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ABSTRACT 

 

Full Name : Mukarram Zubair 

Thesis Title : Modification of styrene methyl methacrylate copolymer in the presence 

of pristine and modified graphene by using microwave irradiation 

Major Field : Chemical Engineering 

Date of Degree : December 2013 

 

Poly(styrene-co-methyl meth acrylate)/graphene and poly(styrene-co-methyl meth 

acrylate)/modified graphene nano composites were prepared via melt blending. The effects 

of pristine (G) and modified graphene (MG) and microwave irradiation on the properties 

of styrene-co-methyl meth acrylate (P(S-co-MMA) polymer matrix were studied. 

Modification of graphene was done by chemical oxidation method using nitric acid. The 

nanocomposites were irradiated under microwave at different time intervals (5, 10 and 20 

minutes) with fixed power of 1000Watt. Compared to pristine graphene, modified 

graphene showed improved interaction with P(S-co-MMA) polymer after melt mixing and 

microwave irradiation. The mechanism of formation of covalent bonds and improved 

interfacial interaction of pristine and modified graphene with P(S-co-MMA) polymer 

matrix induced by microwave irradiation was attributed to the formation of defects on 

graphene and free radicals on P(S-co-MMA) polymer chains explained by FT-IR, Raman 

spectroscopy and XRD studies. There was significant increase in the storage modulus of 

P(S-co-MMA) polymer after addition of pristine and modified graphene and microwave 

irradiation. However at higher irradiation duration, degradation of polymer 

nanocomposites occurred. The DSC results showed a considerable increase in the Tg value 

of the nanocomposites. The electrical conductivity of the nano composites were also 
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improved after irradiation. The state of creation of crosslink network and degradation of 

polymer nanocomposites during irradiation was assisted by SEM. The study provides an 

alternative, easy and green method to enhance the molecular level interaction and hence to 

provide a stronger interfacial adhesion between graphene and the P(S-co-MMA) matrix, 

which significantly changed the final properties of composites. 
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ملخص الرسالة   

 
 
 

 مكرم زبيراالسم الكامل : 

تخدام أشعة باسالمعدل تعديل الستايرين كوبوليمر ميتاكريليت الميثيل في وجود الجرافين البكر وعنوان الرسالة :  

 الميكروويف

 التخصص: الهندسة الكيميائية

3102نوفمبر  تاريخ الدرجة :  

-Poly(styrene-co)   الميثيل ميث أكريالت ( / الجرافين- بولي )ستيرين لقد تم تصنيع مركبات متناهية الصغر  لكال من

methyl meth acrylate)/graphene) المعدل الميثيل ميث أكريالت ( / الجرافين- و بولي )ستيرين (poly(styrene-

co-methyl meth acrylate)/modified graphene )  ولقد تم دراسة تاثيرات كال  . باستخدام طريقة اذابة المخاليط

-styrene-co نسيج البوليمر ل و أشعة الميكروويف على خصائص  ( MG ) الجرافين المعدلو( G) البكر من الجرافين 

methyl meth acrylate (P(S-co-MMA)  . تم تعديل الجرافين باستخدام طريقة األكسدة الكيميائية باستخدام حمض

و  01، 5المشع على فترات زمنية مختلفة )  تعريض مركبات البوليمر متناهية الصغر باستخدام اشعة الميكروويف  النتريك. تم

 طالترابتحسين  المعدلأظهر الجرافين  .ن البكربالمقارنة مع الجرافيواط .0111    الطاقة الكهربائية  دقيقة ( مع قوة ثابتة من 01

الميكروويف. آلية تشكيل روابط تساهمية و تحسين التفاعل تعريضه االشعة ط و يخلالبعد ذوبان  P (S-co-MMA) بوليمر   مع

ن الجرافيتشكيل العيوب على لالبوليمر الناجمة عن أشعة الميكروويف  P (S-co-MMA) المعدل ببينية من الجرافين البكر و

 -FT مقياس الطيف باستخدام متحول فورييه ها باستخدامتفسير تمسالسل البوليمر P (S-co-MMA) والجذور الحرة على

IR رامان الطيفي و ، XRDوكان هناك زيادة كبيرة في معامل تخزين . P (S-co-MMA)  البوليمر بعد إضافة الجرافين

 .استخدام مده عالية من االشعاع تسببت في تدهور مركبات البوليمر المتناهية الصغرلكن عدل و أشعة الميكروويف. ووالمالبكر 

. وتم تحسين ل مركبات البوليمر متناهية الصغر (gT( درجة حرارة التحول الزجاجي زيادة كبيرة في قيمة  DSCأظهرت النتائج

مركبات البوليمر متناهية  تشعبي وتدهورالشبك الة إنشاء حال بعد التعرض لالشعاع.ركبات النانو أيضا بعد مالموصلية الكهربائية ل

 تعزيز التفاعلل وصديقة للبيئة طريقة سهلة وبديله  وتقدم الدراسةSEM.     التعرض لالشعاع تم دراسته باستخدام خالل  الصغر

ة، التي غيرت بشكل كبير المصفوف P (S-co-MMA) المستوى الجزيئي ، وبالتالي لتوفير التصاق بينية أقوى بين الجرافين و

 .لمواد المركبةل ةخصائص النهائي
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1 CHAPTER 1 

INTRODUCTION 

1.1 Background 

Now a day’s polymers are increasingly used for the fabrication of both high tech and 

consumer products on account of their attractive properties. With little modification they 

can achieve desirable mechanical, thermal and optical properties with low cost and light 

weight. This makes them superior over traditional engineering material such as metals. 

Among low cost commodity polymers polystyrene and poly methyl methacrylate are 

widely used in industries after polyolefin. They are successfully applied in different fields 

such as bio materials, protective coatings, microelectronics, tissue engineering, thin film 

technology, solar technology etc. [Peter et al 2009, Jason and Kristi 2002, Yoshihiko et al 

2008, Larry et al 1993]. Polystyrene is a hydrophobic and thermoplastic polymer. It 

exhibits good optical property, excellent chemical stability. It is preferred to use in the 

manufacture of products which are in contacts with body fluids such as packaging 

materials, containers, micro beads and micro plates [Revilla et al 1996, Kawaguchi 2000, 

Janssen and Riosa 1989]. Poly methyl methacrylate is a low cost thermoplastic polymer. It 

possesses excellent properties such as high transparency, ease to structure, resistant to 

weather [Dorranian et al]. In addition it attains good mechanical and thermal properties 

[Kaniappanand Latha 2011]. 
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For the success of polymeric materials in various applications, special properties such as 

chemical structure, wettability, hardness, crystallanity, lubricity, roughness, optical 

property, crosslinking density, and high mechanical and thermal properties are 

prerequisite. Different physical and chemical treatment methods are available to modify 

these materials and make them successful in different fields. 

Nano composites, especially carbon nano materials, revealed remarkable improved 

properties, at very low loading content, when incorporated in to the polymer matrix. In 

particular graphene and its polymer composites have attracted tremendous applications in 

modern science and technology [Stankovich et al 2006, Si and Samulski 2008, Geim and 

Macdonald 2007]. Graphene is regarded as the “thinnest material” in the universe. It is a 

single layer sp2-hybridized carbon atom arranged in two dimensional densely packed in a 

honey comb crystal lattice illustrated in Figure 1.1. [Graphene research centre online]. 

 

Figure 1-1: Structure of Fullerene, Carbon nano tube and Graphene 
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Graphene unveils superior properties such as high surface, high tensile strength and aspect 

ratio, excellent thermal, electrical and mechanical properties, and low coefficient of 

thermal expansion [Dreyer et al 2010, Wang et al 2009, Blake et al 2008, Rodolfo and 

Amadeo 2009].These unique properties makes graphene more demanding in different 

technology fields such as conducting films [Kim et al 2009, Li et al 2008], sensors [Geim 

and Novoselov 2007, Robinson et al 2008], super capacitors [Stoller et al 2008], nano 

electronics [Eda et al 2008], batteries [Yoo et al 2008] and bio medicals. [Xu et al 2008]. 

Table 1.1 [XG Science Online] shows the typical physical properties of grapheme. 

 

Table 1-1:  Typical properties of Graphene Nano platelets 

Property 
Typical Value 

Parallel to surface 

Typical Value 

Perpendicular to 

surface 

Unit of Measure 

Density 2.2 2.2 gram/cc 

Carbon Content >99.5 >99.5 percent 

Thermal 

Conductivity 
3000 6 Watt/meter-K 

Thermal Expansion 4-6 x 10-6 0.5-1 x 10-6 m/m/deg-K 

Tensile Modulus 1000 Na GPa 

Tensile Strength 5 Na GPa 

Electrical 

Conductivity 
107 102 Siemens/meter 
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In literature, three techniques, in situ polymerization [Hu et al 2010], melt mixing [Zhao et 

al 2007] and solution mixing [Stankovich  et al 2006] are extensively used to produce 

polymer nanocomposites.  Among them, melt mixing is an easy, economical and efficient 

technique in which high temperature and strong shear forces are used to mix solid polymer 

and nano fillers. Due to high temperature and shear force, the polymer chains may degrade 

during melt mixing and generate free radicals [Zhang et al 2006]. These low molecular 

weight chains (degraded) may provide easy dispersion of nano fillers like graphene and 

may form covalent bonding with graphene [Wenge at al 2011]. In comparison to the in-

situ polymerization and solution mixing, melt mixing is not effective to provide same level 

of dispersion and strong interaction of nano fillers with polymer matrix [Kim et al 2010]. 

This may be due to the high surface area of bulk graphene, which may possibly to 

agglomerate when incorporated in to the polymer matrix [Geng et al 2009, Kuilla 

2010].Therefore, in order to succeed maximum improvement in properties of 

polymer/graphene composites, the most challenging step is to achieve high level of 

molecular dispersion and interaction between graphene and polymer matrix. Different 

approaches has been investigated such as use of peroxide during melt mixing [Daneesh et 

al 2007], functionalization of graphene such as oxidation of graphene [Lerf et al 1998] by 

adding oxygen functionalities like hydroxyl, carboxylic acid and other organic groups like 

phenyl isocynate [Stankovich(b) at al 2006], prophyrin[Xu et al 2009] and epoxy 

groups[Bourlinos et al 2009] and implication of low molecular weight polymer chains 

[Guozhang et al 2010] to crop higher dispersion and better filler-matrix interfacial adhesion 

but scientists are still looking for more appropriate method to attain high interaction 

between graphene and polymer matrix 
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Modification of polymers and polymer nanocomposites using radiation technique is 

gaining widespread acceptance and suggested as an alternative of conventional chemical 

method [Spadaro and Valenza 2000] because of several advantages. Types of radiations 

used in literature for modification of polymers includes e-beam, microwave, gamma, UV, 

X-rays, ion beam. These radiations when absorbed in the polymer generate a free radical 

from the polymer chains. This free radical is responsible for several reactions pathways 

which lead in the arrangement or formation of new bond structure. The major reactions 

occur during radiation processing are crosslinking, chain scission (degradation), formation 

of oxygen based functionalities (oxidation) and grafting (in the presence of monomer) 

[Gueven 2004].Similarly when radiation absorbed on the surface of graphene, defects form 

on graphene [Cataldo 2000] which results in changing of properties of graphene 

[Teweldebrhan and Balandin 2009, Ting et al 2013]. The detail description of radiation 

chemistry of polymers and graphene is described in chapter 3. Microwave radiation; an 

electromagnetic radiation with frequency ranges from 300 MHz to 300 GHz. is gaining 

more acceptances in synthesis and modification of polymer materials. Compared to other 

radiation techniques, it is an easy, cheap and green technique [Brett and Christopher 2005]. 

It has capability to provide efficient heat, with very short reaction time and also very simple 

to process. 

In this study the blends of poly (styrene-methyl methacrylate) copolymer with pristine and 

modified graphene were prepared and exposed to microwave radiation illustrated in Figure 

1.2. The effects of pristine and modified graphenes on the chemical structure, surface 

morphology, mechanical and thermal behavior of styrene-methyl meth acrylate copolymer 

with and without microwave radiation will be studied. 
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Figure 1-2: Synthesis of P(S-co-MMA) polymer and preparation of P(S-co-MMA) 

composites with pristine and modified graphene and modification using microwave 

irradiator. 
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2 CHAPTER 2 

OBJECTIVES 

 Synthesize the Poly (styrene methyl meth acrylate) copolymer using free radical 

polymerization technique. 

 Modification of graphene by chemical oxidation method. 

 Blending of Poly(styrene methyl meth acrylate) copolymer with pristine and 

modified graphene using melt mixing technique. 

 Investigate the effects of pristine and modified graphene on the chemical structure, 

surface morphology, and mechanical and thermal properties of styrene-methyl 

methacrylate copolymer. 

 Modify the structure and physical properties of the polymer nanocomposites using 

microwave irradiation method. 

 Evaluate the influence of operating parameters of microwave radiation on the 

mechanical and thermal properties of the polymer nanocomposites. 

  



8 

 

3 CHAPTER 3 

LITERATURE REVIEW 

3.1 Radiation 

 

Radiation is the energy in the form of waves or particles comes from different sources and 

travel through different materials. In general we have two types of electromagnetic 

radiations, i.e. non-ionizing radiation and ionizing radiation [Encyclopedia of Occupational 

Health and safety 1998] as shown in Figure 3.1. 

 

Figure 3-1: EMS of non-ionizing and ionizing 

Ionizing radiations are produced by unstable material also termed as radioactive materials. 

They contain high energy per photon and also termed as high frequency radiations. It 

includes gamma rays, x-rays, infrared. 

Non-ionizing radiation are low frequency radiation and contain low energy per photon. It 

includes UV, light, visible and microwave and radio waves.   
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3.2 Microwave Radiation 

 

Microwaves are low energy non-ionizing radiations. It comes in between radio and Infrared 

radiation, ranges from 300GHz to 300MHz with corresponding wavelength of 1mm to 1m 

respectively. The energy contain per photon of microwave radiation is between 10-4 to 10-

2 eV as shown in Figure 3.2 [Encyclopedia of Occupational Health and safety 1998. 

 

Figure 3-2: Wavelength, frequency and energy of photon of electromagnetic radiation 

 

Commercially microwave radiations are extensively used in telecommunication industry 

for transmission of information and in different industries, scientific research and medical 

laboratories for transmission of energy. 
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3.2.1 Microwave Interaction with polymers 

The interaction of microwave with different materials depends on the di-electric properties 

of that material such as di-electric constant which is the key property for analyzing 

interaction of microwave with the material and it is defined as “ratio of the electric 

permeability of the material to the electric permeability of the vacuum” 

Polymeric material such as plastic exhibit good di-electric properties, thus consider the best 

applicant for microwave treatment. Polar polymers contain high dielectric constant than 

non-polar polymer and therefore have high interaction of microwave radiation. The di-

electric constant of some materials are shown in Table 3.1 [Dariusz 2007]. 

Table 3-1:  Di-electric constant of some materials at 20°C 

 

Another important property to analyze the interaction of microwave radiation with the 

material is the loss tangent (tan δ ) defined as “ the ability of any substance to convert 

microwave energy in to heat energy at a given frequency and temperature”. This property 

is useful for solvent used in microwave treatment. High values of tan δ and ε’ are required 

for fast heating. 
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tan δ = 
ε′

ε′(1) 

where, 

 ε’= di-electric constant 

ε’’ = loss factor , efficiency with which the microwave converted in to heat 

3.2.2 Microwave Penetration Depth 

Penetration depth is defined as “Distance from the material surface where the power 

absorbed is equal to 1/e of the power absorbed at the material surface”. The penetration 

depth is inversely proportional to the frequency of microwave radiation and also depends 

on the di-electric properties of the substance. Table 3.2 [Kubel 2005] shows the penetration 

depth of microwave radiation on different substances. 

Table 3-2:  Microwave (2.45 GHz) penetration depth (Dp) in some common materials 

 

Penetration depth of substance whose loss tangent is less than 1 can be calculated from the 

expression below. 
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𝐷𝑝 =
λo√𝜀′

2𝜀′′
                                                                                 (3.2.1) 

λo= wavelength of radiation. 

3.2.3 Microwave Radiator 

In our experiment we have used the domestic microwave oven. It consist of two major 

parts (i) the applicator in which the sample is kept.(ii) the generator which consist of 

magnetron for producing microwave. Magnetron are vacuum devices consist of anode and 

cathode. The material of cathode used in domestic microwave magnetron is thorium 

tungsten with carbonized surface [Tomokatsu 1979]. Figure 3.3 [Dariusz 2007] illustrates 

the schematic diagram of microwave radiator. 

 

Figure 3-3: (a) Schematic diagram of domestic microwave oven, (b) magnetron of 

microwave oven 
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3.2.4 Application of Microwave radiation in modification of polymers 

In 2004 Mojtaba.S et al used domestic microwave on polypropylene surface in the presence 

of KMnO4at 120°C. It was found in the improvement in wet ability, adhesion strength of 

polypropylene film after irradiation which is due to the oxidation of the polypropylene 

surface. The author concluded, this is a simple and effective method to modify the surface 

of polypropylene compared to conventional heating system. 

In 2005, Gorin D.A et al studied the effect of microwave radiation on the polymer 

microcapsules made of poly(sodium styrene sulfonate) (PSS) and poly(allylamino 

hydrochloride) (PAH) containing inorganic nano particles. The microwave frequencies 

used were 2.45GHz and 8.208GHz and sample treated at different powers. The SEM graph 

illustrated that microwave radiation produced partial or complete damage of the 

microcapsules contain Ag-nano particles. Thus it was concluded that microwave radiation 

can be used for opening of these microcapsules made of these polymers.  

In 2007, D. Di Claudio performed the annealing of TiO2 film (doped in quartz substrate by 

sol gel dip). This was performed using microwave irradiation at 2.45 GHz and 600watt 

power for 10min and conventional heating for 3hrs and 600°C. Results from XRD showed 

that in both methods formation of antase exhibited. The crystallite size of the film exposed 

to microwave and conventional heating was 9nm and 15nm respectively. The grain size 

obtained from AFM was in the range of 10-20nm for microwave exposed film and 20-

25nm for conventional heated film. Thus the results proved that in contrast to conventional 

heating, microwave irradiation has potential to perform annealing of TiO2 films with 

reduced time, cost and low energy input.  
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In 2008, Lim H.R et al irradiated the films of polyurethane using microwave induced argon 

plasma system  at f=2.45GHz and power of 1kW.After irradiation , the author found a 

significant increase in surface roughness of PU films and decrease in contact angle after 

treatment of 12.4seconds. This behavior reveals that after irradiation of PU films increase 

in hydrophilicity occur which makes the PU films desirable for tissue engineering. 

In 2009, Ali Khadenhosseni et al succeeded to crosslink PEG, by the formation of 

microstructure of PEG based acrylate using microwave thermal crosslinking method. The 

reaction completed in only 10seconds and there was no degradation of polymer observed. 

In 2012, Vakce et al investigated the carbonization of wood by using microwave radiation 

at f=2.45GHz. Microwave irradiation method was found the best pretreatment to form 

carboneous material such as O-H, CO-OH and C=O on the wood surface compared to other 

conventional treatment method. After treatment at 3mins the degradation of the wood 

started.  

3.3 Radiation processing of polymers 

3.3.1 Chemistry of Radiation 

When the polymeric material is exposed to radiation, energy of photon absorbed by the 

polymer chain and transforms this into valence or binding electron (free polymer radical) 

by abstracting hydrogen from polymer backbone. This formation of free polymer radical 

is termed as Initiation. 
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 Initiation 

The minimum energy required to open the polymer chain and generate the free polymer 

radical is 5-10 eV [Czvikovszky 2003]. This polymer free radical then leads to the 

crosslinking, chain scission, photo oxidation and secondary reactions. [Jan F.Rabek 1996] 

                                                          P-H          hv           P
.
+ H

.
 (3.3.1) 

 Propagation 

Polymer radical in the presence oxygen readily react with oxygen to form peroxy radical.  

                                           P
.
 + O2 -------------------------POO

.   
 (3.3.2) 

The rate of formation of peroxy depends on the structure of the polymer  therefore different 

polymer have different amount of peroxy radical formation. 

Peroxy radical abstract hydrogen from the polymer chain and form hydroperoxide with 

generation of new polymer radical. 

                                            POO
.
 + PH --------------POOH + P

.
 (3.3.3) 

The hydrogen atom abstruction occur normally from tertiary carbon atom [Jan 1996] 

                                 POO
.
 + CH2—RCH---CH2POOH + CH2RC

.
CH2 (3.3.4) 
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 Chain Branching 

In chain branching, decomposition of hydroperoxide group occur by radiation. This gives 

peroxy and hydroxyl radical [Carlsson DJ a,b 1976 and 1969] 

                                           POOH          hv               PO
.
+ OH

.
 (3.3.5) 

These hydroxyl and peroxy radicals abstract hydrogen from the same or nearby chain to 

form hydroxyl group and generate polymer radical. 

                                         PO
.
 + PH                     POH + P

.
 (3.3.6) 

                                           HO
.
 + PH               H20 + P

.
 (3.3.7) 

The hydro peroxide and hydroxyl group both form along the polymer chain or on its end 

but forming at the end is rare. [Jan 1996] 

 Termination 

It is the bimolecular recombination of polymer radical. 

                                            P
.
 + P

.
             PP (3.3.8) 

                                    P
.
 + PO

.
                                POP (3.3.9) 
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                                P
.
 + POO

.
                                   POOP (3.3.10) 

                            PO
. 

+ POO
.
                                      POOOP (3.3.11) 

At high pressure of oxygen last two reactions are dominant and at low pressure of oxygen 

other termination reactions occur. 

3.3.2 Radiation Polymer Crosslinking 

Crosslinking is a process of forming three dimensional network of polymer chain. 

Crosslinking of thermoplastic polymer change to thermoset polymer which results in high 

molecular mass, improved mechanical properties such as tensile strength, impact strength, 

abrasion resistance etc. and also improved thermal properties which are desirable for 

different applications [Narkis 1982, Sawatari and Mastuo 1987]. The Figure 3.4 illustrates 

the crosslinking behavior using radiation. 

 

Figure 3-4: Crosslinking behavior using radiation 
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During irradiation of polymer both crosslinking and chain scission occur simultaneously. 

The amount of chain scission and crosslinking depend on the chemical structure of the 

polymer, physical state of the system and most important the radiation conditions (radiation 

time and power). From the literature it is found that the first three reactions in termination 

cause crosslinking of the polymer structure [Jan 1996 ].The Table 3.3 [Nabio 1989] 

illustrates the number of crosslinking G(x) and chain scission G(s) per 100eV of energy 

absorbed of some polymers. 

Table 3-3:  Crosslinking and chain scission of polymer by radiation 

Polymer G(X)”Crosslinking” G(S)”Chain scission” 

LDPE 1.4 0.8 

HDPE 2.1 1.3 

Poly methyl methacrylate - 1.22-3.5 

Polystyrene 0.045 <.018 

PVC 2.15 - 

Poly methyl acrylate 0.55 0.18 

 

3.3.3.1 Improvement of properties by cross linking  

 

Following are the properties of polymer can be enhanced by formation of crosslinking in 

the polymer structure.  
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 Increased Tensile Strength and shrink-memory  

 Stress Cracking Resistance (ESCR)  

 Increased Form Stability and Improved Impact Strength 

 Heat Resistance  

 Resistance to Abrasion  

 Resistance to Solvents  

 Reduces Elongation (stretch) 

3.3.3.1 Advantages of Radiation Crosslinking 

 

Following are the advantages of radiation crosslinking of polymer over other conventional 

methods [Lewis 2010, Gueven 2004]. 

1. Using radiation different types of polymer can cross-linked. However chemical or 

conventional methods are limited to only few polymers. 

2. No addition of additives or catalyst to start the reaction. Initiation starts by 

generation of polymer free radical due to absorption of heat in the polymer chain. 

3.  Control of reaction during radiation is easy by controlling the dose of radiation 

however in chemical crosslinking the control of reaction is very sensitive. 

4. In radiation, reaction takes place at room temperature and complete in few 

seconds/minutes. 

5. Low consumption of energy in radiation processing whereas chemical crosslinking 

is high energy process 
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6. In radiation processing, no possibility of unwanted residual in products obtained. 

However in chemical crosslinking there is potential of unwanted residuals in the 

product due to the presence of additives or catalyst. 

3.3.3.1 Parameters of Radiation crosslinking 

 

Radiation crosslinking of polymer mainly depends upon four important parameters 

[Tamboli et al 2004]. 

1. Type of Radiation 

Different types of radiation contain different energy per photon. The number of 

free radicals formation also depends upon the energy of photon. Thus different 

radiation source show different amount of crosslinking behavior. 

2. Nature of Polymer 

Crosslinking of polymer by radiation method also depend on the chemical structure 

of the polymer. Different polymer shows different crosslinking when treated with 

same radiation source and same radiation condition 

3. Physical State of the Reaction 

Physical state of the reaction also affects the crosslinking after irradiation. For 

example if polymer is treated in the presence or in absence of oxygen. The treated 

polymer show different properties with and without oxygen. 

3.3.3 Radiation Polymer Degradation 

The degradation of polymers attributes to the breakage of long molecular chain of polymer 

when subjected to high energy. The minimum energy required to break the covalent bond 

of main carbon chain, typically in the range of 5-10eV [Czvikovszky 2003]. Radiation 
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technique is widely used in industries to degrade the polymers in an efficient and fast way 

compared to other conventional methods. Different types of radiations like gamma, 

electron beam, and microwave are applied. The mechanism of degradation of polymers 

either by radiation or by other techniques follows the same chain reaction that’s includes 

initiation, propagation and termination. Degradation mechanism of Poly (styrene-co-

methyl methacrylate) illustrated by [Gupta et al] in Figure below. 

 

 

Figure 3-5: Degradation mechanism of Polystyrene and Poly methyl methacrylate 
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3.3.3.1 Significance of Polymer Degradation 

 

Commodity plastics such as Polyethylene, Polystyrene and Poly methyl methacrylate are 

abundantly used for food packaging and other service products applications. The rich 

expenditure of these polymers focused scientists and researchers towards the global 

environmental destruction caused due to disposal of these polymers. Degradation by 

radiation technique of these polymer and other environmental concern substances like 

rubber brings an important discovery to overcome this issue. Below is the brief description 

of some studies concerning degradation of different materials using radiation technique. 

 Degradation of polymers using radiation is an emerging field. It is used for natural 

polymers such as chitosan , cellulose to achieve the desired molecular weight useful 

for processing of them for the further application [Czvikovszky 2003] 

 Degradation of the polymers particularly recyclable is used to increase its melt 

index so they can be easily processed for recycling. 

 Degradation of medical products such products made of polypropylene, 

polystyrene, PVC and other polymers using high energy ionization radiations. The 

degree of degradation depends on the polymer structure[Azhar and Usmani 2003] 

 Degradation of tyres and  recycle waste tires by using  ionizing radiation was 

extensively studied and reported in literature[Adhikarl et al 2000, Fang et al 2000] 

3.4 Polystyrene 

3.4.1 Properties 

Polystyrene was commercially manufactured in 1938. Now a days, commercially high 

impact PS  and general purpose P-S are used. It is produced from styrene monomer which 
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is obtained from dehydrogenation of ethyl benzene. The structure of styrene and 

polystyrene are illustrated in Figure 3.6 [Fried 2003]. 

 

Figure 3-6: Structure of styrene and polystyrene 

 

Polystyrene is a brittle and colorless polymer used usually for packaging material. Its glass 

transition temperature is at 1000C and molecular weight of the repeating unit is 

104.1g/mole.  

Polystyrene is used for various applications i.e. for making rigid materials such as 

refrigerator, coat hangers, and printer cartridges [Polystyrene fact sheet 2010 (online)]. A 

derivative of polystyrene such as Styrofoam which is polystyrene foam is also used in 

protective coating application and also in manufacturing of insulated disposal cups, meat 

trays and panel insulation [Terry  2004].  

3.4.2 Radiation Chemistry of Polystyrene 

The presence of phenyl chromophore in each repeat unit of P-S is responsible for excitation 

by irradiation. The excited phenyl ring transfer the energy to the nearby C-H bond which 

leads to the formation of alkyl radical through cleavage of hydrogen radical in the polymer 

backbone. 

http://www.google.com/search?hl=en&safe=active&tbo=d&biw=1366&bih=673&tbm=bks&tbm=bks&q=inauthor:%22Terry+L.+Richardson%22&sa=X&ei=jdTgUM3BLc65hAfhl4CgBg&ved=0CDIQ9AgwAA
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                  −CH2−CH(Ph)−CH2−                hv      −CH2−C ̇(Ph)−CH2−+ H
.
 (3.4.1) 

Type of radical formed during radiation depends on the wavelength of radiation as it was 

mentioned above. At wavelength greater than 300 nm we have a formation of hydroxyl 

groups  

                                                       −CH(Ph)−C ̇OH−CH(Ph)− (3.4.2) 

When the radiation wavelength is above 360nm we have a formation of double bonds. This 

leads to the formation of allyl-type radicals from alkyl type radical with ration (3:1) 

respectively.[Kuzina & Mikhailov 2010] 

                                          −CH2−C ̇(Ph)−CH=CH(Ph)−CH2−  (3.4.3) 

All these radicals, in the presence of air, react with oxygen to form peroxy radicals. This 

leads to the formation of hydro peroxides (according to equation 5 discussed in polymer 

radiation chemistry). These hydro peroxides further decompose to produce terminal 

carbonyl group or other unsaturated carbons. 

3.4.3 Modification of Polystyrene using Radiation 

 

In 1996, Klaumunzer S et al, bombarded high energy particle ( 0.3 MeV of 1H, 1.5 MeV 

of 18O and 0.4and 6.5MeV of 40Ar ions) at room temperature and in vacuum on P-S films 
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to investigate the crosslinking of PS after bombardment. The chosen ions are from wide 

range of nuclear and electronic energy loss. The degree of crosslinking (Gx) is determined 

by measuring weight average mol.weight (Mw) as a function of adsorbed dose (D). 

Maximum crosslinking formation is obtained from 40Ar bombardment at 0.4 MeV and very 

low crosslinking was obtained at 6.5MeV. The results also revealed that the momentum 

transfer collision using nuclear energy are 20 times more effective in forming crosslinking 

than the ionization energy. 

In 2001, Dong. W  et al, used radiation method to investigate the mechanical properties 

and morphology of immiscible blends of polystyrene and nylon 1010. It was found that 

after irradiation the elastic modulus of blend (25:75) ( PS: nylon 1010 showed linear 

behavior with irradiation dose. This was evident from the TEM photographs because 

rubber is easily crosslinking type polymer. However the mechanical properties such as 

tensile strength, elongation at break and energy of fracture at radiation dose above 

0.34MGy started to decrease with increasing radiation dose which is due to the breakage 

of rubber phase. Thus it can be concluded from the results that at low radiation dose (up to 

0.34MGy) it can easily form crosslinking structure in the polystyrene chain.  

In 2002, Albano. C  et al studied the effect of low dose 10-70kGy gamma irradiation on 

thermal, mechanical and morphology of polystyrene/polypropylene (80:20) blends with 

and without compatiblize (SBS) at 7-5 wt%. Thermal studies of the treated blend shows no 

changes in Tg .At low dose 0-10kGy the author found some crosslinking structure of pure 

PP but at high value of dose greater than 10kGy, chain scission occur due to melting of PP. 

In case of pure PS film, it was found very stable against radiation and almost no change in 

mechanical as well as thermal properties at high radiation dose 10-70kGy. 
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In 2004, Halnei Kaczmarek studied the effect of UV-radiation on the film of PS modified 

by addition of 1-5% ketone(acetephenone and benzophenone).It was found from the results 

that presence of ketone in the polymer chain leads to the formation of oxygen based 

functionalities such as (C=0, COOH and O-C-O) in the polymer chain after irradiation. 

These functional group formations facilitate the attack of micro- organisms and promote 

biodegradation of PS-films when exposed to sunlight. Thus it was proved that by addition 

of small amount of PS-films, we can produce a biodegradable packaging material.    

In 2004, Guruvenket.S et al investigated the effect of microwave electron 

cyclotronresonance (ECR) plasma treated in the presence of oxygen and argon on 

biomedical grade polystyrene (PS) films. The irradiation has performed at different 

treatment time and microwave power. After irradiation of PS film in the presence of oxygen 

and argon the contact angle decreased which mean that the wet ability of the PS films 

increases. FTIR results reveals that treatment of PS film in the presence of argon showed 

some absorption of moisture content and treatment in the presence of oxygen showed the 

formation of several oxygen functionalities( C=O, COOH, ether and OH group). 

In 2010,  Vessel.A  et al , used electordless  radiofrequency discharge oxygen plasma to 

irradiate the biaxally oriented PS sample at 1-50 seconds. Increase in the surface roughness 

of PS films confirmed by AFM. Formation of functional group C=O, C-O and -CO-O also 

appear after irradiation. Decrease in contact angle occur which increases the wettability of 

the polymer film. The more important thing in that research that un-like other plasma 

treatment –O-CO-O carbonate functional group appear on the PS film which is due to the 

reaction of phenyl aromatic ring with oxygen.  
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In 2011, Jaleh. B et al, studied properties of treated PS-TiO2 nano-composites using argon 

RF plasma (13.6MHz with 30-120 seconds). The results showed that there is no change in 

the optical and crystal properties of PS-TiO2 nano composites films after treatment. FTIR 

results also indicated that oxidation of PS-TiO2 films occur after irradiation which is due 

to the reaction of survival radical with oxygen when it is subjected to air. 

 

3.5 Poly methyl methacrylate 

3.5.1 Properties 

Poly methyl methacrylate is a transparent polymeric material mostly used for 

optoelectronic industry [F.Ide and Terada 1987] due to its excellent properties such as high 

transparency, ease to structure, resistant to weather [Bennamare 1988 , Frank et al 1994] 

and also low cost. 

It is thermoplastic polymer and exhibit desirable physical and chemical properties. It 

exhibit good tensile strength, high rigidity and high temperature resistant. Figure 3.7 

[Dorranian et al 2009] shows the structure of the PMMA polymer.  

 

Figure 3-7: Structure of PMMA 
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3.5.2 Radiation Chemistry of Poly methyl methacrylate 

When radiation absorbed on the structure of the PMMA it leads to the generation of free 

radical as was discussed in radiation chemistry. 

In literature,[Aykara and Gueven 1999] the major reactions reported at the time of initiation 

to produce free radicals are (i) breakage of carbon-carbon bond (ii) breakage of ester side 

group (iii) breakage of methyl side group. Figure 3.8 [Clegg 1991] shows the free radical 

formation of PMMA after irradiation. 

 

Figure 3-8: Free radical formation and decay in PMMA 
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In irradiation of PMMA the chain scission rate is very fast. Thus crosslinking of PMMA 

by irradiation is less observed {G(s) >> 4 G(x)}[Kenneth 2003].After formation of free 

radical the radiation mechanism is same as discussed early in radiation chemistry. 

3.5.3 Modification of Poly methyl methacrylate using Radiation 

 

In 1999, Varad Rajula et al, have used 28Si ion beam 120MeV with influence range of 1011 

-1013 ion/cm2 to modify the chemical structure of PMMA/PVC blends of different 

compositions. The authors found from the Infrared spectra that on irradiation with 28Si ion 

abstraction of Hydrogen, Chlorine, C=O, CH2 and CH3 is achieved. In all blends, it is 

indicated that with increase in fluence range, abstraction of HCl also increased. 

In 2001, Lawrence. J et al irradiated biomaterial PMMA using CO2, Nd:VAG excimer and 

high power diode laser(HDPL) radiation to investigate the change in wettability after 

irradiation. It was found that irradiation of PMMA films using CO2, Nd:VAG excimer 

showed very small change in contact angle and thus low improvement in wettability. 

However the interaction Pmma films with laser (HDPL) resulted in the formation of 

oxygen based functionalities which lead to significant decrease in contact angle and thus 

remarkably improvement in wettability is achieved.  

In 2008, Sakurabayashiused. Y low energy radiation to improve the surface hardness of the 

Pmma films. The range of the radiation was 500, 700, 1000 V.The author found form the 

FTIR results that increase in the intensity of C-C bond after irradiation which showed the 

introduction of crosslinking structure in to the polymer chain. Maximum crosslinking 
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found at 1000V. The formation of crosslinking is also confirmed by the suppression of 

invasion of dyeing agent on the treated sample compared to the untreated Pmma film. 

In 2009,  Lihuaa. Z et al , used Ar-plasma radiation (13.56 MHz radio frequency) to 

improve the antithtombogenity and reduce UV transmittance of medical grade sample 

lenses( PMMAintraocular lenses with 3mm radius).The study demonstrated  the 

immobilization of Heparin(Hp) and polyglycol(PEG) on the surface of PMMA film in Ar-

plasma atmosphere. The results from the  FTIR and XPS confirmed that using Ar-plasma 

successfully immobilized Hp and PEG on PMMA surface. It also modified PMMA of 

PEG-PMMA and Hp-PMMA without any change in the morphology of PMMA surface 

confirmed by SEM. Decrease in UV transmittance and improvement in antithtombogenity 

is also achieved by using Ar-plasma irradiation confirmed by platelet adhesive experiment. 

In 2010, Paramjit. S , investigated the effect of 70Mev C5+ ion with influences 3.1 1011, 3.7 

1012 under vacuum on the optical ,chemical structure of Pmma films.From the results of 

FTIR and X-rays diffraction, the author concluded that during radiation of Pmma film both 

crosslinking and degradation reactions occurred. X-rays results showed significant increase 

in the amorphous nature after irradiation and also about 8% decrease is found in the 

crystallite size of the irradiated sample.   

3.6 Graphene 

3.6.1 Brief Introduction 

Over the last two decades, the nano science has boomed extensively and the importance of 

nano technology has attracted increase of significance in the fields such as biomedical, 

sensors, aircraft, communications, computing and many other applications. These 
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nanocomposites has gained enormous applications due to their versatile properties but 

scientist are still researching new materials which are more dimensional stable, exhibit 

improved physiochemical properties and acquire properties which lacked in the 

conventional nano- materials.  

In this regard, graphene and graphene based polymer composites brings an important 

discovery in the field of nano-technology and attracted tremendous application in modern 

science and technology [Stankovich et al 2006,Si y and Samulski 2008, Geim and 

Macdonald 2007]. Graphene exhibit exceptional mechanical, electrical and thermal 

properties[Zhu et al 2010, Geim and Novoselov 2007, Compton and Nguyen 2010]. 

Graphene is regarded as the “thinnest material” in the universe and it is a single layer sp2-

hybridized carbon atom arranged in the two dimensional densely packed in a honey comb 

crystal lattice. 

In comparison to the conventional nano-materials ( CNT, LDH, Na-MMT etc) it unveiled 

improved properties such as high surface , high tensile strength and aspect ratio, 

exceptional thermal and electrical and mechanical properties, great flexibility and 

transparency and low CTE[Dreyer et al 2010, Wang et al 2009, Blake et al 2008, Rodolfo 

and Amadeo 2009]. The comparison of the mechanical, thermal and electrical properties 

of graphene with CNT, steel, plastic rubber and fiber is mentioned in the Table 3.4  [Joong 

et al 2010]. 
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Table 3-4:  Properties of Graphene, CNT, nano sized steel and polymers. 

Materials Tensile strength 

Thermal 

conductivity 

(W/mk) 

Electrical 

conductivity 

(S/m) 

Graphene 130 + 10 GPa 

(4.84+0.44)x103 

to 

(5.30+0.48)x103 

7200 

CNT 60-150 GPa 3500 3000-4000 

Nano sized steel 1769 MPa 5-6 1.35 x 106 

Fiber(Kevlar) 3620 MPa 0.04 Insulator 

 

3.6.2 Discovery and Structure of Graphene 

In 1940, graphene was first theoretically established that it is the building block of graphite 

[Wallace 1947]. It was believed to be composed of benzene rings stripped of their 

hydrogen. It was considered to be as unstable and not able to be produced at ambient 

conditions [Landau and Lifshitz 1980,Mermin 1968]. However, in 2004, the 2-D 

crystalline allotropic form of carbon called graphene was successfully produced by Gein 

and co-workers from Manchester University [Novoselov et al 2004] by a very simple table 

top experiment. 

Graphene is a single layer sp2 hybridized carbon atom arranged in 2-D honey comb lattice 

shown in Figure 3.9 [Graphene research center Online]. 
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Figure 3-9: Structure of Graphene 

 

The lattice of graphene consists of two interpenetrated sub-triangular lattice. The carbon-

carbon bond (sp2) length is about 1.4 Ao[Reddy et al 2006]. The thickness of graphene 

layer ranges from 3.5-10 Ao relative to SiO2 substrate [Nemes-Incze et al 2008]. There is 

also other pseudo sp2 hybridized carbon structure as bi-layer and few layers graphene 

which acquire some specific properties differ from graphene [Mauricio et al 2010]. 

3.6.3 Preparation Method of Graphene 

There are four methods for synthesis of graphene. 

1) First is chemical vapor deposition (CVD) and epitaxial growth [Eizenberg and 

Blakely 1979] 

2) Second one is micro-mechanical exfoliation of graphite , also called ‘peel off’ or 

scotch  



34 

 

Method [Novoselov et al 2004] 

3) Third is the epitaxial growth on electricity insulating surface such as SiC. 

4) Reduction of graphene oxide [Berger et al 2006] 

Brief advantages and disadvantages of methods used to produce graphene are illustrated in 

Table 3.5 [Erik et al 2010]. 

Table 3-5:  Advantages and disadvantages of the techniques used to produce graphene. 

 

3.6.4 Properties of Graphene 

The rapid attraction of graphene in tremendous applications lies in its remarkable 

mechanical, electrical, thermal properties and other unique properties and availability of 

range of techniques to synthesize graphene. This happens to matching the short comings 

of conventional nano-materials as shown in Table 3.4. These features of graphene, 

principally specific properties have opened a new skyline for the next generation of the 

nano-composites materials.  
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1) Mechanical Properties 

Graphene and other carbon allotropic form like CNT and diamond exhibit outstanding 

mechanical properties. The stiffness of graphene calculated by [Lee et al 2008] is of the 

order of 300-400N/m with breaking strength of 42N/m. Young modulus calculated by 

[Frank et al 2007] is approximately 0.5-1.0 T Pa. Breaking strength of graphene is 

around 200 times larger than steel demonstrated by Lee et al 2008. 

2) Thermal properties 

Graphene exhibit high thermal properties than CNT. Balandin et al in 2008 calculated the 

thermal conductivity ranging from (4.84+0.44) 103to (5.30+0.48) 103W/mk of graphene 

sheet prepared by mechanical exfoliation method. Recently Cai.W et al(2010) calculated 

the thermal conductivity around 2.5 x 103 W/mk of graphene prepared by CVD method. A 

detailed study still needs to be performed to study the thermal properties of pristine 

graphene and their composites. 

3) Electronics 

Graphene has remarkably very high electron mobility, large lateral extension and field 

effect sensitivity compared to CNT. This improved property makes graphene more 

attractive for the field effect transistor devices [Zhang et al 2005]. Temperature 

independent of graphene mobility between -10K to 100K, which improves the scattering 

mechanism caused by graphene defects [Novoselov(b) et al 2004]. 

4) Reactivity 

Surfaces of highly crystalline graphene are not chemically reactive. Interaction with other 

molecules appeared via physical adsorption (π –π interactions). To improve the chemical 
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reactivity of the graphene several chemical groups such as carboxyl COOH, carbonyl 

COH, hydrogenated C-H and amine NH2 can be moored at the edge of the graphene. A 

fully developed hydrogenated graphene sheets called as Graphene was predicted by  Sofo 

J.O et al and produced by Novoslov (c) et al and co-workers. 

3.6.5 Radiation Chemistry of Graphene 

Radiation mechanism of graphene follows the amorphization route proposed by Ferrari and 

Robertson in 2000. When radiation absorbed on the surface of graphene it transform the 

crystalline structure into nano-crystalline and then to amorphous phase due to excitation 

and disruption of the phonons. The minimum energy required to damage the carbon atoms 

on the surface of nano structure ranges from 15-90 KeV [Ritter el al 2006]. These high 

kinetic energy ejected electrons after irradiation of graphene may responsible to form 

intestinal atoms and defects in graphene [Cataldo 2000] illustrated in Figure 3.10 [Ting et 

al 2013]. This deformation of crystal lattice of graphene or formation of defects after 

irradiation results in the modification in the properties of graphene. [Teweldebrhan and 

Balandin 2009, Ting et al 2013]. 

 

 

 

 

 

 

 

 

Figure 3-10: Formation of defects/disorder produced after irradaition 



37 

 

The theory of amorphization of graphene upon exposure to radiation proposed by Ferrari 

and Robertson consist of three steps. 

 Crystalline graphite changes into nano crystalline (nc) graphite. 

 (Nc) graphite evolves mainly into sp2 amorphous carbon. 

 Sp2 amorphous carbon transform completely into tetrahedral amorphous carbon. 

A Raman spectrum is the best tool to evaluate the defects produced in graphene. In Raman 

spectra of D-band at peak around 1350 cm-1 and G-band at peak around 1575cm-1are used 

to estimate the degree of disorder in graphene structure. Increase in the intensity of ratio of 

D-band and G-bands illustrates that the crystalline structure changes to nano crystalline 

structure. When the (nc) crystalline structure mainly transform into amorphous carbon 

(stage II) decrease in ratio of D-band and G-band is appeared. Figure 3.11 shows the Raman 

spectra of SLG under electron beam which demonstrates the Stage I and stage II of Ferrari 

and Robertson theory [Teweldebrhan. D and Balandin.A.A 2009]. 

 

Figure 3-11: Raman spectra of SLG under electron beam irradiation 
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3.6.6 Functionalization of Graphene 

Graphene due to its high surface area, may tends to agglomeration when incorporated into 

the polymer matrix. In order to reduce the agglomeration of graphene, functionalization of 

graphene using oxidization methods was performed. Several studies so far done to 

functionalize graphene [Hummers and Offeman 1958, Shen et al 2009, Yang  et al 2009,Cai 

and Song 2007]. This improves the exfoliation of graphene and dispersed graphene more 

effectively in the polymer matrix. Functionalized graphene is similar in properties to 

pristine graphene except a change in structure i.e. a partly damaged carbon atom with some 

functionality on the surface of it. These functionalities on the surface of graphene reduce 

the van der Waals forces and increase the distance between the neighbor carbons sheets 

and thus allow the polymer chains to penetrate more easily. This results in improved 

dispersion and interaction between graphene and polymeric material. Figure 3.12 [Kannan 

and Marko 2005] shows the functionalization of graphene performed in our study.    

 

Figure 3-12: Schematic diagram of the oxidation of Graphene using Nitric Acid 
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4 CHAPTER 4 

METHODOLOGY 

4.1 Experimental Procedure 

 

The study is divided in to the following experimental procedure. 

 Preparation of Poly(styrene-co-methyl methacrylate) nano composites with pristine 

and modified graphene. 

 Microwave Irradiation of Polymer nano composites. 

 Characterization of irradiated and non-irradiated Polymer nano composites using 

FTIR, Raman, XRD, DSC, DMA and SEM. 

4.2 Polymerization of Poly (styrene-co- methyl methacrylate) 

 

Poly (styrene-co-methyl methacrylate) P(S-co-MMA) is produced by free radical 

polymerization. Benzyl peroxide was used as initiator, 0.1 wt% of total volume of 

monomers. Reaction took place in round bottom flask equipped with magnetic stirrer at 

110 oC for 5hrs under nitrogen environment (Figure 4.1). After reaction, THF (60ml per 

10ml of monomer) was added in to the round bottom flask and kept for 2-4 days to dissolve 

the product. The dissolved polymer solution is then precipitated in excess amount of 

methanol and dried in oven at 40oC for at least 24hrs. 
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Figure 4-1: Poly (styrene-co-methyl methacrylate) polymerization experimental setup 

 

4.3 Modification of Graphene 

 

Chemical modification of graphene was carried out through thermal oxidation method. 

First 300ml of concentrated nitric acid (69%, AnalaR grade) was added to 2g of graphene 

(as-received) in 1000ml round bottom flask. The mixture was refluxed at 120°C for about 

48 hours to produce maximum oxidation and then cooled to room temperature. The 

reaction mixture was diluted with 500 ml of deionized water and vacuum-filtered using 

3μm porosity filter paper. The washing operation using deionized water was repeated until 

the pH became similar to deionized water. The final product was then dried in a vacuum 

oven at 100°C. Chemical modification of graphene leads to the formation of oxygen based 
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functionalities (carboxylic, carbonyl and hydroxyl groups) on the defects sites and sides 

walls of graphene (Figure 4.2) [Kannan and Marko 2005]. 

 

 

Figure 4-2: Chemical Oxidation of Graphene using Nitric Acid 

 

4.4 Blending of Poly (styrene-methyl methacrylate) with pristine and 

modified graphene 

 

P(S-co-MMA)/graphene and P(S-co-MMA)/modified graphene nanocomposites were 

prepared in Brabender Torque Rhemeter and Mini Blender respectively. Different 

percentage of Graphene(0.1-0.3wt %) was added in P(S-co-MMA) co polymer and mixed 

in Brabender at 200oC for 10minutes at 60rpm to ensure the homogenous distribution in 

the matrix. Similar procedure followed for modified graphene (MG). 
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Figure 4-3: Brabender for melt mixing of polymer and nano filler 

 

4.5 Preparation of Nano composites films 

 

P(S-co-MMA)/graphene and P(S-co-MMA)/modified graphene nano composites films 

were obtained using laboratory hydraulic carver press, by first pre-heating them at 140°C 

for 2 minutes and maintain the constant temperature by applying the pressure of 7 tons for 

another 6minutes. The mold is cold immediately in the water bath up to 8minutes to obtain 

the plague. 

http://www.google.com.sa/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&docid=Oo-MTta_kXHwDM&tbnid=bzEFyKtIPxz_rM:&ved=0CAUQjRw&url=http://www.iam.kit.edu/wpt/english/406.php&ei=_WisUoDvI6Wr0AXk7oHYCQ&psig=AFQjCNEez-LrADmbRKtYkTqIub3LuIAnvA&ust=1387117168828104
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Figure 4-4: Hydraulic Carver press for preparation of sample sheets 

 

4.6 Microwave Irradiation Method 

 

Microwave irradiation was carried out at frequency of 2,450MHZ at fixed power of 

1000watt with different treatment time. The irradiation is carried out using domestic 

microwave oven with internal turnable table. 

The detailed procedure is given below 

 Sample of dimension (4x10x1mm) were treated at different treatment time at 

constant power of 1000 watt in the presence of air. 
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 Irradiation was performed at cycle of 60seconds in the presence of air. After each 

cycle the sample is then cooled to room temperature, to avoid the effect of heat on 

the nanocomposites.  

 Total irradiation treatment time is 5, 10, 15 and 20 minutes. 

 

 

 

  

 

 

 

 

Figure 4-5: Microwave used for Irradiation and Sample films of P(st-mma) and P(st-

mma)-Graphene composites 
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4.7 Characterization of P(S-co-MMA)/Graphene and P(S-co-

MMA)/Modified Graphene 

 

The following techniques have been employed to characterization P(S-co-MMA)/graphene 

and P(S-co-MMA)/modified graphene nanocomposites before and after irradiation. 

 Fourier Transform Spectroscopy (FTIR) 

 Raman Spectroscopy  

 X-ray Diffraction (XRD) 

 Scanning Electron Microscopy(SEM) 

 Dynamic Mechanical Analysis(DMA) 

 Differential Scanning Calorimetry (DSC) 

 

4.7.1 Fourier Transform Spectroscopy (FTIR) 

Infrared spectroscopy is (qualitative analysis) usually employed for the identification of 

different kinds of groups present in a material. In FTIR spectrum, each peak signifies the 

molecular absorption and transmission. Similar to the fingerprints, there is no other 

molecular structures yield the same peak in the FTIR spectrum. Moreover, the size of the 

peaks in the spectrum also represents the magnitude of group present in the material. Here 

the FTIR spectra are recorded by using Nicolet 6700 spectrometer with resolution of 4cm-

1. To measure the functional group like carbonyl and hydroxyl group after irradiation of 

samples, the band range of 1700-1725 cm-1 and 3000-3450 cm-1 respectively are used. 
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Figure 4-6: FTIR Spectrophometer 

 

4.7.2 Raman Spectroscopy 

Raman Spectroscopy is a kind of vibrational spectroscopy. It interaction concerned with 

the absorption or emission of a phonon. Raman spectroscopy has considered being the first 

choice for characterization of graphene samples. The interesting features in Raman spectra 

of pristine graphene are G-band, D-band and 2D-band. G-band is around 1583 cm-1 which 

correspond to the E2g phonon at the center of the Brillouin zone or due to the sp2 C=C 

stretching vibrations. The D band (disorder mode) is around 1357 cm-1 correspond to the 

out-plane breathing mode of sp2 atoms .D band is the indicative of the presence of the 

defects in graphene and is the best tool to estimate the level of defects arises in graphene. 

The 2D band at about 2650 cm-1 was used to resolve single layer graphene samples. The 
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shape, the width, and the position of this peak reveal the electronic band structure which 

is, in turn, reliant on on the number of layers. In this study the Raman spectra were recorded 

using Raman Aramis (Horiba Jobin Yvon) instrument with laser power of 0.7 mW and 

resolution of 473nm. 

 

 

Figure 4-7: Raman Spectrophometer 

 

4.7.3 X-ray Diffraction 

X-ray diffraction (XRD) is a powerful tool used to examine various crystalline materials such 

as metals, polymers and crystals. It has been widely used for crystal structure determination, 

chemical identification of unidentified samples, lattice size measurement. In this study the 
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XRD studies were carried out at room temperature using D8 Advance X-Ray Instrument 

with wavelength of λ = 1.542 Aº and 2ϑ ranges from 20o-70o. The XRD patterns in this 

study are used to investigate exfoliation of graphene sheets in to the polymer matrix before 

and after microwave irradiation. 

 

 

Figure 4-8: X-ray Diffractometer 

 

4.7.4 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy a technique is widely used to investigate the morphology of 

the samples includes catalyst powders, polymers and their composites and the surface of 

the metals.  Usually high magnified images are taken at some specific part of the sample 
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to be desired.  The principle is the focusing of beam of high energy electrons to generate 

the variety of signals at the solid surface or powder surface.  SEM assembly generally 

includes electron source, electron lenses, detectors and the display units.  Prior to taking 

image samples are put in the holder and are coated with the gold.  The reason is that the 

specimens must be electrically conductive, at least at the surface, and electrically 

grounded to prevent the accumulation of electrostatic charge at the surface.  The 

electrically conducting material, deposited on the sample is either by low-vacuum sputter 

coating or by high-vacuum evaporation.JSM-6460LV(Jeol) was used to record SEM 

images in this study at magnification from 500X to 2500X with a resolution of 3.5nm and 

a voltage of 15KV. 

 

Figure 4-9: Scanning Electron Microscope (SEM) system 

 

http://en.wikipedia.org/wiki/Electrical_conductivity
http://en.wikipedia.org/wiki/Ground_(electricity)
http://en.wikipedia.org/wiki/Ground_(electricity)
http://en.wikipedia.org/wiki/Static_electricity
http://en.wikipedia.org/wiki/Sputter_coating
http://en.wikipedia.org/wiki/Sputter_coating
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4.7.5 Differential Scanning Calorimetry (DSC) 

The glass transition temperature of the samples was determined by using DSC-Q1000, TA 

instrument. Samples are weighted with + 0.5 mg accuracy. Heating-cooling-heating 

procedure is followed to overcome the thermal history. In first and second cycle the heating 

and cooling is done at a rate of 10oC/min and 5oC/min respectively under nitrogen 

environment from temperature 35oC to 160oC. In third cycle the heating rate is 10 0C/min 

which is then used for analysis of glass transition temperature (Tg).  

 

Figure 4-10: Differential Scanning Calorimetry (DSC) Setup 

 

4.7.6 Dynamic Mechanical Analysis (DMA) 

 

DMA is a widely used technique to examine the properties like stress, strain, storage 

modulus, loss modulus and tan delta of materials as a function of temperature, time, and 

frequency. In DMA oscillatory force is applied at a fixed frequency to the sample and 
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describes changes in stiffness and damping. Perkin Elmer DMA Q-800 was used in this 

study to examine the mechanical properties such storage modulus and tan delta of the 

samples before and after irradiation. Temperature ranges from 40oC to 160oC in the tension 

mode at a heating rate of 5oC/min and a frequency of 1Hz. The dynamic mechanical 

properties are tested under nitrogen environment at a load of 5N with the average sample 

size 4x10x1 mm. 

 

Figure 4-11: Dynamic Mechanical Analysis (DMA) Setup 

 

 

 

 

 

http://www.google.com.sa/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&docid=A-6UMIC0PZwr9M&tbnid=19FIDtQMYLYqZM:&ved=0CAUQjRw&url=http://www.delsen.com/dynamic_mechanical_analysis.htm&ei=O2qsUuj7CMfX0QWU3ICACA&psig=AFQjCNFGy2GHd79aPlrs3xYIcH4wPcSGnA&ust=1387117489892204
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4.7.7 Electrical Conductivity 

Electrical conductivity was carried out using four probe AIT SR-2000 N/PV machine at a 

current of 10nA and 2V voltage. 

 

Figure 4-12: Electrical conductivity measurement machine 
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5 CHAPTER 5 

Modification of P(S-co-MMA)/Graphene Nanocomposites 

using Microwave Irradiation 

The possible mechanism of P(S-co-MMA)/graphene nanocomposites formation via melt 

blending and the effect of microwave irradiation are shown in Scheme 5.1. Melt blending 

at high shear and high temperature can lead to attachment of the polymer chains onto the 

graphene platelets. The irradiation caused free radical formation on polymer chains and 

surface modification of graphene which eventually leads to better interaction between 

them.  

 

Scheme  5-1 Schematic representation of the improvement of dispersion and interaction 

between P(S-co-MMA) and graphene after microwave irradiation. 
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Table 5-1:  Composition of P(S-co-MMA) and its composites 

Sample Name  

Copolymer 

Composition 

P(S-co-MMA) P(S-co-MMA) content (g) Graphene content (mg) 

P(S-co-MMA) 70.6/29.4 40 0 

P(S-co-MMA)/G1 70.6/29.4 40 40 

P(S-co-MMA)/G3 70.6/29.4 40 120 

P(S-co-MMA)/G10 70.6/29.4 40 400 

 

5.1 Copolymer composition 

 

The composition of P(S-co-MMA) calculated by NMR analysis. 

 Formula for finding copolymer composition [Neil and Alex 2006] 

FMMA = 

𝑀

3
𝑀

3
+

𝐴

5

 

Fs=1-FMMA 

Where, 

FMMA is the molar fraction of methyl methacrylate in co-polymer. 

Fs is the molar fraction of styrene in co-polymer 

M & A are the integrated areas for the signals designated in the spectra for 0CH3 (range 

2.5-3.8ppm) of MMA and for aromatic H (range 6.5-7.5ppm) of styrene. 

. 
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Table 5-2:  P(S-co-MMA) polymer composition calculated form NMR spectra 

Spectra 

P(S-co-MMA) 

wt % A M FMMA Fs 

1 70/30 1 0.25 0.294 0.706 

      
 

 

 

Figure 5-1: NMR spectra of P(S-co-MMA) 
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5.2 FTIR Analysis 

 

Figure 5.1a and 5.1b shows the FTIR spectra of control P(S-co-MMA), and non-irradiated 

P(S-co-MMA)/graphene composites, and graphene. Figure 5.2 shows the FTIR spectra of 

irradiated P(S-co-MMA)/G1 composites. In FTIR spectra’s of non-irradiated and irradiated 

P(S-co-MMA)/graphene composites the trend of bands are almost similar to the control 

P(S-co-MMA), with an increase or even disappeared in the intensity of the some absorption 

band after melt mixing and microwave irradiation. In Figure 5.1b, the peak in graphene 

spectra at 1644 cm-1 correspond to the C=C group of graphene. This peak of graphene 

shifted to lower intensity in the spectra of non-irradiated P(S-co-MMA)/graphene 

composites (Figure. 5.1a). 

In non-irradiated P(S-co-MMA)/G1 and P(S-co-MMA)/G10 , the intensity of carbonyl 

stretching vibration at peak 1725 cm-1 was decreased to low intensity as compared to P(S-

co-MMA). This may be due to the reaction of graphene with the methyl acrylate 

(COOCH3) functionality in polymer matrix [Liang. C et al 1958]. Reduction in intensity of 

peak at 2917 and 3020 cm-1 correspond to the methylene groups was also found in spectra 

of non-irradiated P(S-co-MMA)/G1 and P(S-co-MMA)/G10 compared to P(S-co-MMA). 

This showed that the some of the copolymer chains tethered to the surface of graphene 

after melt mixing. 

After irradiation (5 minutes), further decrease in the intensity of absorption band of 

carbonyl group at peak 1725 cm-1 was found in spectra of P(S-co-MMA)/graphene 

composites. This indicates more grafting of graphene with the methyl acrylate group of 

copolymer after 5minutes of irradiation. 
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At 10 minutes of irradiation, an increase in the intensity of carbonyl stretching vibrations 

at peak 1725cm-1 was found in P(S-co-MMA) and P(S-co-MMA)/graphene composites 

(Figure. 5.2). The enhancement in the absorption band of the carbonyl group after 

irradiation referred to the photo degradation of methylene group [Joao.C 2002] present in 

P(S-co-MMA) polymer. This results in the formation of oxygen based functionalities on 

exposure to microwave radiation. 

 

Figure 5-2: FTIR spectra of control P(S-co-MMA), non-irradiated P(S-co-

MMA)/graphene composites (a) and graphene (b). 
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Figure 5-3: FTIR spectra’s of irradiated P(S-co-MMA)/graphene composites. 

 

5.3 Raman Analysis 

 

Figure 5.3 shows the Raman spectra of pristine graphene, control P(S-co-MMA), non-

irradiated P(S-co-MMA)/G1, and P(S-co-MMA)/G10. Figure 5.4 shows the spectra of 5 

minutes irradiated P(S-co-MMA)/G1, and P(S-co-MMA)/G10 composites. The interesting 

features in Raman spectra of pristine graphene are G-band, D-band and 2D-band. G-band 

is at 1583 cm-1 which correspond to the E2g phonon at the center of the Brillouin zone or 

due to the sp2 C=C stretching vibrations [Dresselhaus. M.S et al 1995]. The D band 

(disorder mode) is at 1357 cm-1corresponds to out-plane breathing mode of sp2 atoms. D 

band is the indicative of the presence of the defects in graphene [Thomsen C and Reich S 
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2000, Ferrari and Robertson 2001] and is the best tool to estimate the level of defects arises 

in graphene. These defects present on graphene are the potential active sites to form 

covalent bonding with free radicals of P(S-co-MMA) polymer generated during microwave 

irradiation. The 2D band at around 2700cm-1 is used to examine the quality of graphene. 

In Figure 5.3, the very low intensity of D band, and broad peak of 2D band of pristine 

graphene, indicates its high quality and crystalline nature [Ferrari. A.C et al 2006]. In the 

case of non-irradiated P(S-co-MMA)/G1 and non-irradiated P(S-co-MMA)/G10 (Figure. 

5.3), the 2D band of graphene has fully disappeared and shifted to lower intensity 

respectively.  An increase in the intensity of D band (~1357 cm-1) was also observed in 

both non-irradiated P(S-co-MMA)/G1 and non-irradiated P(S-co-MMA)/G10. This 

significant decrease of the 2D band with an increase in D band intensity of non-irradiated 

P(S-co-MMA)/G1 indicates the formation of disorder in graphene [Patole. A.S et al 2010] 

and this may cause better interaction of polymer chains on the surface of graphene during 

melt blending. Similar trends have also found by Patole AS et al in 2012. The characteristic 

peak of control P(S-co-MMA) in Figure 5.3, was also seen in the Raman spectra of non-

irradiated P(S-co-MMA)/G1 which was not present in the non-irradiated P(S-co-

MMA)/G10 composite. This may be attributed to the fact that the graphene is poorly 

dispersed and weakly interacted within the polymer matrix in case of P(S-co-MMA)/G10 

compared to P(S-co-MMA)/G1.This is further supported by the findings in DMA and SEM 

as discussed later in this paper. 

After 5minutes of irradiation of P(S-co-MMA)/G1 and P(S-co-MMA)/G10 composites, it 

was found that the intensity level of D band and G band both increased (Fig. 5.4). The 

increase in the intensity of D band reveals the formation of more disorder in graphene 

http://www.ncbi.nlm.nih.gov/pubmed?term=Ferrari%20AC%5BAuthor%5D&cauthor=true&cauthor_uid=17155573
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surface after irradiation. This shows that free radicals were generated by scission of small 

polymer chains and attached to the defected surface of graphene due to microwave 

irradiation of composites. Similar trends have also observed by McIntosh et al in 2007, 

when SWNT was treated with benzoyl peroxide during melt mixing. The ID/IG ratio of both 

non-irradiated P(S-co-MMA)/G1 and non-irradiated P(S-co-MMA)/G10 were 

significantly changed after irradiation as illustrated in Table 5.3. In addition to this, it was 

also observed that some characteristic peaks of control P(S-co-MMA) appeared in 

5minutes irradiated P(S-co-MMA)/G10 spectra (Figure. 5.4) which was not seen in non-

irradiated P(S-co-MMA)/G10. This also confirmed the improvement in interaction 

between graphene and the P(S-co-MMA) polymer matrix after 5minutes of microwave 

irradiation. 

 

Table 5-3:  ID:IG ratio of P(S-co-MMA)/graphene composite before and after irradiation. 

Samples 

 

D peak(-1357) 

Intensity 

G peak(-1583) 

Intensity 

ID/IG 

 

    

Graphene 95.24 863.17 0.11 

non-irradiated P(S-co-MMA)/G1 906.7 1125.3 0.76 

non-irradiated P(S-co-MMA)/G10 1164.8 2110.2 0.79 

5mins-irradiated P(S-co-MMA)/G1 1831.5 2050.1 0.89 

5mins-irradiated P(S-co-MMA)/G1 1984.2 2189.7 0.90 
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Figure 5-4: Raman spectra of graphene, control P(S-co-MMA) and non-irradiated P(S-

co-MMA)/G1, P(S-co-MMA)/G10 composites 

 

 

Figure 5-5: Raman spectra of irradiated P(S-co-MMA)/G1 and P(S-co-MMA)/G10 

composites 



62 

 

 

5.4 XRD Analysis 

 

Figure 5.5 displays the XRD patterns of pristine graphene, non-irradiated P(S-co-

MMA)/G1, P(S-co-MMA)/G10 and 5 minutes irradiated samples of P(S-co-MMA)/G1, 

P(S-co-MMA)/G10 respectively. The diffraction peak of pristine graphene was observed 

at about 2θ = 26.7° [Hua. H et al 2010]. It was found that when graphene was incorporated 

in P(S-co-MMA) polymer matrix via melt blending, the diffraction peak of graphene in 

XRD pattern of non-irradiated P(S-co-MMA)/G1and non-irradiated P(S-co-MMA)/G10 

increase with the content of graphene (Figure.5.5). After 5minutes of irradiation, the 

diffraction peak of graphene has almost disappeared and shifted to a low intensity level in 

the XRD pattern of 5 minutes irradiated P(S-co-MMA)/G1 and 5 minutes irradiated P(S-

co-MMA)/G10 composites respectively. This indicates the formation of more disorder in 

the graphene structure due to microwave irradiation evident from Raman spectra results, 

which act as active sites and enhanced interaction of graphene with the P(S-co-MMA) 

polymer matrix [Liang J 2009]. The XRD pattern clearly demonstrates that after 5 minutes 

of irradiation of the P(S-co-MMA)/G1 composite, the graphene is completely exfoliated in 

the P(S-co-MMA) polymer matrix as the diffraction peak of graphene has disappeared 

[Liang J et al 2009, X.S et al 2008] thereby indicating strong interfacial interaction of 

graphene in the P(S-co-MMA) matrix.  

 



63 

 

 

Figure 5-6: XRD patterns of graphene, non-irradiated and irradiated P(S-co-MMA)/G1 

and P(S-co-MMA)/G10 composites 

 

 

5.5 DMA Analysis 

 

The mechanical properties of non-irradiated and irradiated P(S-co-MMA) and P(S-co-

MMA)/graphene composites were evaluated by DMA (Table 5.4). Figure 5.4(a-b) showed 

the storage modulus and tan δ curves of non-irradiated and irradiated P(S-co-MMA) and 

P(S-co-MMA)/graphene respectively.  

At a glassy state (40°C) (Figure. 5.10), the storage modulus of non-irradiated P(S-co-

MMA)/G1 and non-irradiated P(S-co-MMA)/G3 composites, increased to higher values 

compared to the control P(S-co-MMA) polymer. This increase in storage modulus after 

incorporation of graphene in the P(S-co-MMA) polymer matrix is attributed to the 
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reinforcing effect of filler on polymer matrix. However, a decrease in the storage modulus, 

of about 10% was found for non-irradiated P(S-co-MMA)/G10 (Figure. 5.10) with respect 

to control P(S-co-MMA). This might be due to the plasticization effect of graphene 

agglomerate on P(S-co-MMA) at higher concentration. Similar kind of behavior was 

observed by Saladino. M.L et al. when incorporated silica in PMMA matrix. 

 The tan δ peak position (Figure. 5.10), which is the measure of glass transition temperature 

(Tg) has shifted from 132°C for control P(S-co-MMA) to a higher temperature of 135°C 

for the P(S-co-MMA)/graphene composites. This is due to the fact that the graphene 

platelets restrict the mobility of polymer chains and hence Tg was increased. However, the 

Tg did not change significantly with increasing concentration of graphene content (from 

0.1 to 1 wt %) in P(S-co-MMA) matrix. This attributes to the weak interfacial interaction 

of graphene with polymer matrix at higher loading content. 

At 5minutes of microwave irradiation of P(S-co-MMA), P(S-co-MMA)/graphene 

composites, the storage modulus reached to high value (Figure 5.7). For example, at 120°C 

after 5minutes of irradiation of P(S-co-MMA)/G1,the storage modulus was found to 

increase from 1002MPa to 1215MPa (a 21.25% increase compared to non-irradiated P(S-

co-MMA)/G1). Similarly P(S-co-MMA)/G3 and P(S-co-MMA)/G10 composites the 

storage modulus at 40°C increases from 1452MPa to 1523MPa (5% increase) and from 

1308 to 1710 (31% increase) after 5minutes of irradiation. An increase in storage modulus 

of control P(S-co-MMA) and nanocomposites after 5minutes of microwave exposure may 

be due to formation of cross linked network and improved polymer-filler interaction 

induced by microwave irradiation. This is due to the formation of free radicals on polymer 

chains as well as the defects produced on graphene surface [Giuseppe. C et al 2009], as 
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observed in FTIR and Raman spectra. This produced a stiffer and stronger polymer 

graphene nanocomposite. Similar results were also found in the irradiation of carbon nano-

fibers [Evora M 2010]. In addition, in Figure 5.7, there is slight change or shift found on 

the tan δ peak and thereby slight increase in the Tg of the all P(S-co-MMA)/graphene 

composites after 5minutes of microwave irradiation. Increase in the tan δ peak was also 

detected after 5 minutes of microwave exposure in P(S-co-MMA)/G1 and P(S-co-

MMA)/G10 which may be an indication of restriction in chain mobility of polymer chains, 

which usually happens due to the existence of graphene nano filler.  

However at higher irradiation time, i.e. 10 minutes, the storage modulus of P(S-co-MMA) 

and all P(S-co-MMA)/graphene nanocomposites started to decrease (10.8%, 6.5%, 11.5% 

and 20% decrease for non-irradiated P(S-co-MMA) and P(S-co-MMA)/G1, P(S-co-

MMA)/G3 and P(S-co-MMA)/G10 nanocomposites respectively). This attributes to the 

chain scission and photo degradation of the methyl methacrylate in P(S-co-

MMA)/graphene composites (confirmed by FTIR spectra). This caused the formation of 

oxygen based functionalities and thus resulted in the reduction in storage modulus of 

copolymer and nanocomposites. 
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Table 5-4:  Storage modulus and Tg obtained from DMA of non-irradiated and irradiated 

P(S-co-MMA) and P(S-co-MMA)/graphene composites. 

Sample E (MPa) at 40°C E (MPa) at 120°C Tg(°C) 

control P(S-co-MMA) 1367 677 132 

non-irradiated P(S-co-MMA)/G1 1663 1102 135 

non-irradiated P(S-co-MMA)/G3 1452 906 134 

non-irradiated P(S-co-MMA)/G10 1308 1025 135 

5mins-irradiated P(S-co-MMA) 1447 820 133 

5mins-irradiated P(S-co-MMA)/G1 1567 1215 135 

5mins-irradiated P(S-co-MMA)/G3 1523 940 135 

5mins-irradiated P(S-co-MMA)/G10 1717 1066 135 

10mins-irradiated P(S-co-MMA) 1219 718 132 

10mins-irradiated P(S-co-MMA)/G1 1540 1067 134 

10mins-irradiated P(S-co-MMA)/G3 1285 740 134 

10mins-irradiated P(S-co-MMA)/G10 1037 828 135 

 



67 

 

 

Figure 5-7: Storage modulus and tan δ curve of control P(S-co-MMA) and non-irradiated 

P(S-co-MMA)/graphene composites. 

 

Figure 5-8: Storage modulus and tan δ curve of irradiated P(S-co-MMA) and P(S-co-

MMA)/graphene composites 
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5.6 DSC Analysis 

 

Figure 5.8 shows the glass transition temperature (Tg) of the control P(S-co-MMA), non-

irradiated P(S-co-MMA)/graphene composites. Figure 5.9 shows the Tg of irradiated P(S-

co-MMA)/graphene composites. These results are the average of three different runs with 

an average of ± 0.5°C. It was observed in Figure 5.8 that there was an increase of about 

2.5°C of temperature in Tg of non-irradiated P(S-co-MMA)/G1, P(S-co-MMA)/G3 and 

P(S-co-MMA)/G10 compared to control P(S-co-MMA). This indicates that increasing the 

amount of graphene content on P(S-co-MMA)/graphene has no prominent effect on the 

glass transition temperature of composites. This is probably due to the agglomeration or 

weak interfacial linkage of graphene with polymer matrix at higher loading content. After 

5 and 10minutes of irradiation, no prominent increase or decrease was observed in the Tg 

of all P(S-co-MMA)/graphene composites (Figure. 5.9).  
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Figure 5-9: Glass transition observed from DSC for control P(S-co-MMA) and non-

irradiated P(S-co-MMA)/graphene composites. 

 

 

Figure 5-10: Glass transition observed from DSC of irradiated P(S-co-MMA) and P(S-

co-MMA)/graphene composites. 
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5.7 Electrical Conductivity 

 

The electrical conductivity of the P(S-co-MMA)/graphene composites was estimated using 

a four probe method. The samples P(S-co-MMA)/G1 and P(S-co-MMA)/G10 showed 

conductivities of   2.01x10-6 S/cm and 1.2 x 10-4 S/cm respectively which is much higher 

than control P(S-co-MMA) polymer matrix. The conductivity of P(S-co-MMA)/G10 was 

found to ascend to 1.38 x 10-3 S/cm after 5minutes of irradiation. This is due to the 

improved interfacial interaction of graphene in the P(S-co-MMA) polymer matrix after 

microwave exposure, and finally improved electron conduction. 

5.8 SEM Analysis 

 

Figure 5.10 (a-e) shows the SEM images of the non-irradiated, 5minute and 10minute 

irradiated sample of P(S-co-MMA)/G1 and P(S-co-MMA)/G10 respectively. In Figure 

5.10a, the SEM image of non-irradiated P(S-co-MMA)/G1 shows the smooth discrete 

surface morphology. This can be attributed to the reinforcement effect of graphene in the 

P(S-co-MMA)/G1 composite. Absence of any agglomerated graphene particle shows the 

uniform dispersion of graphene. In Figure 5.10b, presence of some fracture and formation 

of rough surface after 5minutes of irradiation of P(S-co-MMA)/G1 is due to the 

encapsulation of polymer matrix onto the graphene. This indicates that the enhancement of 

interfacial interaction between graphene and polymer matrix and results in stronger P(S-

co-MMA)/G1 composite. In contrast, a smoother surface of non-irradiated P(S-co-

MMA)/G10 is seen in Figure 5.10d. The presence of voids and a smooth surface shows the 

formation of graphene agglomerates and weak adhesion between graphene and the P(S-co-
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MMA) polymer matrix [Na Wang et al 2011]. However, after 5minute of irradiation of 

P(S-co-MMA)/G10 (Figure.5.10e), the morphology is completely changed to a rough fiber 

like surface. This demonstrates that the polymer chains adhered to graphene more strongly 

and formed an interconnecting cross linked network.  This confirms that radiation 

facilitates the improved dispersion and grafting of graphene throughout the P(S-co-

MMA)/G10 composites. This cross-linked fiber-like network of 5minutes irradiated P(S-

co-MMA)/G10 composites results in improved mechanical properties and higher electrical 

conductivity which is also confirmed by the DMA and conductivity studies. In Figure 5.10c 

& 5.10f, at high irradiation time (10minutes) of P(S-co-MMA)/G1 and P(S-co-MMA)/G10 

respectively, the surface becomes smoother with some cracks on it.  This results in weak 

interaction and adhesion between the polymer matrix and the dispersed phase of graphene. 

The SEM image (Figure. 5.10f) also shows the fractured and degraded surface of 10 

minutes irradiated P(S-co-MMA)/G10 composite, captured from another part of same 

sample. This confirms that at high irradiation time (i.e. 10minutes) the P(S-co-MMA) 

polymer started to degrade. This results in weak P(S-co-MMA)/graphene composite which 

is corroborated by the DMA studies in the previous section. 
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Figure 5-11: SEM images of the non-irradiated, and irradiated samples of  P(S-co-

MMA)/G1 (a-c), and P(S-co-MMA)/G10 (d-f) composites 
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6 CHAPTER 6 

Modification of P(S-co-MMA)/Modified Graphene 

Nanocomposites using Microwave Irradiation 

The presence of oxygen groups on the surface of modified graphene not only improved the 

interfacial interaction with polymer matrix during melt blending but also developed greater 

influence of microwave irradiation. Therefore, before and after microwave exposure, the 

P(S-co-MMA)/modified graphene (PMG) compared to P(S-co-MMA)/graphene (PG) 

nanocomposites, resulted in better improvement of the interfacial interaction between 

modified graphene and polymer matrices as demonstrated in Scheme 6.1. This assisted to 

develop cross-linked network and results in enhanced mechanical and thermal properties 

of PMG nanocomposites. 

 

Scheme  6-1 Improvement of interaction between graphene and polymer matrices 

through chemical oxidation and microwave irradiation. 
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The composition of P(S-co-MMA) and its composites are given in Table 6.1. 

 

Table 6-1:  Composition of P(S-co-MMA) and its composites 

Sample 

Name 

Copolymer 

Composition 

P(S-co-

MMA)* 

P(S-co-MMA) 

content (g) 

Graphene/Modified 

Graphene content (mg) 

Irradiation 

time 

(minutes) 

P(S-co-MMA) 70.6/29.4 6 0/0 0 

PG(0) 70.6/29.4 6 6/0 0 

PMG(0) 70.6/29.4 6 0/6 0 

PG(5) 70.6/29.4 6 6/0 5 

PMG(5) 70.6/29.4 6 0/6 5 

PG(10) 70.6/29.4 6 6/0 10 

PMG(10) 70.6/29.4 6 0/6 10 

PG(20) 70.6/29.4 6 6/0 20 

PMG(20) 70.6/29.4 6 0/6 20 

     

*Copolymer composition is calculated using Proton-NMR. 

 

6.1 FTIR Analysis 

 

The structural changes in pristine graphene (G) after chemical oxidation and 

nanocomposites before and after irradiation were examined using FTIR spectroscopy. In 

Figure 6.1 for MG spectra, the characteristics vibrations include C-O stretching peak at 

1016 and 1102 cm-1, the C-O-C peak at 1260, C=C stretching peak at 1620 cm-1 and C-OH 

peak at 3443cm-1 [Silverstein 1981]. The intensity of hydroxyl group in MG is lower than 

G (Fig. 6.1) which may be due to the reaction of hydroxyl group during chemical oxidation.  

In Figure 6.2(b-c), the spectrum of non-irradiated and irradiated PG and PMG 

nanocomposites retained the similar trend except there was some change in the intensity of 
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the absorption band of carbonyl groups (C=C) at peak 1725 and 1770 cm-1 and aromatic 

group of styrene (C=C) at peak 1600 cm-1 [Silverstein 1981]. 

For non-irradiated and 10minutes irradiated PG nanocomposites, the C=O absorption band 

at peak 1725 cm-1 decreased to lower intensity as compared to P(S-co-MMA). This 

attributes to the reaction of epoxy groups of P(S-co-MMA) with the graphene surface after 

melt mixing and 10minutes irradiation. 

In Figure 6.2c, the increasing behavior in the intensity of carbonyl group at peak 1725cm-

1 of PMG nanocomposites up to 10 minutes irradiation indicates the carbonyl bonding 

between the oxygen functionalities on the structure of MG and the carbonyl group on the 

P(S-co-MMA) chains [Huang et al 2012]. In addition, the peak at 1600 cm-1 that 

corresponds to the aromatic vibration of P(S-co-MMA) shifted to lower intensity level in 

non-irradiated and 10 minutes irradiated PG and PMG nanocomposites. This may be due 

to the grafting of styrene chains on the graphene and MG surface. 

At longer duration of microwave irradiation (20 minutes), an increase in the intensity of 

C=O group at peak 1725cm-1 of PG nanocomposites attributes the photo degradation 

mechanism of PG nano composite. For 20 minutes irradiated PMG nano composite, the 

reduction of intensity of C=O group associated with chain scission and breakage of 

carbonyl bond of modified graphene with P(S-co-MMA). This degradation of 

nanocomposites caused reduction in storage modulus and glass transition as confirmed 

below from the DMA, DSC and SEM analysis.  
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Figure 6-1: FTIR spectra of pristine and modified graphene. 

 

Figure 6-2: FTIR spectra’s of control P(S-co-MMA) and non-irradiated and irradiated PG 

(b), non-irradiated and irradiated PMG (c). 
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6.2 Raman Analysis 

 

Figure 6.3 and 6.4 shows the assessment of Raman spectra of (a) pristine and modified 

graphene, (b) non-irradiated and irradiated nanocomposites. The main features of Raman 

spectra are D-band, G-band, and 2D-band at peaks 1357cm-1, 1583cm-1, and 2700cm-1 

respectively. The D band (disorder mode) associated to the out-plane breathing mode of 

sp2 atoms. D band is the revealing of the existence of the disorder in graphene [Thomsen 

and Reich 2000, Ferrari and Robertson 2001] and a best tool to evaluate the level of defects 

appears in graphene. G-band correspond to the E2g phonon at the center of the Brillouin 

zone or due to the sp2 C=C stretching vibrations [Rodney et al 2007]. The presence of 

defects on graphene acted as potential active sites to form covalent bonds with P(S-co-

MMA) polymer chains during microwave irradiation. The 2D-band is used to inspect the 

quality of graphene. 

In Raman spectra of modified graphene (Fig. 6.3), reduction in the intensity of G-peak and 

2D-peak with respect to pristine graphene was observed. This indicates the breakage of sp2 

C=C bond of graphene which results in the formation of oxygen based functionalities on 

the surface of graphene. Increase in the ratio of intensity of D band to the intensity of G 

band (ID:IG) of modified graphene compared to pristine graphene as shown in Table 6.2, 

clearly indicates the oxidation of graphene after modification [Rodney et al 2007]. 

In Figure 6.4, significant decrease in the intensity of G-peak and 2D-peak in non-irradiated 

PG and PMG was observed compared to pristine and modified graphene. This may be due 

to the breakage of pristine and modified graphene structure during the melt blending and 

leads to the attachment of P(S-co-MMA) chains on pristine and modified graphene surface. 
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In addition, the ID:IG ratio (Table 6.2) which reveals the level of defects, is higher in value 

of non-irradiated PMG compared to non-irradiated PG nanocomposites. This is due to the 

better interaction and high grafting of P(S-co-MMA) chain on the surface of modified 

graphene compared to pristine graphene. 

In Raman spectra of 10minutes irradiated PG and PMG nanocomposites (Fig. 6.4), the 

increase the intensity of D band was observed. This refers to the formation of defects in 

pristine and modified graphene induced by irradiation. The ID:IG ratio of PG and PMG 

nanocomposites (Table 6.2) increased from 0.52 to 0.96 for PG and from 0.83 to 0.98 for 

PMG. This increase in the ID:IG ratio is associated with formation of disorder in pristine 

and modified graphene and was explained by Ferrari and Robertson theory [Ferrari and 

Robertson 2001] (that the crystalline structure of graphene transform to nano crystalline 

graphene. This structural modification leads to the improvement in interaction and covalent 

bond formation between P(S-co-MMA) chains with pristine and modified graphene. 

Moreover the ID:IG ratio, of non-irradiated and irradiated PMG is greater than the all PG 

nanocomposites (Table 6.2). This is attributed to the better interaction of modified 

graphene with P(S-co-MMA) chains than pristine graphene after melt mixing and 

microwave irradiation. 

The Raman spectra of 20 minutes irradiated PG and PMG nanocomposites (Fig. 6.4) 

showed further increase in the intensity of D-peak and G-peak. This refers to more defects 

formation on pristine and modified graphene. The ID:IG ratio of 20minutes irradiated of PG 

and PMG showed the decreasing behavior compared to 10minutes irradiated PG and PMG 

nanocomposites. It means that at 20minutes of irradiation, the pristine and modified 

graphene structure start to transform from nano crystalline structure to amorphous phase 
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enlightened by Ferrari and Robertson. The formation of amorphous structure of pristine 

and modified graphene at 20minutes of irradiation may outcomes weakening the interfacial 

interaction with P(S-co-MMA) chains and hence resulted in reduction in mechanical and 

thermal properties of the nanocomposites as discussed later in this article. This is also in 

conformity with the results obtained from DMA and DSC analysis. 

Table 6-2:  ID:IG ratio of pristine and modified graphene, and non-irradiated and 

irradiated PG and PMG nanocomposites. 

Samples 

D peak(-1357) 

Intensity 

G peak(-1583) 

Intensity ID/IG 

    

Graphene 92.1 863.1 0.11 

Modified graphene 939.1 1177.1 0.79 

PG(0) 158.7 300.1 0.52 

PMG(0) 673.2 802.3 0.83 

PG(10) 1413.1 1491.6 0.94 

PMG(10) 2091.7 2130.9 0.98 

PG(20) 2639.8 2776.8 0.95 

PMG(20) 3332.5 3421.6 0.97 
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Figure 6-3: Raman spectra of pristine and modified graphene. 

 

 

Figure 6-4: Raman spectra of non-irradiated and irradiated PG and PMG. 
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6.3  XRD Analysis 

 

The changes appeared in the crystal lattice of graphene after modification and dispersion 

of the nano filler in the polymer matrix were evaluated using XRD patterns. Figure 6.5 

display that the diffraction peak of graphene observed at 26.9° and modified graphene 

diffraction peak at 18.9°. The layer to layer spacing of modified graphene calculated using 

Bragg’s equation is 0.47nm which is slightly higher than the pristine graphene (0.33nm). 

This refers to the presence of oxygen functionalities and moisture content [Szabo et al 

2005]. Reduction of diffraction peak intensity of graphene and modified graphene is 

observed in the XRD patterns of non-irradiated PG and PMG (Fig. 6.5) respectively. This 

is attributed to the breakage of graphene and modified graphene structure and leads to the 

exfoliation in the P(S-co-MMA) polymer matrix after melt blending. The presence of 

oxygen functionalities (polar groups) on the surface of modified graphene, confirmed by 

FTIR, enhanced the interaction with microwave irradiation and caused better interaction of 

modified graphene in P(S-co-MMA) matrix. This caused further reduction of diffraction 

peak of modified graphene in XRD patterns of 10minutes irradiated–PMG (Fig. 6.6). 
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Figure 6-5: X-ray diffraction of pristine and modified graphene. 

 

Figure 6-6: X-ray diffraction of non-irradiated and irradiated PG and PMG. 
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6.4 DMA Analysis 

 

The storage modulus of control P(S-co-MMA), non-irradiated and irradiated PG and PMG 

nanocomposites were evaluated using DMA (Table 6.3). After the addition of graphene or 

modified graphene in P(S-co-MMA) polymer matrix via melt blending, the mechanical 

properties of both PG and PMG nanocomposites enhanced compared to control P(S-co-

MMA). For example, incorporation of 0.1 wt% graphene and modified graphene in PG and 

PMG resulted in an increase of storage modulus (at 40°C) of about 26 % and 38 % 

respectively compared to control P(S-co-MMA). 

Upon exposure to microwave radiation, significant improvement in storage modulus was 

achieved in both PG and PMG nanocomposites. At 10minutes irradiation of the 

nanocomposites, the storage modulus (at 40°C) increased from 1462MPa to 1636MPa for 

PG nanocomposite and from 1603MPa to 2048MPa for PMG nanocomposite. This is about 

increase of 11.9% and 27.76% of storage modulus after 10 minutes of microwave 

irradiation (Fig. 6.8) of PG and PMG nanocomposites respectively. This enhancement in 

storage modulus may refers to the influence of three factors (a) intrinsic mechanical 

property of graphene and modified graphene (b) improvement in interaction of graphene 

and modified graphene in P(S-co-MMA) matrix due to structural changes by microwave 

irradiation which is also proven by Raman results (c) formation of covalent bonds between 

graphene or modified graphene with P(S-co-MMA) chains.  The latter two factors (b and 

c) are observed stronger in case of modified graphene due to the presence of polar groups 

on its surface which improved the interaction of modified graphene after microwave 
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radiation. Therefore it results in more stronger and high storage modulus composite 

compared to unmodified graphene polymer nanocomposite. 

The storage modulus of PG and PMG were reduced (by 23% and 20% with respect to 10 

minutes irradiated samples) after a prolonged period of microwave irradiation (20 minutes) 

(Fig. 6.8). This is attributed to the impact of two factors. (a) Chain scission and photo 

degradation of the MMA in P(S-co-MMA), which leads the formation of oxygen based 

functionalities (b) transformation of crystalline phase of graphene and modified graphene 

into amorphous phase as evident from Raman results. These two factors results in lower 

interfacial adhesion of graphene or modified graphene with copolymer matrix and thus 

produces a weak polymer graphene nanocomposites.  

Table 6-3:  Storage modulus of PG and PMG nanocomposites before and after 

microwave irradiation. 

Sample Name MPa (40°C) MPa (100°C) 

control P(S-co-MMA) 1160 996 

PG(0) 1462 1165 

PMG(0) 1603 1382 

PG(5) 1604 1198 

PG(10) 1636 1169 

PG(20) 1254 1025 

PMG(5) 1941 1631 

PMG(10) 2048 1660 

PMG(20) 1628 1305 
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Figure 6-7: Storage modulus of control P(S-co-MMA), and non-irradiated PG and PMG. 

 

Figure 6-8: Storage modulus of irradiated PG and PMG nanocomposites. 
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6.5 DSC Analysis 

 

Glass transition temperature is a macroscopic property which is the measure of relaxation 

behavior of polymer and polymer nano composites. The Tg of graphene based polymer 

composites, especially non-polar polymer were not significantly tailored compared to the 

polar polymers. For example, there was an approx 10°C rise of Tg of PS-composite 

containing 1.5 wt% of nano gold. This represents a significant improvement in Tg of PS-

composite [Oh and Green 2009]. Figure 6.9 and 6.10 illustrated that there is increase of 

3.2°C and 5.1°C in Tg of the nanocomposites containing 0.1wt % of G and MG 

respectively. The higher value of Tg of PMG compared to PG composite indicates that 

modified graphene has better interaction with P(S-co-MMA) matrix due to the presence of 

oxygen functional groups on the surface of modified graphene. An improvement in the Tg 

of both PG and PMG was observed on exposure to microwave irradiation up to 10minutes 

(i.e. increase from 93.21°C to 97.77°C (Fig. 6.9) and from 95.14°C to 100.04°C (Fig. 6.10) 

of PG and PMG respectively. This indicates a better interaction and covalent bonding 

between graphene or modified graphene with P(S-co-MMA) matrix. Degradation of PG 

and PMG nanocomposites produced due to the breakage of polymer chains that created 

weak interaction between graphene and P(S-co-MMA) matrix. The degradation of polymer 

nanocomposites outcomes in reduction of Tg value as observed at 20 minutes of irradiation 

of PG and PGM nanocomposites (Fig. 6.10). 
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Figure 6-9: Glass transition temperature observed from DSC for control P(S-co-MMA), 

non-irradiated and irradiated PG. 

 

Figure 6-10: Glass transition temperature of non-irradiated and irradiated PMG. 
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6.6 SEM Analysis 

 

The surface morphology of the irradiated and non-irradiated PG and PMG nanocomposites 

were evaluated by scanning electron microscope (SEM). The SEM image of non-irradiated 

PG in Figure 6.12b shows the fractured rough surface with discrete patterns compared to 

control P(S-co-MMA) (Fig. 6.11). This reveals the reinforcement effect of graphene in the 

polymer matrix. In contrast, the good interfacial interaction between modified graphene 

and polymer matrix results a much smoother and continuous surface morphology of PMG 

composite (Fig. 6.12e) with respect to control P(S-co-MMA) and non-irradiated PG 

nanocomposite. This attribute to the higher mechanical and thermal properties of PMG 

nanocomposite compared to PG nanocomposite.  The rough surface of PG nanocomposite 

(Fig. 6.12b) also revealed the low interfacial interaction between graphene and polymer 

matrix. 

The interaction between graphene and polymer matrix was improved on exposure to 

microwave irradiation for 10minutes (Fig. 6.12c). . This has changed the rough and discrete 

surface in to smooth and continuous surface that resembles to the non-irradiated PGM 

nanocomposite (Fig. 6.12e). In Figure 6.12f, the fibrous like cross-linked network structure 

has appeared on the PGM nanocomposite after 10minutes of irradiation. This fibrous 

structure strengthened the PGM nanocomposite and thereby increased storage modulus and 

glass transition as illustrated in Table 6.3. 

In Figure 6.12d and 6.12g, breakage of polymer chains caused the formation of voids on 

the surface of PG and PGM nanocomposites after 20minutes of irradiation. The 

degradation of polymer chains at high microwave treatment made the nanocomposites 
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weak and reduced the storage modulus as explained from the DMA results. In addition, 

Figure 6.12g showed that some fibrous and cross-linked structure still remained in 

degraded PMG nanocomposite. This restrained the strength and resulted in higher 

mechanical and thermal property compared to the control P(S-co-MMA). 

 

Figure 6-11: SEM images of the control P(S-co-MMA). 
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Figure 6-12: SEM images of 0,10 and 20 minutes irradiated samples of PG (b-d), and 0, 

10 and 20 minutes irradiated PMG (e-g)  
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7 CHAPTER 7 

CONCLUSION AND RECOMMENDATIONS 

7.1 CONCLUSION 

 

The study provide an novel easy and green method to enhance the molecular level 

dispersion and hence a stronger interfacial interaction between graphene and P(S-co-MMA 

matrix, which significantly changed the final properties of nanocomposites. Poly (styrene-

co-methyl meth acrylate)/graphene and Poly (styrene-co-methyl meth acrylate)/modified 

graphene nanocomposites were prepared via melt mixing and the effects of graphene 

content, modified graphene and  microwave irradiation were studied. Modification of 

graphene was carried out using nitric acid and resultant polymer nanocomposites were 

exposed to microwave radiation at different time duration to study its effect on the 

mechanical and thermal properties of the nanocomposites. The mechanism of formation of 

covalent bonds and changes in chemical structure of of graphene after modification and 

nanocomposites during melt blending and microwave irradiation were confirmed by FT-

IR spectroscopy. Raman spectra were allowed to support the defects formation on graphene 

induced during modification and microwave irradiation. Investigation of storage modulus 

by means of DMA, has pointed out that the microwave irradiation up to 5minutes of P(S-

co-MMA)/graphene nanocomposites particular for 1wt% graphene composite, is suitable 

for improving the interfacial interaction between the graphene and host P(S-co-MMA) 

matrix with significant increase in the storage modulus up to 38%. However modified 
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graphene develops better interfacial interaction with copolymer matrix and microwave 

radiation compared to pristine graphene. This resulted in higher dispersion and mechanical 

properties and better thermal stability of the nanocomposites. Microwave irradiation up to 

10minutes of  P(S-co-MMA)/modified graphene nano composite results in 27.6% increase 

of storage modulus which is greater than that of 10minutes irradiated P(S-co-

MMA)/graphene nano composite’s storage modulus (11.9% increase). The better 

improvement of properties of PMG compared to PG nano composites after melt blending 

and microwave irradiation (10minutes) is due to the presence of oxygen based 

functionalities on the surface of modified graphene. 

Conversely at higher irradiation (10minutes for P(S-co-MMA)/graphene  and 20minutes 

for P(S-co-MMA)/modified graphene), the chain scission and photo degradation of the host 

P(S-co-MMA) polymer chains in polymer nanocomposites leads to reduction in 

mechanical and thermal properties of the nanocomposites. This is also confirmed from the 

rough damaged surface as well as appearance of cracks and hole by SEM study. 

7.2   RECOMMENDATIONS 

The following recommendations can be considered for future work. 

 Effects of different parameters of microwave radiation (dose, sample dimension 

and atmosphere) on the properties of nanocomposites need to be studied. 

 Effects of the copolymer composition on the cross-linking and degradation of 

nanocomposites may be studied. 

 More characterizations of the nanocomposites like tensile strength, hardness, 

molecular weight, weight loss, contact angle etc also required for detailed study. 
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