. The produced hydroxyl tadicals abstract hydrogen atoms from the hydroxy
groups in the polymersto give free radical grafting sites on the backbone. The
advantage of this reacuon lies/in the fact that only hydroxyls on the polymer are
converted into R-O radigals, 8o /that no ﬁg)fhopolymer can be produced and pure graft

1s obtained.

2.5.3 High-energy reaction _@_chniques

The irradiation synthesis may ,_'b_e carried out in solution, either in
contact with liquid monomer (with or without a diluent)‘or in contact with monomer
in the absence of airto produce free suspension. The rubber may be pre-irradiated in
the absence of air to produce free radicals for later monomer addition, but the life of
these radicals is short as“a#esult of mobility-4vithin the rubber matrix. The irradiation

at very low temperature is possible process to use| the trapped-radical technique for a

variety of synthetic rubbers.
2.5.4 Photochemical synthesis

Macromolecules containing photosensitive groups which can absorb
energy from ultraviolet frequencies are often degraded by free radical processes. The
degradation processes as a rule is fairly slow, but by the addition of photosensitizer,
such as xanthone, benzyl, benzoin and 1-chloroanthraquinone can be speeded up to

enable graft copolymerization to take place in the presence of monomers.
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2.5.5 Metallation using activated organolithium with chelating

diamines

Unsaturated elastomers can be radily metallated with activated
organolithium compounds in the presence of chelating diamines or alkoxides of
potassium or sodium. They can also be grafted with ionically polymerizable

monomers to produce comblike materials;

Although graft Copolymerizations~are widely practiced with vinyl
monomers and polymers,.especially for improving compatibility, impact, and low
temperature properties of thesmoplastics, the technology has been based more upon
art than upon science. Often.small prop(;rtions of actual grafting have been sufficient
to give worthwhile modification of propér'lilies. If grafting does not give directly the
properties desired, it mayimprove morphol‘Ogy or compatibility with specific added
polymers or plasticizers ghat' impart thé-_y_.dgsired effect. In addition, these graft
copolymers have been mixed with Othél:;.*‘ gésins such as poly(vinyl chloride) to
improve compatibility, impaet “strength '"ér_id low temperature properties of
thermoplastics. . =

2.6 Bulk copolymerization (Odian, 1991, Drive, 1979 and Michaeli, 1995)

Bulk or mass®polymerization‘of a pure monomer is the simplest process
with a minimum centamination in the resulting product: Monomer, polymer and
initiator are the only components in the bulk polymerization. Polymerization
apparatus 1s. shown ‘in Figure 2.5. However, the 'bulk polymerization of vinyl
monomet is more difficult, since the reactions are highly exothermic. The usual
thermally decomposed initiators proceeds at a rate which is strongly dependent on
temperature. Thus, the problem of coupled heat transfer is normally incurred because
of the viscosity development at the early stage of reaction, resulting to the difficulty in
control. The advantages and disadvantages of the commercial polymerization systems
are shown in Table 2.5. In the bulk copolymerization, the monomers and initiators are

mixed in a reactor consisting of heating or cooling unit. Many reactions are carried
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Figure 2.5 Diagrams of polymerization apparatus: (a) bulk, (b) solution,
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ﬁmerization (Grulke, 1994).
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monomer.

In addition, .the.reaction ,is_often ;too,exothermic for the bulk process
resulting to the ‘requirement of ‘careful 'teiperature control.“Therefore, the special
steps must be taken to remove hedt during polymerization. It can be differentiated
between: quiescenty and stirred bulk polymerization. Both methods ‘are applied to
system which polymer is stable in monomer and progressively increases viscosity
with conversion. In quiescent systems, gel formation, corresponding to infinite
viscosity, can occur. However, the reaction rate of this system is difficult to be

controlled due to the released heat during polymerization.
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Table 2.5 Commercial polymerization systems (Grulke, 1994)

Type

Advantage

Disadvantages

Bulk: batch

Bulk: continuous

Solution

Suspension

Emulsion

Minimum contamination
Simple equipment for

making castings

7

Loewer conversion per pass

leads.to better heat control
1

and parcower mollecular

weight distributiofl '

Ready control of hej‘a_;_t of

-~

polymerization ¥/

Ready control of heat of
" —polymerization

“‘Suspension or resulting

granular polymer,may be

directly usable

Rapid polymerization to
high molecular weight and
narrow distribution with

ready heat control

Strongly exothermic
Broadened molecular
weight distribution at high
conversion

Complex if small particles

required

Requirement of agitation,
material transfer,

separation, and recycling

Not useful for dry polymer
because of difficulty of

complete solvent removal

Requirement of continuous

agitation

“ Contamination by

stabilizer
Requirement of washing

and drying processes

Contamination with
emulsifier, etc., almost
inevitable, leading to poor
color and color unstability
Requirement of stability

washing and dryingprocess
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2.7 Casting process (Drive, 1979 and Grulke, 1994)

Casting is a manufacturing process and involves the pouring of a liquid
resin into a mold to allow it to harden with little or no pressure. The liquid may
consist of a melted or dissolved thermoplastic, thermosetting resin, or thermoplastic
monomer. Hardening takes place by cooling, evaporation of solvent or chemical
reaction (Drive, 1979). Casting method requires simpler machines for making
products with more economical practice of small quantities. It is also lower expenses
for molds (Michaeli, 1995). The configuration of the conventional mold for preparing

the general thermoplastics 1s:shown in Figure 2.6.
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”Glass plates
| — I - /f Compressible
gasket
(@) / A
[ L
% Casting formulation
Spring clamp
(b)

Figure 2.6 Conventional cell casting mold configuration: (a) face view and (b) edge

view (Drive, 1979 and Grulke, 1994).
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2.8 Impact modifier (Lutz, and Grossman, 2001)

In the early days of the thermoplastic industry, the commercial
polymers such as PS, rigid PVC and PMMA exhibited low impact strength in their
homopolymer forms. In the case of PS and styrene-acrylonitrile copolymer (SAN),
rubbers such as polybutadiene or natural rubber are incorporated to such polymers

during polymerization in order to increase their toughness.
2.8.1 Effect of secondary glass transitions temperature

The impact.resistance of the brittle polymers is correlated to the
presence of a secondaryglass transition temperature of polymer. This temperature
locates below the primary glass {rnsition temperature. The secondary glass transition
temperature is associated'with the motion ,8f the polymer backbone, not pendant side-
chain groups. This is effective “to 'improve the impact resistance. Because the
definition of impact stréngth is the ability o_f the material to undergo massive yielding
at impact speeds, the main-chain motions,_fghat can be activated at impact speed are
expected to correlate with impaet strength. Thus, a low secondary glass transition
temperature is an indication of chain segments that possess some degree of mobility at
impact speed. This mobility can be translated into the latge-scale deformation of the

polymer chains.
2.8.2 Interaction of additive.impact modifier and polymer matrix

There are relatively sfew  polymers, such as polycarbonate, that
manifest’ the secondaty glass transition temperature that to yield high- impact strength
with maintaining a sufficiently high primary glass transition temperature for
acceptable engineering properties. Polymers having low secondary glass transition are
PVC and polyphenylene oxide. These require impact modifiers to yield high impact
resistance. However, some polymers, such as PS, do not have the secondary glass
transition temperature. Consequently, this concept provides the secondary glass
transition temperature in the materials for improving their impact strength by the

addition of rubber impact modifiers with a low glass transition temperature.
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In general, rubbery materials can be used as impact modifiers due to
their shear stresses that arise at the rubber-matrix boundaries. When the large
numbers of microscopic rubbery phases inclusions are distributed throughout the
matrix, this matrix deformation is delocalized throughout the sample and large
amounts of energy can be absorbed. Graft copolymers containing identical segments
to the blend components can be applied as the compatibilizer to increase the
miscibility between the copolymer segments and the corresponding blend
components. In the most cases, the compatibilizer possibly affects the final products
such as reduction of the interfacial tension during melt mixing resulting to a finer
dispersed phase which inereases the adhesion.at-phase boundaries. This gives the
improved stress transfer.with™ sirengthening theinterface in the solid state and
stabilization of the dispersed phase by reducing the rate of domain coalescence during
melts processing and annéaling (Edenbaﬁm, 1990).

2.9 Literature reviews

2.9.1 Graft copolymerizatigq 6f ethylene propylene diene rubber

Fu et al. (2008) studied the .llé_e,_'of EPDM grafted with MMA and ST
(EPDM-g-MMA/ST) as a toughen agent for methyl methacrylate styrene resin (MS
resin). The graft copolymer was synthesized by solution” graft copolymerization in
toluene/n-heptane co-solvent using benzoyl peroxide. {BPO) as an initiator. The
effects of reaction conditiofis on the graft cépolymerization such as EPDM/MMA-ST
ratio, MMA/ST ratig, initiator dosage, reactant concentration,ctoluene/n-heptane ratio
and reaction time were discussed. EPDM-g-MMA/ST/MS resin blends were prepared
by meltblending. The'effect of EPDM-g-MMA/ST on the toughéning property of MS
resin was also investigated. The results showed that the optimized reaction conditions
were 50/50 by wt of EPDM/MMA/ST and 75/25 by wt of MMA/ST initiator dosage
of 1%, reactant concentration of 20%, toluene/n-heptane ratio of 75/25 at 80°C for 20
h and EPDM-g-MS with the higher EPDM content (56.8%) and grafting ratio (52.8%)
was obtained under the optimized reaction conditions. SEM analysis showed that

EPDM-g-MMA/ST had good compatibility with MS resin. EPDM-g-MMA/ST had
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excellent toughening effect on MS resin and could be used for toughen agent of MS

resin.

Fu et al. (2008) studied the toughening effect of grafted EPDM with
MMA and ST (EPDM-g-MMA/ST) as a toughening agent for MS resin. The graft
copolymer was synthesized by solution graft copolymerization in toluene/n-heptane
co-solvent using benzoyl peroxide (BPO) as an initiator. The toughening effects of
grafted EPDM on MS resin were discussed. The result showed that the Notched Izod
impact strength of MS resin increased with'increasing grafting ratio. The differential
scaning calorimetry showed. that the Jgrafted EPDM and MS resin are partially
compatible and the compatibility was improved. with increasing grafting chain

polarity of grafted EPDIM

Zeng et al., (2004) studié;s:'lon the synthesis of high rubber styrene-
EPDM-acrylonitrile grafticopolymer (AEJ,S)?and its toughening effect on SAN. The
graft copolymerization” of /Styrene. (ST) éigdracrylonitrile (AN) onto EPDM were
prepared by solution polymerization in ﬂil_l_e'[)tane/toluene cosolvent using benzoyl
peroxide as an initiator. ‘The effects of '"fe_'action conditions, such as reaction
temperature, initiator concentration, EPDM-.’_gontent, the solvent component, and
reaction time on the graft copolymerization were discussed: In addition, according to
the research on mechanical properties of the SAN/AES blend, the toughening effect
of AES on SAN resin-was found. By means of scanning electron microscopy, the
toughening mechanism wassproposed to be/crazing initiation from rubber particles
and shear deformation of SAN matrix. Uniformi dispersiongof rubber particles, as

shown by transmission electron microscopy, the AES was attributed to the good

compatibility of SAN!
2.9.2 Modification of acrylic sheet

Charmondusit et al. (2008) studied the preparation of high impact
transparent ST-MMA copolymer cast sheet by using natural rubber (NR) as an impact
modifier. The copolymer cast sheets were prepared by bulk polymerization via casting

process. The influence factors, such as monomer ratio and NR concentration were
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studies. The physical and mechanical properties of the modified copolymer cast sheets
were investigated. It was found that the appropriate conditions were 90 and 80 wt% of
MMA, 10 and 20 wt% of ST, 0.1 wt% of peroxide as an initiator and 0.03 wt% of
azocompound initiator. The highest impact strength of copolymer cast sheet was

reached when the cast sheet contained 20 wt% of NR.

Cheng et al. (2004) studied transparent EVA/PMMA sheets produced
via in situ polymerization of MMA. In the presence of the EVA-graft-PMMA (EVA-
g-PMMA) prepared by using fert-butyl peroctoate (--BO) as an initiator in the
EVA/PMMA, EVA can bewell dispers9d inthe. PMMA matrix. Both tensile fracture
energy and Izod impact stiength of the EVA/PMMA. blends were higher than those of
the neat PMMA. This was confirmed by using Scaning Electron Microscopy (SEM).
The copolymer also psévented: the disi)ersed EVA particles from pulling out the
fracture surface. The strength of the EV.{AA'}PMMA blends were investigated at room
temperature over the foug'stain rates of d?cadence (from 1.6x10™ to 0.16 s'l). It had
an obvious transition, ‘Whereas the neat PMMA remained the brittleness over the

entire range of strain rates. . /

Mansour et al. (2004) prepar;I_'ngolymer films of ST and MMA with
different percentage.Differential scanning calorimeter showed a single transition at
50/50 ST/MMA. Thérmogravimetry technique was used to compare the thermal
stability of the copolymer and homopolymers. The copolymers degradation occured at
higher temperatures than<pure PMMA ifidicating the higher stabilization of the
copolymer. FTIR spectroscepy was used toggive information on the structural changes
consequently upon exposure. Thisgindicated that the copolymerization of ST and
PMM As improved, thé, photodeégradation behavior of PS.-The optical absorption (o)
and the band gap (Eg) of film were determined before and after exposure to UV
radiation. The optical transmission and reflection data for 50/50 of ST/MMA
copolymer were also analyzed to evaluate the refraction index (n) and extinction

coefficient (k) before and after exposure to UV radiation.

Hinchiranan et al. (2007) reported the improved properties of modified

acrylic sheet via addition the graft NR. The mechanical properties of a modified
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acrylic sheet prepared by bulk copolymerization of MMA and ST were improved by
the addition of a small amount of graft NR (GNR). The graft copolymerization of
MMA and ST onto NR latex was carried out by emulsion polymerization using
potassium persulfate as an initiator. The properties of the modified acrylic sheet
containing GNR with 22.5 wt% graft copolymer were investigated as a function of
GNR content. The results indicated that the impact strength, tensile strength and
elongation at break of the modified acrylic sheet increased with increasing the amount
of GNR in the range of 0.5-4 parts. From the stress—strain behavior, the
characteristics of the modified acrylic sheet shifted from brittle to ductile when the
amount of GNR was increased. The sq_;lnning eleetron micrographs of the modified
acrylic sheets showed the selatively smooth fracture surface with relatively few small
cracks. This implies that'the GNR could be used as an impact modifier for acrylic

|
plastics.

Thawornwisit et al. (2006)'-;, studied the properties of copolymer sheets
containing ST, MMA “andimedified NR :'p_.repared by bulk copolymerization using
benzoyl peroxide and 2,2'—azobis—(2,4-‘(};i_111'ethylva1eronitrile) as initiators. The
modified NRs were prepared by graft coponiﬁérization and hydrogenation. The graft
NR prepared by emulsion Copolymerizatio;_u§ing redox initiator consisted of 66.1
wt% NR-g-(MMA-co-ST), 26.9 wt% of free rubber and 7.0 wt% of free copolymers.
The hydrogenation “of NR catalyzed by OsHCI(CO)(O>)(PCy;) was carried out at
140°C and 400 psig, 0 obtain the hydrogenation level.as 56.5%. The effect of ST,
rubber and monomer conténts on the mechdnical and physical properties including
morphology of thelmodified acrylic sheetsswas investigated. The results showed that
the better mechanical properties of the modified acrylic sheet were ,obtained from the
addition, of 2 wt% of graft NR'and 1 wt% of hydrogenated NR. The optimum content
of ST in"the modified acrylic sheets for improving the mechanical properties was 20
wt%. Moreover, the modified acrylic sheet containing the hydrogenated NR had the
superior thermal resistance. The tensile fracture surface examined by SEM showed
the relatively smooth surface with few relatively small cracks. It implied that the

modified NR could be used as an impact modifier for the acrylic cast sheet.



CHAPTER III

EXPERIMENTAL

3.1 Chemicals

EPDM (NORDEL IP 5565  containing 7.5 wt% of 5-ethylidene 2-
norbonene) was purchased from The Dow Chemical Company (Midland, USA). The
properties of EPDM are showi in Appgndix A.-Fhe commercial grade ST monomer
and the analytical grades of toluene and acetone were supplied by SR Lab Co., Ltd
(Bangkok, Thailand). Fhe cemmercial grade MMA and 2,4-dimethylvaleronitrile
(ABVN) were obtained" from Pan Asig Industrial Co., Ltd (Bangkok, Thailand).
Benzoyl peroxide (BPO) (humidiﬁed‘;;;vith ~25% of H,0) from PANREAC
QUIMICA (Barcelona, Spain) was used l*}s received. Sodium hydroxide (NaOH) and
anhydrous sodium sulfate’ (Na,SO4) if{grq_ purchased from Merck (Bangkok,
Thailand). The analytical grades of lightf'rgéroleum ether (LPE) and methyl ethyl
ketone (MEK) were obtained ‘from  Fisher ;.rScientific (Leicestershire, UK). The
commercial grade of methanol was the;f;;gduct of Reagent Chemical Industry
(Bangkok, Thailand).” Nitrogen gas with 99.9% purity was manufactured by Linde
Co., Ltd (Bangkok, Fiailand). :

3.2 Experiment apparatus

e Three-neck round bottle (500 ml). equipped with,condenser, nitrogen
inletiand outlet tubes, overhead stirrer-and thermometer for graft
copolymerization step (Figure 3.1)

e Soxhlet extraction apparatus

e Glass mould for casting process

e Other general laboratory glassware

e Water bath

e Hot air oven

e UV cure apparatus
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3.4 Grafted ethylene propylene diene rubber preparation

3.4.1 Purification of monomer (Thawornwisit, 2006)

The ST monomer (b.p. 145.2°C/760 mmHg) contained a trace amount
of hydroquinone as an inhibitor. The inhibitor was removed by washing with 10%
NaOH solution and then followed by distilled water until neutral. The washed ST
monomer was distilled under reduced pressure (50-60°C, 20 mmHg). The purified ST

monomer was stored in the refrigerator.

For MMA purification, this monomer (b.p. 98°C/760 mmHg) also
contained a small amount of hydroquinone as inhibitor. It was purified by following
the above procedure simalar 0 ST purification. The washed MMA monomer was
distilled under reduced pressure at'20 mmHg and 40°C. The purified MMA monomer

was also kept in the refrigerator.

3.4.2. Preparation of graft. EPDM (GEPDM)

The graft copolymer of ST_aan MMA on EPDM was prepared by
solution copolymerization pérformed in a three-necked round glass bottle (300 mL)
equipped with a stirgi-thermometei-and-condenser—EPDM dissolved in toluene (8
wt%) was transferred mto the glass bottle. The system was deoxygenated by purging
nitrogen gas for at least 15 min. When the reaction temperature reached to 90°C, 0.1
wt% of BPO swas; charged, into, the weactor (follewing the sgradual addition of the
monomer mixture (MMA/ST = 75/25"%w/w). The reaction was allowed to proceed
for 4, 10 and 16 h under continuous stirring speed at 200 rpm. Then, the reaction was
ceased by adding aysmalllamount of phenol. The graft product was precipitated in the
excess methanol, filtered and dried in vacuum oven at 80°C until constant weight was

received. The standard recipe used for graft copolymerization is shown in Table 3.1.
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Table 3.1 Recipe for preparation of GEPDM (Fu et al., 2008)

Condition Description
Purified MMA/ST ratio (%w/w) 75/25
Rubber/monomer ratio (%ow/w) 50/50
Rubber concentration (wt%)* 6,8, 10
Initiator dosage (BPO) (Wt%)** 1.0
Reaction temperature (°C) 80 -90
Reaction time (h) 4-20

" The rubber concentration was based on total weight 6f imonomer
"

“ The initiator dosage was based onJPPM confent.

3.5 Properties of GEPDM

3.5.1 Determination of m(_,;nomer conversion and grafting efficiency
.

The gross, graft EPDM (G}EPDM) consisted of three parts: graft
copolymer (EPDM-g- (MMA co- ST)) free E}’DM and free copolymer. The free
EPDM and free copolymer were removed by usmg soxhlet extraction. The free rubber
was extracted by hght petroleum ether (60- 80°C) for 24 h, while free copolymer was
then extracted in MEK/ acetone at 50/50 %v/v for 24 h. The dried final product was
the graft copolymer. :The different weight of sample before and after soxhlet
extraction in each step was defined as %free EPDM, %free copolymer and %graft
copolymer, respectively (eq. 3.1-3:3) (Thawornwisit, 2006). The total conversion of
monomer and percentage of grafting efficiency (%GE) were calculated from eq. 3.4

and 3.5, respectivelyn

weight of of free rubber
weight of gross polymer products

Free EPDM (%) = x100 (3.1)
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weight of of freehomopolymer

Free copolymer (%) = x100 (3.2)

weight of gross polymer products

weight of of graft copolymer

Graft copolymer (%) = x100 (3.3)

weight of gross polymer products

weight of polymer formed — weight of GEPDM
weight of monomer charg ed

Total conversion (%) = x100 (3.4)

ight
Grafting efficiency (%) — weight of of monomengrafted

- : —x100 (3.5)
weight of monomer-polymerized

3.5.2 Struetured. characf@rization of GEPDM

The structures of EPDM %nd‘ graft copolymer obtained after soxhlet
extraction were characterized by u_sing fcfy_l'l_lrliq_r—transform infrared spectroscopy (FT-
IR) (Thermo 470 FT-IR/spectroscopy). leed éraft product was dissolved in toluene
(ca. 2 %w/v) and then casted a§a film on a NaCl cell. To confirm the FT-IR results,
the proton nuclear magnetic ‘Iesonance ,sfpgc;;t_rpscopy ('"H-NMR) was also used
analyse. 'H-NMR spectra were obtained on‘ the Bruker ACEF 200 MHz. The 0.01 g of

samples were dissolved in CDCl5.
3.5.3 Preparation of modified acrylic sheet containing GEPDM

The modified acrylicssheets were prepared by dissolving EPDM (1.0
wt%) ot GEPDM (4.0:4.0'wt%) in the mixture of MMA/ST solunon (80/20 %w/w) in
the vigofous agitation at 95°C for 0.5-3.0 h to obtain the homogeneous solution. In the
pre-polymerization step, BPO (0.1 wt%) was added into the mixture as the first
initiator and then heated up to 110°C for 25 min. When the mixture was viscous, it
was cooled down to room temperature. Then, ABVN (0.03 wt%) was added into the
mixture. The air bubble in the mixture was removed by using vacuum pump until the
reaction mixture was cooled down to room temperature. The obtained syrup was filled

into a glass mold and immerg in a water bath at 60°C to harden the acrylic sheet.
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The acrylic sheet was further placed in an oven at 120°C for 2 h. The finished sheet
was taken off from the glass mold after cooling at room temperature (Drive, 1979,
Grulke, 1994 and Saechtling, 1995). The sheet was cut as a shape according to the
ASTM test method. The standard recipe and conditions used for preparation of the

modified acrylic sheet are shown in Table 3.2.
3.6. Testing of mechanical properties of modified acrylic sheet

The mechanical properties of.the modified acrylic sheets containing
various contents of EPDM-or GEPDM werC measured following the ASTM test

methods.

3.6.1 Impéct sfrength (ASTM D 256)

The dimengion and geometry’ of specimens for impact strength testing
are shown in Figure 3.2. The machine use'c_l_ to investigate the impact strength of the
modified acrylic sheet was [zod Impact Tés_tér (GOTECH GT 7045). The width of
each specimen was measured in‘the notch with a micrometer caliper and recorded its
average width. 7

Table 3.2 Recipe forpreparation of modified acrylic sheets

Ingredient Quantities
MMAV/ST ratio (%w/w) 80/20
EPDMu(wt%) L0
GEPDM' (wt%) 1.0-4.0
BPO (wt%) 0.1
ABVN (wt%) 0.03
Water bath temperature (°C) 60

Oven temperature (°C) 120




33

The breaking energy of specimen was estimated and the weight hammer with 2 J was
applied for the specimens. The pendulum was released and an excess energy

remaining in the pendulum was recorded after breaking the specimen.
3.6.2 Flexural strength (ASTM D 790)

The flexural strength of specimens was measured using a three point
bending test in a universal testing maching (LLOYD Instrument LR 10K Plus) at a
cross-head speed of 1 mm/min. Stress was applied until fracture by a centrally located
rod connected to a 50 kgfead cell. The speCimens were cut from a 3.0 mm thick

sheet. The flexural strengthewas calculated using the.eq. 3.6.

“.‘
= :r3WL
- Db

(3.6)

where W is the maximum lgad before fracture, L is the distance between supports

(50 mm), b is the width of specimens and d 1,s the speeimen thickness.
v oll o o

j — . ; Direction of
L - ] : Compression
b X i L—dmwh of speciemen
Shall be in accordance
with section {2
Unit: 'mm
A:10.16 £0.05 D: 0.25 £ 0.05
B: 32.00 max, 31.50 min E: 12.70 £ 0.05
C:80+£0.2

Figure 3.2 Dimensions of specimens for impact strength testing (Izod type) (Shah,
2007).
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3.6.3 Tensile properties (ASTM D 638)

Tensile properties of dumbbell-shaped specimens (Type I) (Figure 3.3)
were measured at 25°C and 60% of humidity. The specimens were cut from a 3.0 mm
thick sheet. The testing was performed by using a universal testing machine (LLOYD
Instrument LR 10K Plus) with a crosshead speed of 50 mm/min.

3.7 Properties retention after thermal and UV aging

The effect of thermal agi)ng on thesphysical and mechanical properties
of the modified acrylic sheets"Was carried out in-a-hot air oven at 165°C for 25 min
according to Pan AsiaJdndustrial Standard method. At the terminal of aging time
interval, the specimenssin the shape f%r each mechanical properties testing were
removed from the oven and g¢ooled dowﬁ}g room temperature on a flat surface for 24
h before mechanical properties determi”gatiion. For the test of UV resistance, the
specimens were placed in the Ultravidifgg box (The Q.PANEL company model
Q.U.V) with the UV wavelength at :280—32Q;{ndr;1 and 60°C for 1 week according to Pan
Asia Industrial Standard method: The impéét strength, flexural strength, tensile
properties and hardness of the modified a%lic sheets after thermal and UV aging
were compared to untreated samples. The properties retention could be calculated

following eq. 3.7.

Properties-after ageing

% Retention= - —==x100 (3.7)
Propertiesbeforeageing
s ¥
Dbl o )

s
I
]

W:13mm WO:19mm G:50mm R :76 mm
L:57 mm LO:165mm D: 1155 mm T :4 mm or under

Figure 3.3 Dimensions of specimens for tensile testing (Shah, 2007).
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3.8. Thermal properties of the modified acrylic sheets
3.8.1 Differential scanning calorimetry (DSC)

The differential scanning calorimetry (DSC) was carried out on a
Perkin Elmer JSM-5800 LV to evaluate the effect of the addition of EPDM or
GEPDM on the glass transition temperature (T,) of the modified acrylic sheets. The
thermogram signal was obtained from the temperature difference between the sample

and the reference.

The sample.of5-10 mg was placed in a crimped aluminium pan. The
differential scanning calefimetry. of the modified acrylic sheets was carried out under
nitrogen atmosphere at.a constant heatiﬂg rate of 10°C/min from -60-250°C. The Tg
values were calculateds from /the midgéint of the base-line shift of the DSC

thermogram.

3.8.2 Thermogravimetric agi_qusis (TGA) (Kissenger, 1702)

The decomposition temperatuf-r_e, and kinetics of thermal decomposition
of the modified acrylic sheets were determined by using' Fhermogravimetric analysis
(TGA). The thermogravimetric (TG) and its derivative (DTG) curves were performed
on a Seiko SSC 5000 TG/DTA. Samples (10-20 mg) were heated from room
temperature to 600°C at«<a heating rate of 2.5, 5 and 10°C/min under nitrogen
atmosphere. The flow rate of nitrogen gasgwas controlled at50 mL/min. The initial
(Tig) and final (Tf) decomposition temperatures was obtained from the intersection of

two tangents at the' initial and final stage of the! decomposition, respectively. The

temperature at the maximum weight-loss rate (T,) was also recorded.

To study the overall kinetics of thermal decomposition, the Kissinger
method (differential method) was applied to determine the activation energy (E,) of
the solid state reaction without a precise knowledge of any mechanism of thermal

decomposition. The Kissinger method proposed employs in eq. 3.8:
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ﬂ AR n-1 E
In =sln—+In[In(1l-« +—= 3.8
T, E [In(-a,)"] o7 (3-8)

p
where f is the heating rate, T, and o, are the absolute decomposition temperature and

weight loss at the maximum weight-loss rate (do/dt),, respectively. R is the gas

constant, A is the pre-exponential factor and n is the reaction order. E, was calculated

from the slope of the straight line obtained from a plot of In(#/T?>,) versus 1/ T,.

3.9. Physical properties of the modified acrylic sheets
v
3.9.1 Change of color and transparent property
)
Transparent property was reported in term of opacity of specimens by
using color measurement (Gretagmacbe;éh Instrument eolor i5). Thermal and UV

resistance was reported i term yellow dii%ferénce (AE) of the modified acrylic sheets

after thermal and UV ageing were reported':-and compared to untreated sample.

“
o 1

gl

The méfphe}egy—ef—the{—fae-ture surface of the modified acrylic sheets
was also investigated‘using a JEOL model JSM-6400 scar{fling electron microscope at
10 kV. The specimerié were fractured under cryogenic condition by using liquid
nitrogen. Then; the specimensiwere mounted on jafSEM stubausing a double-side tape

and the fracture surface of specimens was sputtered with a thin gold layer.



CHAPTER IV

RESULTS AND DISCUSSION

The graft copolymers of MMA and ST onto EPDM rubber were
prepared by solution polymerization using benzoyl peroxide as an initiator. The
conversion, grafting efficiency, percentage of free rubber, percentage of copolymer
and percentage of graft copolymer were recorded as functions of reaction temperature,
rubber concentration and.reaction time. The stiucture of graft product was also
characterized by FT-IRand ' H-NMR spectroscopy. T'he gross graft EPDM (GEPDM)
was added into the MMA=ST syrup diuring the stage of bulk polymerization for
preparing the acrylicesheei by casting process. The mechanical properties, optical
properties and morphology of the‘ mod:—Lfied acrylic sheets were investigated. The
retention of mechanical properties after tﬁgffnal and ultraviolet (UV) aging including
the kinetics of thermal degradation. of the ';icrylic sheets containing GEPDM was also

{
o

reported. tdda
v : !j'la

4.1 Preparation and grafting properties of GEPDM

The GEPDM was prepared by solution-graft copolymerization. The
optimum reaction condition was reported by Fu et al. (2008) as shown in Table 3.1.
The graft productpwas;extracted by light-petrolenm .ether, (IZPE) for 24 h by using
soxhlet extractign for removing free rubber conteént and ‘then dried to constant weight.
To remove free copolymer, the dried residue was“extracted by MEK/acetone (50/50
%v/v) for 24'h. The data obtained fromrall steps were used.to calculate the percentage
of conversion, grafting efficiency (GE) and grafting properties. The example for all
calculations is shown in Appendix B. The grafting properties of GEPDM after

extraction are shown in Table 4.1.
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Table 4.1 Properties of graft copolymerization of MMA and ST onto EPDM

Reaction conditions Grafting properties

Temperature Rubber concentration Time % % Free % Free % Graft 04GE

(°C) (Wt%) (h) conversion  rubber copolymer copolymer
80 o = 332 78.9 10.4 10.7 57.3
90 34.1 80.0 7.98 12.0 68.7
6 24.6 78.3 11.5 10.1 41.6
90 8 12 34.1 80.0 7.98 12.0 68.7
10 26.6 81.0 11.4 7.52 455
4 20.6 80.1 15.3 4.58 104
6 25:8 78.0 16.8 5.20 17.8
8" 286 75.3 18.1 6.65 18.7
90 8 10 33.2 79.1 9.97 11.0 60.0
123 34.1 80.0 7.98 12.0 68.7
16 ! 46.4 83.2 3.78 13.0 88.1
420 28 518 81.0 115 7.53 66.4

For the effect of reaction flltenlperature it was found that the higher
reaction temperature promoted the hlgher %convers1on Yograft copolymer and
grafting efficiency (%GE). It has been reported that both the graft polymerization rate
and the copolymerization of ST and MMA_ 1ncreased with a rising polymerization
temperature due to the enhancement of react1v1ty of rubber substrate, initiator and
monomers and the reduction of rubber solution viscosity (Sheng et al., 1996 and Fu et

al., 2008).

The' effect” of “rubber | concentration, the' results showed that the
9oconversion, Pgraft copolymer and %GE increased with increasing rubber
concentration fron "6, wt%te=8wt% sinceithe, chance of copolymerization between
grafting sites and monomer radicals increased with increasing reactant concentration.
However, overdose of rubber concentration caused the difficulty of the diffusion and
mobility of monomer and free radicals of growth chains due to the higher viscosity.
This decreased the rate of copolymerization and possibly promoted the formation of
ungrafted copolymer (Fu et al., 2008). To obtain the highest % graft copolymer and %
conversion, the suitable rubber concentration was 8 wt% of EPDM for graft

copolymerization.
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For the effect of reaction time, the % grafting copolymer and %GE
rapidly increased with increasing reaction time to 16 h and then they tended to
decrease when the reaction was leaved for 20 h. It can be explained that the ratio of
the grafted monomer to copolymeric monomer increased at the initial period of
reaction enough reactive sites on the EPDM chain resulting to the increase in the %
graft copolymer and %GE. When the reaction time was 16 h, the EPDM chains were
saturated with the grafting copolymeric chains. Above this point, the viscosity of the
reaction solution increased with reaction fime to obstruct the diffusion of monomer to

react with EPDM (Hoang et al., 2000).
4.2 Structure characterization of GEPDM

After soxhlet extraction; GEPDM  consisted of free EPDM, free
copolymers and graft copolymers: Ungrellet'éd PMMA; PS and poly(ST-co-MMA) are
referred to as free copolymers. Grafted copolymers are referred as EPDM-g-PMMA,
EPDM-g-PS, and EPDM-g-PMMA/ST. ‘

4.2.1 Characterization of GEPDM using FT-IR spectroscopy

The functional groups in the EPDM rubber and its graft product were
identified by FT-IR 'spectroscopy. Figure 4.1a and 4.1b show the FT-IR spectra in the
region of 500-4000 cri' for EPDM rubber and grafted BPDM, respectively. The FT-
IR spectrum of EPDM"rubber exhibited thé characteristic absorption band of C=C
stretching vibration.at 1680 cm'l, the CH, vibration at 1449, the CH; vibration at 1376

" and the C=C bending vibration at 853 cm™. The new peaks in the FT-IR

cm
spectrum off GEPDM*are  the absorption bands of C=0 stretching' vibration of MMA
at 1700 ém™". The sharp peaks at 700 and 1492 cm™ are assigned to the aromatic rings.
The board peak ranging between 3100-2960 cm™ is due to the presence of the
stretching vibration of C-H of ethylene norbornene. The FT-IR spectrum of GEPDM
after soxhlet extraction confirmed that the PMMA and PS was “grafted from” the
EPDM through the double bond during free-radical copolymerization.This indicated
the occurrence of grafting of MMA and ST onto EPDM rubber (Lin-vien, 1991 and

Colthup, Daly and Wiberley, 1964).
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4.2.2 Charaeterization of GEP]DM using "H-NMR spectroscopy

ol

Figuresi4.2a and 4.2b present a comparison. of the 'H-NMR spectra of

EPDM and GEPDM éft_er soxhlet extraction. Figure 4.2 —ajsfhows the chemicals shift at
5.2 ppm attributed to_the olefinic proton (=CH) in the EPDM rubber. All EPDM
protons appear at chemi€al=shift ranging frem 0.7 to 1.3 ppm to CHj3 and CH; in the
propylene units. Figure 4.2b shows' the 'H-NMR specttum of . GEPDM after soxhlet
extraction. The ‘Spectrum exhibits a.new peak appearing at 3.40_ppm refered to the
methoxyl group (CH30) im PMMA. The peak at 2.1 ppm is dueyto'the methylene in
EPDM. The signals at 6.9-7.1 ppm are attributed to the phenyl group of PS (Fu et al.,
2008).
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Figure 4.2 'H-NMR spectia of (a) EPDM-‘b.nd (b) GEPDM after soxhlet extraction.
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4.3 Physical and mechanical properties of ‘modified acrylic sheets containing
GEPDM content

In this Section, the physical and mechanical properties of the modified
acrylic sheets containing, GEPDM (88 . % GE) were investigated. This result was also

compared to ones containing EPDM:

4.3.1 Transparency: of .modified acrylic sheets;containing various

GEPDM contents

Table 4.2 and Figure 4.3 show the appearance and color of the
modified acrylic sheets containing GEPDM with various %GE and contents. For the
effect of GEPDM content, it was found that the modified acrylic sheets still exhibited
the transparent property when GEPDM content was in the range of 1.0-2.0 wt%
(Figure 4.3c and 4.3d). Above these points, the modified acrylic sheets showed slight
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opacity (Figure 4.3e and 4.3f). To compare with the modified acrylic sheet containing
1.0 wt% of EPDM (Figure 4.3b), the modified acrylic sheet was quite opaque. This
indicated that the addition of EPDM and the overdose of GEPDM caused the higher

opacity of the modified acrylic sheets due to the phase separation effect.

For the effect of %GE (Table 4.2) on the appearance of the modified
acrylic sheets having 2.0 wt% of GEPDM, the result indicated that the increase in the

%GE of GEPDM from 10.4 to 88.19 reased the phase separation effect resulting
%sheets.

4
- T—

to the reduction of opacity va “%ﬁ%‘i

Table 4.2 Appearence
and %GE.

ining various rubber content

Sample Sheet appearance

Acrylic sheet* transparent

Acrylic sheet/EPDM quite opaque

transparent
transparent
little opaque

little opaque

quite opaque

quite opaque

quite opaque

60.0 little opaque

AUEINEDINY T

" Acrylic sheet (MM;ﬂdT:SO/zo %ow/W)

YRIANN TN INGINY
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(a) Acrylic sheet (b) 1.0 wt% EPDM (c) 1.0 wt% GEPDM
(MMA/ST=80/20 %w/w)

(f) 4.0 wt% GEPDM

ontaining various GEPDM

1 acrylic sheets

The i 1n ence of the %GE and content ;BGEPDM on the mechanical
properties of ﬁ fﬂl e 4.4 and Figure 4.5,
respectively. 'H ﬁ.\ vﬁeﬂm ﬂq—lﬁ MA/ST=80/20 wt%)
without modlflcatlon and one containing EPDM,, For the addition of 1.0 wt% of
EPDMQhWnC)}]Mcﬂéjsm &iuwr]t@ %ﬂafrq am%lon of flexural
strength n(Figure 4.4b), tensile strength (TS) (Figure 4.4c) and elongation at break
(EB) (Figure 4.4d) possibly due to the phase separation resulting from the dissimilar
polarity of EPDM and monomer mixture used for preparing the acrylic sheets.
However, the addition of EPDM did not affect the impact strength of the modified

acrylic sheets (Figure 4.4a). It could be explained that EPDM retained the impact
strength of the modified acrylic sheet due to its good rebound property.
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For the addition of GEPDM at various contents, it was found that the
impact strength (Figure 4.4a), flexural strength (Figure 4.4b) and TS (Figure 4.4c) of
the modified acrylic sheets were higher than those of one containing EPDM at the
same content. The reduction of EB value of the modified acrylic sheet containing
GEPDM also exhibited the higher crosslink density. This implied that GEPDM had
the higher compatibility with MMA/ST monomer mixture resulting to the better
mechanical properties of the modified acrylic sheet. The obtained experimental result
were similar to the previous literature that use, the graft product-based elastomer as
the compatibilizer for the blends containing .constituents with different polarity
(Kraus, 1978). However, Figuic 4.4 shows tht deerease in the flexural strength, TS
and EB when the amount.ef GEPDM-was higher.than 2.0 wt%. It was due to the
interfacial saturation of GEPDMLin the thermoplastic eomponents. The similar results
were also observed inthe natural rubl;er/PMMA blends compatibilized by natural
rubber grafted with glycidyl methyl‘metﬁgérylate (Suriyachai et al., 2004). Moreover,
the overdose of GEPDM caused: the hi:gh‘.' level of EPDM content in the system

providing the phase separation.

—-
N
o

70
4 IJ 4
< 60 (a) = 100 (b)
o
E :
50 - ,"'fi i S e
2 | - {7580 &
: B Toos
B 40 T S
] 2 60 .
B 30 @
s 2 40
é 20 2
] —e— EPDM T 204 D
107 —e— GEPDM ' ¢ GEPDM
0 ; ‘ ‘ ; 0 ; ; ‘ :
0 1 2 3 4 5 0 1 2 3 4
Rubber content (wt%) Rubber content (wt%)
100 12
R (c) | (d)
& 804 £
£ A . Fhad
s =d
£ 601 :
£ 2
2 s ® -
™ 40 2 I
£ 2 —o—EPDM =
- e GEPDM 24 —o— EPDM
—e— GEPDM
0 ; ; ‘ ‘
0 T T T T
0 1 2 3 4 5 0 1 2 3 4
Rubber content (wt%) Rubber content (wt%)

Figure 4.4 Effect of GEPDM content (%GE=88.1) on the mechanical properties of

the modified acrylic sheets.
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Figure 4.5 Effect of %GE on the mechaniczﬂ‘pfbperties of the modified acrylic sheets
containing 2 wt% of GEPDM. "

It was noticed that the TS and EB values of the modified acrylic sheets
containing GEPDM at any content were lower than those of the acrylic sheet without
the addition of GEPDM. It was/due to the lTow tensile properties of EPDM with more
brittle property after graft copolymerization of ST and MMA onto EPDM.

For'the effect of ‘%GE" (Figure 4.5), it ‘indicated that“the addition of
GEPDM at 2 wt% into the MMA/ST mixture gave the higher impact strength, flexural
strength and tensile properties with increasing the %GE of GEPDM. This could be
explained that the increase in the %GE of GEPDM promoted the higher compatibility
to improve the interfacial adhesion between GEPDM and MMA/ST monomer matrix.

The stress-strain behavior of the modified acrylic sheets after tensile

test is shown in Figure 4.6. The stress-strain curve of the modified acrylic sheet
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Figure 4.6 Stress-strain behavior of the acrylic sheets: (a)'without GEPDM, (b) with
1 wt% of GEPDM, (¢) with 2 wt% of GEPDM and (d) with 3 wt%
GEPDM.

without GEPDM showed the rigid .or brittle characteristics with higher elongation
(Figure.4.6:). The brittie property of the modified acrylic sheet was gradually shifted
to be ductile property when the amount of graft copolymer increased as shown in
Figure 4.6b-d. Therefore, the modified acrylic sheets with GEPDM showed a brittle-
ductile transition behavior, whereas the neat PMMA/ST was the brittle material.
Similar behavior was also observed in the strain-rate effect of EVA/PMMA in situ
polymerization blends (Cheng et al., 2004). The stress-strain curve of the modified
acrylic sheet with 4 wt% of GEPDM clearly exhibited the yield point and the low

percentage of strain.
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4.4 Morphology of the modified acrylic sheet

The scanning electron micrographs of the fracture surface of the acrylic
sheets before and after modification by addition of EPDM or GEPDM Z (%GE =
88.1%) were shown in Figure. 4.7. It was found that the uncompatibilized acrylic
sheet (Figure. 4.7a) exhibited the large cracking traces indicating the brittle behavior.

For the addition of EPDM at 1.0 wt% (Figure. 4.7b), the fracture surface of the

modified acylic sheet exhibited t ‘T eneity with phase separation between

EPDM and thermoplastic res t‘m}} : hanical properties. To consider the
o }

addition of GEPDM into 7 /83 mo;&nixture, it was observed that the

fracture surface of the W’ _ylicdshe~ (s containing 1.0 wt% (Figure. 4.7¢) and

2.0 wt% (Figure. 4.7 sother '\z‘mmracteristics of the ductile

materials. This implied ghat G bl uld act as the interfacial agent to improve the

-4 =83 ? N N
. . 4 b E
mechanical properties ofithe modified acrylic sheets.

- f By .ﬁ'

Figure 4.7 SEM micrographs of the acrylic sheets: (a) without modification,
(b) addition of 1.0 wt% of EPDM, (c) addition of 1.0 wt% of GEPDM
and (d) addition of 2.0 wt% of GEPDM (magnification x1000).
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4.5 Thermal and UV aging of the modified acrylic sheet

In the previous section, it was found that the impact strength, flexural
strength and tensile strength of the modified acrylic sheets were slightly improved by
adding the small amount of GEPDM. However, it is necessary to investigate the
ageing resistance of these modified acrylic sheets for outdoor application. The thermal
and UV resistances of the modified acrylic sheets were examined and reported in the

term of the mechanical properties retention.

4.5.1 Mechanical properties Tetention of modified acrylic sheets

after aging

Figure 4.8 and Figure 4.9 show the effect of content and %GE of

GEPDM, respectively on‘thesetention of n;'échanical properties of the modified
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Figure 4.8 Effect of GEPDM content on the mechanical properties of the modified
acrylic sheets after aging (%GE= 88.1%).
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acrylic sheets after thermal and UV aging could retain and/or gave the better
mechanical properties possibly due to the self polymerization during aging process.
The thermal aging provided the higher flexural strength (Figure 4.8 b) and TS (Figure
4.8c) with lower EB (Figure 4.8d) resulting to the higher crosslink density. Moreover,
the UV aging exhibited the good results for flexural strength, TS and EB of the acrylic
sheet due to the penetration power of UV to promote the post polymerization inside
the specimens. Thus, the UV aging or UV cure is generally applied for polymer used

in the coating process such as polyurethane (Technical information, 2004).

For the additien of EPDM or-GEPDM, the results in Figure 4.8a and
4.9a indicated that the modified acrylic gheet containing 1wt% of EPDM or GEPDM
at various contents and«%GEs could retained the impact strength after thermal and
UV aging resulting from the'EPDM seément with great thermal and UV resistance.
However, at 1 wt% of rubber conteﬁt, thé;fﬁodiﬁed acrylic sheets containing GEPDM
had higher %retention of flexural strengtfa and TS with lower EB than EPDM. It can
be explained that the effect of higher corijp_atjbility was possibly promote the higher
crosslink density inside the specimens. Wh_ér} -‘%GE of GEPDM was kept constant at
88.1% (Figure 4.8), the increase in the GEPDM content reduced the retention of the
mechanical properties of the modified acryl;sheets. This was possible that the higher
rubber level promoted higher incompatibilization to inhibit the self-polymerization of
MMA/ST monomer-during thermal and UV aging. For the effect of %GE (Figure
4.9), it was found that the increase in the %GE of GEPDM also to decreased the
thermal and UV resistance©f the modified aefylic sheets due to the higher content of -
C=0- functional greup in GEPDM which swas susceptible torheat and UV (Decker,
1996). It could be concluded that GEPDM content in the range of,1.0-2.0 wt% with
60-88.1% of %GE\could retain and/or increased the mechanical properties of the

modified acrylic sheet after thermal and UV aging.
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Figure 4.9 Effect of %GE of GEPDM (2 Wt%) on the mechanical properties of
modified acrylic sheets. after aging.
4.5.2 Transparency stability of the modified acrylic sheets after

aging.

Table 4.3¢shews the effect of the GEPDM content and %GE of the
modified acrylic sheet”on the opacity value and-color| difference of the modified
acrylic sheets after thermal and after UV aging. It can be seen_that opacity of the
modified acrylic sheets incteased with increasing the GEPDM centent. However, the
opacity values of the modified acrylic sheets containing GEPDM were lower than that
of one containing EPDM due to dissimilar polarity effect. This indicated the more

compatibilization of GEPDM in the MMA/ST phase in the acrylic sheets.
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Table 4.3 Physical properties of modified acrylic sheet

Rubber GE Opacity AE of thermal AFE of UV
Sample Content

W) (%) (%) resistance resistance

Acrylic sheet’ - - 12.63 £ 0.08 0.45+0.09 10.35+0.26
Acrylic sheet/EPDM 1.0 28.30+0.45 2.56 £0.16 15.61 £ 1.40
1.0 16.74 £ 10.09 1.41 £ 0.05 11.97 £ 1.61

2.0 18.39 £ 0.06 2.29+0.12 12.24 £0.17

3.0 & 21945002 2.71+0.10 16.01 +0.77

4.0 21.74 £0.25 2.96+0.23 15.82 £0.46

Acrylic 270 10.4 28.72+0.07 2.93+0.18 14.55 £0.77
sheet/GEPDM ™~ 20 178 26.22 +0.06 2.80+0.11 14.57 £ 0.52
2.0 18.7 |. 23.42+0.31 2.75+0.16 14.70 £ 0.27

240 60.0 2'349 +0.53 2.68 £ 0.37 12.73 £ 0.06

2.0 68.7 V-". 18:67 £0.19 2.52+0.15 12.44 £0.18
2.0 I 2.29+£0.12 12.24 £ 0.17

88411448 3940.06

“Acrylic sheet (MMA/ST=80/20 %w/w) :
** GEPDM (88.1% GE)

Fhd

The thermal stability of the fﬁ&ﬁfied acrylic sheets was also examined
by monitoring the yellowness of the test specimens; which Can be reported in the term
of AE. The effects of GEPDM content and %GEs on the AE of the specimens are
shown in Table 4.3. It can be seen that AE of the modified acrylic sheets increased
with increasing theiGEPDMcontent possibly du¢ to thethigher:incompatibilization.
(Pinheiro et al.,;2004). The AE of modified acrylic decreased with increasing %GE. It
was explained that the increase of %GE increased'the compatibility between GEPDM
and modified acrylic sheet. To compare with the' modified acrylic.sheet containing
EPDM, the thermal resistance of one containing GEPDM was better than that of a one

containing EPDM. Due to the phase separation resulting from dissimilar polarity

between EPDM and MMA/ST used for preparation of the acrylic sheets.

The ultraviolet stability the modified acrylic sheets was also examined
by monitoring the yellowness shifts which are reported in the term of AE. It can be

seen that the AE value of modified acrylic sheet with increasing the GEPDM content.
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However, the increase in the %GE of GEPDM reduced the AE value of the modified
acrylic sheets. It can be explained by the double bond in the EPDM, MMA and ST
structure. Selective incorporation of UV sensitive molecular structures such as vinyl
groups and non-addition of photosensitizers could promote the photodegradation.
(Saechtling, 1995). It could be notice that the color stability of the modified acrylic

sheets containing GEPDM after UV aging was slightly higher than that of a one
containing EPDM.

4.6 Thermal properties of modified acrylicsheet

J

4.6.1 Differencial scanning calorimetry, DSC

Differential scanning calolrimetry (DSC) ecan be used for evaluation of
the miscibility between componenté of ‘c_g;bolymers. In the absence of miscibility, a
polymer blend of two polymers exhibits t?vo.idistinct glass transition temperature (Tg)
of the pure components. Higure 4.10 sh'gfy\(srthe DSC' thermograms of the EPDM,
GEPDM (88.1%GE) and‘acrylic shéets (MM@)ST = 80/20 %w/w) with and without the
addition of GEPDM (%GE = 88:1%) (1-4 wﬁé)}

wihout GEPDM

Heat Flow. (W)

15t GEPDM

2 wt% GEPDM

3 wt% GEPDMN

4 wt% GEPDM

! I ! ! I
40 80

Temperature (°C)

T T T
120 160 200

Figure 4.10 DSC thermograms of EPDM, GEPDM and acrylic sheet with and

without the addition of GEPDM at various contents.
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Table 4.4 summaries T, of all samples. It was found that EPDM was
shifted from -52.9°C to -40.3°C due to higher rigidity of EPDM after graft
copolymerization of ST and MMA which are the monomers for producing the brittle
materials. For the acrylic sheet without the addition of GEPDM, the DSC thermogram
indicated two T, values at 110°C and 73.3°C attributed to PMMA and PS phases,
respectively (Silva et al., 2004). When GEPDM was added, the DSC thermograms
exhibited three T, values due to EPDM, PMMA and PS of the modified acrylic
sheets. The result showed the shift of Tg yalues from the unmodified acrylic sheets
indicating the partial compatibilization from theraddition of GEPDM. It can be seen
that the increase in the GEPDM content increased-the T, values of EPDM phases due
to the higher rigidity resulting from the graft copelymerization as explained above.
For PMMA and ST phases, the addition of 1.0-2.0 wt% of GEPDM reduced T, from
110°C to 108°C for PMMA ahd/73°C to 72°C for PS resulting from the soft segment
of EPDM in GEPDM . Howeyver, the igéreased in the GEPDM above this point
increased T, value of PMM A which was';,clo'se to that of unmodified one. This result
was opposited to the PS phase. This is poéSible that GEPDM was more compatible to
PS phase than PMMA phase in the modifie‘c_;i*_ Qérylic sheet.

Table 4.4 T, values of modified acrylic sh;al_pr,epared by addition of GEPDM with
various GEPDM contents

Rubber content in T, of each polymeric phases

Sample acrylic sheet “C)
(Wt%)
EPDM PMMA PS
EPDM - -52.9
GEPDM' - -40.3
Acrylic sheet™ - - 110.0 73.3
Acrylic sheet/GEPDM 1.0 -41.5 108.2 71.0
2.0 -41.6 108.3 71.9
3.0 -41.0 109.3 66.4
4.0 -39.6 111.0 65.1

" GEPDM (88.1 %GE)
" Acrylic sheet (MMA/ST=80/20 %w/w)
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4.7 Kinetic study of thermal degradation
4.7.1. EPDM and GEPDM

Thermogravimetric analysis is one common technique to evaluate the
thermal stability of materials, and also indicate the decomposition of polymers at
various temperatures. Thermal stability can be regarded as the ability to maintain the
required properties of materials at a desized temperature. Figure 4.11 shows the
thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of EPDM
and GEPDM (%GE = 88.1%) in the presenct of+a nitrogen atmosphere. The initial
decomposition temperatuze~(Ti;). the decomposition temperature at the maximum
weight loss rate (Tp) andsthe dinal decoqlposition temperature (Ty) are summarized in
Table 4.5. It indicated that the thermal (fecomposition of rubbers was an overall one-
step reaction because the/TG/curve of thé_ﬂé'lamples was one-step and provided smooth
weight loss curves. The initial decompo%.,itiOn temperature of EPDM (415.9°C) was
higher than that of GEPDM (287.2°C). It indicated that GEPDM had lower thermal
stability than EPDM due to the _:TC:O-'-jf.pdnmctional group in GEPDM which was
susceptible to thermal degradation =(Hinchirah;éyﬁ et al., 2009). However, it was found
that the DTG curve (Figure 4.11b) of EPD?{[Lha_d higher maximum weight loss rate
than that of GEPDM: This means that EPDM was rapidly decomposed at temperature
above 496.9°C, althonigh the saturation backbone provides'the highest decomposition

temperature.

The activation energy (Ea)cof pure EPDM and GEPDM calculated

using the Kissinger method are obtained from the slope of, the plot between
In(B/ sz)versus L/T(Kissinger, 1702) from rogm temperatute to 600°C at 2.5, 5

and 10°C/min in nitrogen atmosphere as shown in Figure 4.12. From Table 4.5,
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Table 4.5 Decomposition temperatures, maximum weight loss rate and activation

energy of thermal decomposition under N, atmosphere of EPDM and

GEPDM
Decomposition temperature -
position femp (daldr), E,
Sample (°O) (kJ/ mol)
; mo
T, T, T, (%/min)
EPDM 415.9 496.9 35.17 222.5

GEPDM 2 oA o 4939 23.60 274.5

(@)

%TG

80 —=— GEPDN

—=—EPDM

y

150 250 350 450 550
Temperature (°C)

Figure 4.11 Thermogravimetric curves of GEPDM and EPDM at a heating rate of
10°C/min under nitrogen atmosphere : (a) TG and (b) DTG curves.
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Figure 4.12 Plot of In(4/ sz )versus 1 TP at various heating rates: (A) EPDM
and (o) GEPPM, N

the E, of GEPDM (274.5 kJ/meol) was signiﬁcantly higher than that of EPDM (222.5
kJ/mol). This implies that GEPDM‘requir¢a' more energy to break down the chemical
bond due to the PS units in the GEPDM.KI’:;‘/fliC_l'l had high thermal stability resulting
from benzene ring in the structure (Kannan et' aii.:, 2009).

=

4.7.2. Modified acrylic sheets

Under nitrogen atmosphere, the effect of the addition of GEPDM
(88.1%GE) at .various’ contents' on' the decomposition ‘témperature and activation
energy of thermal decomposition of modified acrylic sheet (MMA/ST = 80/20% w/w)
was presented in Higure 4+-13.and-Table 4:6+ Figure 413 shows the two-stage thermal
decompasition pattern of unmodified acrylic'sheet'and one=stage decomposition of the
modified acrylic sheet with containing GEPDM. From the DTG curve (Figure. 4.13b),
the one stage and two stage of the decomposition of unmodified acrylic sheet (Hu et
al., 2003) were appeared at a peak temperature (T,) around 275.9°C and of 360.3°C,
respectively. The thermal decomposition referred to the decomposition of PMMA
(Madras et al., 1795) and the second decomposition stage was the decomposition of
PS (Silva et al., 2004, Karmore et al., 2000). The addition of GEPDM shifted the two-

stage decomposition of the acrylic sheet to the one-stage decomposition. This
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indicated the higher compatibility of GEPDM and the MMA/ST monomers used for
preparation of the modified acrylic sheets. It was observed that the increase in the
GEPDM content promoted the higher T, due to the effect of EPDM segment in the
GEPDM. This means that the modified acrylic sheets had higher thermal resistance
than unmodified ones. However, the overdose of GEPDM caused the reduction of Tiq
possibly due to the higher incompatibility and GEPDM might be partially

decomposed at the initial decomposition process.

10
0 (a)
-10
-20
-30
-40
2
® .50
-60 —e—withouf GEPD N
—e— | %, GEPDRI
-70 L
——=2 i WEEP DA
-80 —=—3 wigs GEPDM
-90 —a— A" o GEPD N
-100 ¥y F g —A_.é'a - s
150 200 250 4id3po- 1 F85p 400 450 500 550
Tempe_rj-x]:ure (°C)
40
— RSO EPIIRT B (b)
-+t o GEPDM :
30 —6— 23t® o GEPDAI
- =& —=AAV(° o GEPDM
. —h— Wit o GEPDM
£
£
S 20
2
o
1.0

150 200 250 300 350 400 450 500 550
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Figure 4.13 Thermogravimetric curves of the modified acrylic sheets containing
various GEPDM content at heating rate of 10°C/ min under nitrogen

atmosphere: (a) TG and (b) DTG curves.
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Table 4.6 Decomposition temperatures, maximum weight loss rate and activation
energy of thermal decomposition under N, atmosphere of the modified

acrylic sheets with and without the addition of various GEPDM

Rubber  Decomposition temperature

oM\* ok Ea
Sample content °C) (daldt),
(kJ/ mol)
(wt%) T T T (%/min)
Acrylic sheet

first stage - 209.4/ #2759 310.7 6.54 183.4
second stage - 3107 3603 410.6 11.78 40.8
Acrylic sheet/GEPDM™ 1.0 240.6 . 3820 439.9 22.42 210.7
2.0 22444 381.5 431.9 21.23 108.5

" Recorded at 10 °C/ min of heating rate. '

“(dal dt)p = maximum weightloss rate

o Acrylic sheet (MMA/ST=80/20 %w/w)
" GEPDM (88.1 %GE)

The activation energy «(E,) dﬁ'i the modified acrylic sheets containing
GEPDM (%GE = 88.1%) at vatious contenié -v'{;"as also calculated using the Kissinger
method at heating rate of 2.5, 5-and 10°C/mi'n'rﬁnder nitrogen atmosphere as shown in
Table 4.6. For the wnmodified acrylic sheet, the activation energy of the first stage
was higher than that of the second stage because PS is a more stable matrix which
shows degradation in @ single stage (Silva et al., 2004 and Madras, 1997). When 1.0
wt% of GEPDM .was, applied ~to, the -modified -acrylic-sheets, the E, of thermal
decomposition of the modified acrylic sheet was-increased to 210.7 KJ/mol which
was higher than that of the unmodified one. It«€ould be explaiied that the EPDM
segment in GEPDM enhanced the thermal resistance of the medified acrylic sheet.
However, it was observed that the E, value the modified acrylic sheets decreased with
increasing the GEPDM content possibly due to the incompatibilization effect that
might reduce the E, value resulting in the ease of thermal decomposition (Awad,

1999, Nishikawa, 1999 and Srinivas, 1994).



CHAPTER V

CONCLUSIONS AND RECOMMENDATION

In this research, an attempt was made to prepare graft copolymers of
MMA and ST on EPDM by solution polymerization using benzoyl peroxide as an
initiator. The conversion, grafting efficiency, percentage of free rubber, percentage of
copolymer and percentage of graft copolymer was recorded as functions of reaction
temperature, rubber concentration and reaction.tume: The graft EPDM (GEPDM) was
also used as an impact meodifier and stabilizer foracrylic sheets. The mechanical and
physical properties includingsmerphology of the modified acrylic sheets containing
graft EPDM (GPDM) with various doritents and grafting levels were investigated. The
retention of mechanical® and physical l ;p}operties of the modified acrylic sheets
containing GEPDM after thezmal and UV:,aging was reported. The kinetics of thermal
degradation and activation gnergy of the mO_dified acrylic sheets were also evaluated.

5.1 Conclusions #1244

5.1.1 Preparation and grafting properties of GEPDM

The graft copolymerization of MMA and ST onto EPDM was carried
out by solution polymerization initiated“by benzoyl peroxide. The appropriate
condition of graft eopolymerization was d wt%|of initiator dosage 8% of rubber
concentration, 50/50 %w/w of EPDM/MMA-ST.ratio and 75/25, %v/v of MMA/ST
ratio atz90°C for 16vh'to achieve the GEPDM product consisting’of 88.1% of grafting

efficiency.

5.1.2 Mechanical properties of the modified acrylic sheets

containing GEPDM before and after thermal and UV aging

The mechanical properties of the modified acrylic sheet containing

GEPDM and %GE before and after thermal UV aging were reported. It was found
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that the impact and flexural strength of the modified acrylic sheet reached to 52.08
KJ/m?* and 96.75 MPa, respectively when GEPDM was applied as 2.0 wt%. For the
addition of GEPDM content in the range of 1.0-2.0 wt% with 60-88.1% of %GE
could retain and/or increase the mechanical properties of the modified acrylic sheet

after thermal and UV aging.
5.1.3 Morphology of the modified acrylic sheet

From SEM micrographs, thefaddition of GEPDM into the modified
acrylic sheets increased homogeneity between.thermoplastic and rubber phases with
increasing GEPDM content. Thus, the GEPDM could act as the interfacial agent or

compatibilizer to improve theé mechanical properties of the modified acrylic sheets.

5.1.4 Transparency stability of the modified acrylic sheets after

aging.

The thermal and UV stabilit& of the modified acrylic sheets was also
examined by monitoring the yellowness of_ft_-ﬁeljt_cst specimens, which was reported in
the term of AE. The AE of the modified acfr'yli-_lc sheets increased with increasing the
GEPDM content. The increase in the %GE. b;f—GEPDM reduced the AE value of the

modified acrylic sheefs.
5.15 Thermal properties of modified acrylic sheet

The DSC thermogram indicated that T, of EPDM was shifted from -
52.9°Cto ¢40.3°C e to-higher sigidity jof EPDMafter graft copalymerization of ST
and MMA' which are the monomers for producing the brittle materials. For the
addition of 1.0-2.0 wt% of GEPDM reduced T, from 110°C to 108°C for PMMA and
73°C to 72°C for PS resulting from the soft segment of EPDM in GEPDM. However,
the increased in the GEPDM content above this point increased T, value of PMMA
and it was close to that of unmodified one. This result was opposite to that of PS
phase. This was possible that GEPDM was more compatible to PS phase than PMMA

phase in the modified acrylic sheet.
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5.16 Kinetics of thermal degradation

The initial decomposition temperature of EPDM (415.9°C) was higher
than that of GEPDM (287.2°C) due to the effect of brittle PMMA and PS phases
inside GEPDM. The thermal decomposition of the unmodified acrylic sheet
(MMA/ST = 80/20% w/w) showed the two-stage thermal decomposition. Conversely,
the modified acrylic sheet with containing GEPDM exhibited the one-stage
decomposition pattern due to the higher compatibility. The increase in the GEPDM
content promoted the higher T, value resulting from the effect of EPDM segment in
the GEPDM. The overdose of GEPDM caused.the reduction of Tjgq possibly due to the
higher incompatibility and GEPDM rﬁight be partially decomposed at the initial

decomposition process.

The E, of GEPDM (274.5 kl/mol) was significantly higher than that of
EPDM (222.5 kJ/mol). The E, of therfrﬂial{_ decomposition of the modified acrylic
sheets increased to 210.7 kJ/mol of 1.0 wt% of GEPDM which was higher than that of
the unmodified one. However, it was obsér\}'éd that the E, values of the modified
acrylic sheets decreased with increasinglJ.t_‘l;e_J-_yGEPDM content due to the higher

incompatibilization effect.
5.2 Recommendation for the future work

1. From the result of this study, ,the GEPDM should be applied for the
commetcial production scale of the.casted acrylic sheets that are used
in outdoor applications.

21 Theynew<technigues: | such™ asy miictowaves jof | plasma  graft
copolymerization should be further studied to enhance the rate of

reaction.
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Appendix A

The Overall Composition of Rubber

Table A-1 properties of ethylene-propylene-diene copolymer (NORDEL™ IP 5565)

Typical polymer Value
Mooney viscosity ML ( 65
Polymer composition (Wt%
Ethylene 50
Propylene / | 42.5
Ethylidene norb — - DA N 7.5
Molecular weight distrib [ Medium
Product density (g/cc) 0.86
Ash content (max, wt%) | 0.1
Total volatiles (max, wt%) 0.4
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Table B-1 Determination of grafting properties of GEPDM

APPENDEX B
Data of Graft Copolymerzation of MMA and ST onto EPDM
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Reaction-temp

Rubber concentration

Reaction properties €CYy AN (Wt%)
80 90 % 6 3 10 4 6 8 10
EPDM rubber content (g) 24.00 24:00 , 18.00%, 724.00 30.00 24.00 24.00 24.03 24.03
Graft Product (g) 31.98 32.20; ’ 2243 32.20 37.98 28.94 31.28 30.90 32.01
Total Conversion 3327 3410 , 124.60 34.10 26.60 20.60 25.80 28.56 33.20
Sample for soxhlet extraction (g) 3:00 3.06- 3.0 3.06 3.0 3.07 3.01 3.00 3.06
Sample after extraction by LPE (g) 0.63 0.61 =065 0.61 0.57 0.611 0.67 0.74 0.64
Sample after extraction by MEK+ acetone/_(g) 0.32 0.37 0.30 037 0.23 0.14 0.09 0.20 0.33
Free ethylene propylene diene rubber (g) 2.37 2.45 2.35 2.45 243 2.46 2.34 2.26 242
Free copolymer (g) 0.31 0.24 0.35 0.24 0.34 0.47 0.58 0.54 0.30
%Free ethylene propylene diene (%owt) 78.92 80.03 78.3 80.0 81.00 80.10 77.717 75.30 79.10
9Free copolymer (%owt) 10.35 7.98 11.50 7098 11.40 15.30 19.13 18.10 9.97
9%Graft ethylene propylene diene(%owt) 10.73 12.00  10.10  12.00 7.52 4.58 3.11 6.65 11.00
Total monomer (g) 7.98 8.19 4.43 8.19 1.97 4.94 7.28 7.86 7.98
Total free monomer (g) 331 2.57 2.59 2.57 434 4.43 5.98 5.58 3.19
Total grafted monomer (g) 4.67 5.63 1.84 5.63 3.63 0.51 1.30 1.28 4.79
Grafting efficiency (%wt) 58.54 68.66 41.60  68.66 45.49 10.42 17.82 18.67 60.04

69



Table B-2 Repeat of grafting properties of GEPDM at 16 h
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Reaction properties

Reaction time for 16 h

1 2 3 Mean S.D
EPDM rubber content (g) 24.00 24.00 24.00 24.00 0.00
Graft product (g) 35.13 34.13 3505 3477 0.6
Total conversion (%) 4640 46.54 46.04 4488 2.32
Sample for soxhlet extraction (g) 3.05 3.00 3.04 3.03 0.03
Sample after extraction by LPE (g) 0.5l 0.52 0.52 0.52 0.01
Sample after extraction by MEK+ acetone; (g) 040 0.39 0.39 0.39 0.01
Free EPDM rubber (g) 254" 2.49 2.53 252 0.02
Free copolymer (g) 0.11 0.10 0.11 0.11  0.00
%Free EPDM rubber (%wt) 8323 83.03 8322 83.16 0.10
90Free copolymer (%owt) . 3.78 3.65 3.66 340 0.06
%Grafted EPDM rubber (%owt) A299% 1332 13.11 13.24 0.15
Total monomer (g) 103 11013 1105 1077 056
Total free monomer (g) 4. :2.1‘15.33 1.24 1.28 1.28 0.04
Total grafted monomer (g) T980 8.89 9.77 9.39 0.62
Grafting efficiency (%) 88.07 87.71  88.38  88.05 0.30
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Appendix C

Data of Mechanical Properties of Modified Acrylic Sheet

Table C-1 Data of impact strength of modified acrylic sheet

Rubber Noof experiment

2 of lmpactstrength

Sample Content GE g Mean S.D
Wi%) (o) (KJ/m)
BN 3 4 5
Acrylic sheet - 4123 43.69 4250 4344 41.88 4255 1.04
Acrylic sheet | £
1.0 42062 14108 4122 41.09 40.16 4127 0.88
/EPDM : ),
1.0 . 50.00 49.85 49.85 50.78 50.00 50.10 0.97
2.0 88 _50.09 5L09 5331 5246 5246 52.08 0.39
3.0 295015 5078 50.00 50.94 50.94 50.56 0.45
4.0 5154 4923.49.03 50.19 49.0 49.80 1.09
Acrylic sheet <2104 4813 4813 484474738 47.69 4795 0.42
GEPDM <178 4859 4859 47.85 43.00 48.00 4821 0.36

18.7 4938 49.53 48.77+48.77 48.92 49.07 0.36
60.0, .. 49.54. 4938, 50.15 50.15 49.38 49.72 0.40
68.71 1 50.78" 50.947 50.94 150.78 50.78 50.84 0.09
88.1 51.09 51.09 #53.31 52.46 ©2.46 52.08 0.38

2.0




Table C-2 Data of flexural strength of modified acrylic sheet

Rubber NO'- of
experiment
Content GE
Sample %) %) of flexural strength Mean S.D
(W () ( 0 (MP a)
1 2 3

Acrylic sheet - 77.80 77.57 78.14 0.81

Acrylic sheet

/EPDM 1.0 - . 0 7494 69.74 5.1

2,50 . 92.37  93.82 245
96.80 95.58  96.75 1.13

290 7147 7194  0.81

630 56.03 56.18  0.13

Acrylic sheet ) \\‘\i.\ 80.43 1.49
GEPDM - 80.90 80.23  80.49 0.33
_I\ 83.83  83.05 0.94

" :\‘ 85.89 85.43 0.45

86.80
6.80

89.32  8&7.75 1.37
95.58  96.75 1.13

Y]

§
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Table C-3 Data of tensile properties of modified acrylic sheet

73

Rubber ¥ No. of experiment
Sample content %GE of elongation
(Wt%) S.D. at break mean S.D.
(%)
1 2 3
Acrylic shget 093 989 973 957 973 0.16
Acrylic sheet/EPDM 1 038 839 765 825 8.0 0.39
1 129 631 591 491 571 0.72
2 105 578 526 546 550 026
3 88.1 080 449 535 537 507 0.50
4 009 513 463 504 493 027
Acrylic sheet/GEPDM 10.4 w 10 5920 613 ~ 524 523 493 513 0.17
ﬁn ﬁ’ 525 485 459 4389 0.33
a u ’J ﬁi] Vl w gj ﬂ ﬁ-ﬂ 485 479 508 491 0.6
2 ﬁl 524 | 569 539 0.26
Q ﬁ(’j a &f] ‘iju 3‘1 ﬁ f] ’li‘l EJ’i EIJZ 521 547 530 0.5
7410 7210 7374 73.32 526 546 549 026

€L



Table C-4 Data of opacity of modified acrylic sheet

No. of
Rubber experiment
Simple . o - B of opacity Mean  SD
W% (%) o)
] 2 3
Acrylic sheet - 1256 1271 12.62 1263  0.08
Acrylic sheet
. /’éPDM 1.0 2800.728.08 2882 2830 045
1.0 71666 1683 1674 1674  0.09
207 o 1832 1844 1840 1839 0.6
3.0 72193 219302196 2194  0.02
4.0 /2172 2200 2150 2174 025
Acrylic sheet 104 2873 2878 2864 2872 007
GEPDM 7.8~ 2616 2628 12622 2622  0.06
4 187, 2370 2347 23.09 2342 031
y 60.0 2372 2343 2333 2349 020
68,7 1877 1846 1879 1867  0.19
1832, 1844 1840 1839  0.06

g5




Appendix D

Data of Mechanical Properties of Modified Acrylic Sheet

after Thermal Aging

Table D-1 Data of impact strength of modified acrylic sheet after thermal aging

75

No! of experiment

Rubber
Sample content - ¢ of ifiac st;rength Mean S.D
(Wt%) (KJ/m®)
TERY 3 4 5
Acrylic sheet - 4369 43.69 4492 4431 43.54 4363 093
Acrylic sheet/ —
.00 43.08 4323 4523 43.75 4523 44.10 1.06
EPDM ),
1 51.;_54 50'93 51.54 51.72 51.54 5149 1.10
2 52:41 52i$—1,_ 53.62° 52.92 5292 5226 0.31
3 88.1" /5215 52£J 520 55.31 5422 5330 143
4 7 5169 520 5044 51.19 51.92 5205 0.2
- 104 4888 4828 4781 47.08 47.54 48.50 0.66
Acrylic sheet/ 5 o ‘
17.8 4922 4922 48.62 48.62 48.46 48.83 0.36
GEPDM |
“18.7  50.47 50.63 49.85 “49.69 50.54 5224 148
2 60.0. ~50.46- 51.38.,50.31-, 51,38. 50.46 50.80 0.53
68.7 ' 50:94" 51.56" 50:94 '52.19° 51.56 5144 0.52
88.1 5241 51.41 5362 5292 5092 5226 1.10
66.4 ¢ 50975077 |1 50.94 | 50.46 50.46 50.68 0.21




Table D-2 Data of flexural strength of modified acrylic sheet after thermal aging

76

Rubber No. of experiment

Content GE of flexural strength
Sample Mean S.D
wt%) (%) (MPa)
Acrylic sheet 66.76 228
Acrylic sheet/
| 80.71  0.13
EPDM |
| S 91.57 145
80.10¢F 1 \ 89. 9025 1.45
\\ 76. 7417 187
69,30, ‘N 6760  3.12
Acrylic sheet/ 0.4 &@g&o T"\\ 7002 7173 170
GEPDM " 7296 7395 211
187 E5a0 5.1 7473 7473 036
= /44 73.95 3.18
76 7795  3.08
1];9.73 9025 145

ﬂ‘NEJ’J‘VIEJﬂﬁWEJ’]ﬂ‘i

’QW']&NﬂiELJ lIVI']’JﬂEﬂﬂ d



Table D-3 Data of tensile properties of modified acrylic sheet
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Rubber No. of experiment

Content , of elongation at break

Sample (Wi%) %GE %) mean S.D.
1 2 3

Acrylic sheet 6835 1662 1504 1663 1610 091
Acr;l;:)ﬁew : 1.0 154.53 7.49 899  9.12 8.53 0.91
1.0 70.10 533 6.41 4.66 5.47 0.88
2.0 75.42 5.03 5.88 5.64 5.52 0.44
3.0 81 5543 5.48 522 530 533 0.4
4.0 55.08 5.28 5.30 5.30 5.29 0.01
- 10.4 55.03 445 4.54 431 443 0.12
17.8 57.38 5730 0.05 426 447 438 437 0.11
Acrylic sheet/ : 18.7 ﬂzu EJQ w& ﬂ §7w ﬂ rlﬂ ‘j 4.40 4.19 4.91 450 037
OEPDM 20 | 59. 14 5893 5961 5923 an 035 5.36 5.24 5.42 0.22
sa RARINIALNBAINEN alf;l
s_s.1 75.42 74.14 7400 7452 0.78 5.03 5.88 5.64 5.52 0.44

LL
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Table D-4 Data of opacity and AE of modified acrylic sheet after thermal aging

No. of experiment

Rubber : 4 -
Sample _ of opacity No. of experiment
Content %GE : mean mean
SD. . SD.
(wt% (%) of AE
1 2 S 1 2 3
Acrylic sheet 7.24 168 /£ 48" 746 \ 021 0.53 035 047 045 0.09
, . 7y
Aslce 23.68 2345/ 2178 W97, | 104 274 246 247 256 0.16
EPDM 4 =94
add v ol i
1 11.70 156 f 1res  1ed, 007 1.42 145 135 141 0.05
2 14.50 1446 1425 1440, 0.3 234 237 215 229 0.12
g - 1600 619 1612 1610 010, [ 272 260 280 271 0.10
4 | 2042 4080 2078 2067 021 ' 323 283 28 296 0.23
Ascylic: shoet! 10.4 20.04 2008 2002 2005 003  3.00 286 293 293 0.07
GEPDM ' |
| 17.8 16.53 1636~ 16.781 1 116:560 51 021 2.92 265 28  2.80 0.14
18.7 15.84 1576 © "1590° " '1583" ' “0.07 2.88 270 276 278 0.09
5 : :
60.0 16.84 16,73 1676 ¢ | 1678~ - 0.06 2.51 268 285 268 0.17
68.7 14.78 1486 1485 1483 0.04 2.66 253 237 252 0.15

88.1 14.50 14.46 1425 1440 0.13 224 2.37 2.14 225 0.12

8L
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Appendix E

Data of Mechanical Properties of Modified Acrylic Sheet
~after UVAgeing |

Table E-1 Data of impact strength 0 ic sheet after UV aging

Rubber
Sample Conten Mean ' SD
i 5

Acrylic sheet 4585 44.06 4574  2.69

Acrylic sheet/ L
EPDM 1.0 5031 5106 4980 123
1.0 4954 5054 4980 0.72
2.0 5194 5074 5143 187
3.0 4585 5077 4747 2.10
4.0 —43 /50.00 50.00 49.25 0.88
Acrylic sheet/ | D 04 - £75016 4754 4TT0 24
GEPDM 178 4738 5049 47.54 4394 4831 4753 236

Are TedSWgIng o o

68.7 4831 50.77. 59.54 50.77, A8.31 51.54 4.64

U AT 6198 81 9o
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Table E-2 Data of flexural strength of modified acrylic sheet after UV aging

.Rubber No. of experiment
Content %GE ~ of flexural stren
| 1 2 3
Acrylic sheet - 65.95 58.06 68 64.00 5.25
Acrylic sheet :
/EPDM 1 85.87 79.19 69.42 78.16 8.27
1 ', 73.28 76.17 69.97 73.14 3.10
2 881 1159 1251 128 123.0 6.32
3 “11319 107.4 120.3 113.87 6.45
4 84.98 95.91 89.53 90.14 5.49
Acrylic sheet/ 104 66.76 82.87 72.47 74.03 8.17
GEPDM 17.8 80.11.% ' 63.78 . 76.09 73.33 8.51

187 [ 7570 7246 16768 7195  4.03
600 | 773970 " 7525 . 8025 7649 332
687/ , 1123, 9375 =~ 9886 10164 9.8

884 1159 ) 1251 128 123 632

o :IJ_.J
o




Table E-3 Data of tensile properties of modified acrylic sheet after UV aging

81

No. of experiment
Rubber of elongation at break
Content %GE % mean S.D.
Rubber type (Wi%) (%)
1 1 2 3
Acrylic sheet 62.48 426 368 445 413 040
Acrylicsheet/ 1.0 1.0 44.60 3.30 2.94 257 294 037
EPDM
| 1 4724 3.61 360 341 354 011
2 55.94 4381 421 4.19 4.40 0.35
88.1
3 44.69 3.43 3.29 3.70 3.47 0.21
4 42.96 “3 87 ! ' 3.17 3.46 .12 325 0.18
/ . 04 4 % ) A7 2.78 0.28
Acrylic sheet/ 10.4 44.62 94 ’ 7 2.62 2.87 2 :
GEPBM 17.8 4572 872 4448 4464 101 2.84 2.91 293 289 005
5 18.7 ﬂéu ﬂfa ‘y] gm ‘js?i 8 1’]1 ﬂ ‘js 02 2.95 285 294 0.08
60.0 44, 72 4526 45.64 ., 117 3.44 2.69 3.12 0.38
ssﬂ WA ﬁmmmm %EJ’]&EI
421 419 440 035

88.1

5594 5472 5484 5517  0.67 481

18



Table E-4 Data of opacity and AE of modified acrylic sheet after UV aging

Sample Rubber - exwt T No. of experiment
Content  %GE of opacity
(Wt% @) '. ean S.D. of AE mean S.D.
]

1 - F 4 -3 :L i 1 2 3

Acrylic sheet 825 826/ [ 824 | 825 001 1005 1047 1052 1035 026
- 4 .
Aerylicishoet 1.0 2194 #2487 2419 ?jj.g3:_77 150 1712 1436 1536 1561 140
: 112 Jlog 1104 1107 004 1369 1174 1049 1197 161
2 851 14.54 1506 - 14.07 4_45’6 050 1206 1226 1240 1224 017
3 2036 1994~ 2032 2021 023, 1552 1560 1690 1601  0.77
4 213171931 1836 1968 053 | 1626 1585 1534 1582 046
Acrylic sheet/ 104 1337 1323 1326 1329 007 1464 1474 1428 1455 024
GEPDM

178 1654 1588 1653 1632 038 _ 1483 1492 1397 1457 052
) 187 163410 L1674 | 1621 | 1643 028" | 9487 1483 1439 1470 027
60.0 1726 _16.88_. 1704 1706 = 019, 1275 . 1278 1266 1273  0.06
687 " T135170 Y1374 U V1383 1369 U 017 1308 1343 1320 1244 018
88.1 1454 1506 1497 148 028 1206 1226 1240 1224 0.7

Q



- Appendix F

Dat_a of Tlér-al Properties of Unmodified and Modified
Acrylic Sheet
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'Figure F-5§ DSC thermegram of acryhc sheet containing 1.0 wt% of GEPDM
o3 (%GE 88.1%).



ng 2.0 wt% of GEPDM
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End 393C  End 632°C End  1133°C
10 4 ; :
I I I | B - | 1] L
40 0 4 80 120 160 200 240

Temperature (°C)

Figure F-7 DSC thermogram of acrylic sheet containing 3.0 wt% of GEPDM
(%GE = 88.1%).
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Appendix G

Calculation of Activation Energy of Thermal Decomposition
| of Modified Acrylic Sheets

This calculation follows the Kissinger method to determine the kinetic
parameters such as activation energy and precxponential factor by thermogravimetry,
based o the assumption that the decomposition obyes first-order kinetics.

The modified acrylic sheet'Wwith containing 2 wt% of GEPDM (88.1%GE) is used for

an example. |

(1) Record the degradaﬁoi temperattfres_. at different heating rate as showed in
figure G-1 and Table G-1 ‘

== ’ —€—2.5°C/min

== _ =#~—5°C/min

~ L —e~1¢C/min
o .

150 200 250 300 350 400 450 500 550
: Temperature (°C)

Figure G-1 Mass lbss curves of modified acrylic sheet with containing 2 wt% of
GEPDM (%GE = 88.1%) at various heating rates.
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Table G-1 Degradation temperature of modified acrylic sheet with containing 2
wt% of GEPDM (%GE = 88.1%) at various heating rate

Heating rate (°C/min) 25 5 10
Degradation temperature (°C) : 367.89 | 371.67 | 38149

(2) Plot the logarithm of the h ressed as kelvin per min versus
the reciprocal of the absols perature (1) at which the

conversation lcv@ed.!ﬁ stqﬁ;as shown in Figure G-2 show

result. 7 Y

W
i‘* A

N

p
'1 0.0 F » - é r
7
105 i

-11.0 1

In(b/T,?)

-1 ",t
|/

i o W . T — N -

AWty



(3) Calculate an estimation of the activation energy (E,) as shown in eq (D-1), use
of the value of slope obtained from '

o8]t

Where : =
T, and a, )

(®-1)

position tempcrature
maximum wcight-loss rate, R
J/(mol*K)

(dov/dt),

Iﬂ
ﬂuEJ’J'VIEW]‘iWEJ’m‘i

QW’]ﬁNﬂiﬂJ ummma 3]
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Table G-2 Activation energy of modified acrylic sheet at various of GEPDM content

Heating

1/T
Sample rate C) T,K ) In(b/T,2 Ea
(°Clmin) %(°C) »(K) (Kg n(b/T,") Slope Intercept (KJ/mol)
2.5 436.58 709.58 1.41 -12.21
EPDM 5 448.69 721.69 1.39 -11.55 -26.76 25.90 222.44
10 “ ,f/ -10.88
- 2.5
GEPDM 5 -33.02 34.28 274.49
10
2.5
without GEPDM
first stage - 2206 2983 18341
10.0
2.5
without GEPDM
ppeidpeniot 24 -4.91 308 4083

10.0

1 wt% GEPDM 2.5
-25.34 13.70 210.68

10.
i i
2 wt% GEPDM 2.5 367 89 640.89 2. 72 -12.0
ﬂs 0 644.67 -11.33 -13.04 23.58 108.45
3 wt% GEPDM 359.60 632.60 2.78 -11 98
q wmﬂmm umﬂmﬁa
4 wt% GEPDM 2.5 365.05 638.05 2.74 $-12.00
5.0 369.68 642.68 2.71 -11.32 -9.02 12.87 75.00

10.0 384.06 657.06 2.60 -10.67
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