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SYNOPSIS 

Ionizing radiation is known to induce physical, chemical or biological changes in 

materials.  It is necessary to understand radiation induced defects [1-4] as they 

can be tailored to induce different advantages and disadvantages.The knowledge 

of the amount of energy absorbed per unit mass of the absorber and distribution 

of the absorbed energy in the absorbing material [1-3] is of critical importance in 

using high energy radiation for different applications. Radiation dosimetry[1-2,3] 

constitutes determination of these quantities. High-Range dosimetry[6-7] is an 

area of utmost interest to Health Physics, Medical Physicists and for accidental 

dose assessments during radiation incidences.  This is also important during 

planned high irradiation at industrial irradiators. Even though a variety of 

techniques are presently available for the dosimetry, depending upon the 

requirements of dose measurement ranges, large scope exists for development of 

high-level dosimetry for industrial uses, therapeutic purposes and for 

investigating radiation accidents. 

This thesis aims at investigating the effect of high energy radiation in different 

polymer and polymer composites to investigate the fundamental aspects of 

radiation induced defects in few matrices and to develop radio-opaque materials 

and advanced radiation  dosimeters. It has been shown that incorporation of other 

component (polymers or nano-particulate fillers) in a polymer can influence the 

radiation attenuation and radical yield in the base polymer matrix. The study has 

also explored the plausible mechanisms behind the observed effects in the light 
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of various microscopic and macroscopic changes taking place in polymer matrix 

during nanocomposite/blend formation process as well as during irradiation. The 

results have been explained on the basis of polymer filler interactions, Electron 

Paramagnetic Resonance (ESR) measurements, rheometery, hardness, bulk 

density, dynamic mechanical analysis, X Ray Diffraction (XRD) and scanning 

electron microscopy. The work embodied in this thesis has been divided into six 

chapters. 

Chapter-I: Introduction 

Chapter 1 of the thesis introduces the subject of radiation, its interaction with 

matter, dosimeters, polymers, attenuation, radiation degradation and crosslinking 

of polymers. The details presented also include the modes of energy deposition 

and distribution of the absorbed energy in the medium.  An introduction to the 

properties and applications of polymer blends and nanocomposites has also been 

incorporated. The chapter further explores the recent research on the radiation 

induced modification of thermoplastics, elastomers along with their applications 

in radiation dosimetry and radio-opacity. 

Chapter 2: Materials and Methods 

During the course of this study, a variety of methods have been employed to 

synthesize Dosimetric materials and polymer composites and their 

characterizations have been carried out using numerous characterization 

techniques. These include steady-state irradiation facilities, such as 60Co Gamma 

Chamber and characterization techniques such as Melt Flow Index (MFI), 
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Atomic Force Microscopy (AFM), X-ray Scattering (XRD), UV-visible 

Spectroscopy, Electron Paramagnetic Resonance etc. The characteristics of 

various polymers, fillers and other reagents used in the study are also mentioned 

in this chapter. 

Chapter 3: Effect of high energy irradiation of polymer composites, 

Synthesis of radio opaque composites and radiation shields 

Radio-opacity of polymer based medical implants and drug eluting stents to the 

diagnostic X-rays is a highly desirable attribute to avoid expensive radiology or 

invasive approaches for the placement and performance monitoring of implants. 

Ethylene vinyl acetate copolymer and barium sulfate composites can be tailored 

to offer different mechanical and radio-opacity by modulating vinyl content in 

the copolymer and high loading 75% of barium sulfate can be obtained without 

mechanical integrity and flexibility. Extensive rheological, mechanical hysteresis 

and thermo-mechanical analysis was done to understand how BaSO4 and vinyl 

segments interact.  It was found that 0.5 mm sheet of ethylene vinyl acetate 

/BaSO4 has markedly higher gray value (radio-opacity) tan 1 mm sheet of 

aluminum, while having more than 400% elongation at break and complete 

flexibility even at 75% BaSO4 content.  Storage modulus and complex viscosity 

of the melt showed high dependence on VA content and BAS loading. The 

Payne effect was highest in the composites with lowest VA content and the 

morphology of the composites, as investigated by atomic force microscopy and 

scanning microscopy revealed marked influence on interphase behvaiour and 

dispersion.   
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Flexible lead-free high energy radiation shielding material[4] was synthesized 

through internal compounding. Polymer-filler interaction, crosslinking density, 

specific gravity, physico-mechanical characteristics, percentage attenuation and 

thermal stability of the crosslinked composites were estimated[10-12]. It was 

found that even at very high filler loading composites can be crosslinked; 

however crosslinking density was composition dependent and was highest in 10-

50 wt% loading range at all radiation doses. The Nielsen model was applied to 

understand micromechanics of the system. Attenuation of gamma radiation from 

241Am was not affected by irradiation. Thermal stability of composites was found 

to be significantly affected with bismuth oxide loading.In addition to the 

dispersion, PDMS/Bi2O3 composites have other characteristics required for 

practical application such as high attenuation, good physico-mechanical and 

thermal characteristics 

 

Chapter 4: Synthesis of a flexible poly(chloroprene)/Methyl red film 

dosimeter using an environment-benign shear compounding method 

A dosimetric film[5-7] was synthesized through a solvent free route using 

polychloroprene rubber was doped with different concentrations of Methyl Red 

(MR) using an internal compounder.  All the synthesized films displayed strong 

red colour with a max around 515 nm, which was very different from the other 

reported studies for MR and was attributed to the presence of residual HCl in the 

chloroprene matrix. The peak position was independent of the concentration and 

the irradiation dose administered. The absorbance decreased with the irradiation 
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dose and the response was linear up to 30 kGy; though the regression values 

were poor when MR loading was less than 10 MR.  The reproducibility and 

stability of the dosimeter was good. The color coordinates of the films was found 

to change with the irradiation dose and there was no significant yellowing or 

crosslinking of the base polymer in the irradiation dose range administered 

during the study. There was no significant effect of temperature and dose rate 

though some effect of humidity was observed when humidity was >70%.  The 

optical micrograph of the films suggested homogeneous distribution up to 30 mg. 

The chapter will also present the radiation effect on EPDM/MR based 

dosimeters, demonstrating the criticality of dispersion of dye in polymer matrix 

for the perception of color and dosimetric properties.   

 

Chapter 5: Melt compounded Ethylene Vinyl Acetate / Magnesium Sulfate 

composites as flexible EPR dosimeters: Mechanical properties, Dose 

response and Processability 

Melt compounding of Ethylene Vinyl Acetate (EVA) (vinyl content 40%) and 

Magnesium Sulfate was carried out to develop ESR dosimeters[13-15] through a 

solvent free route. Mechanical properties, melt flow characteristics, dosimetric 

properties and water equivalency of the set of new dosimeters were investigated. 

Elastic modulus of the composites increased with the addition of MGH and 

elongation at break decreased. The composites were flexible and were found to 

flow during melt flow index measurements up to 50 wt% MGH.  The response of 

dosimeter was linear between 20 Gy to 4 kGy. The response was reproducible 
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with the relative standard error of 0.06 (95% CI: 0.05-0.07).  Dosimeters showed 

around 20% fading in the signal in 30 days and were found to be water 

equivalent for the energy greater than 100 keV. 

Chapter 6: Europium doped Barium sulphate as a perspective dosimeter: 

Studies based on ESR, TSL and PL techniques 

Polycrystalline samples of Europium (Eu) doped BaSO4 were prepared by the 

co-precipitation method. These samples were annealed at high temperatures 550 

oC, 750 oC and 900 oC in presence of argon atmosphere. The structural analysis 

carried out using X-ray diffraction (XRD) revealed that these samples exhibited 

orthorhombic structure. The samples annealed at high temperatures 550 oC, 750 

oC and 900 oC  were subsequently gamma irradiated at room temperatures were 

studied by Electron Paramagnetic Resonance (ESR), Thermally Stimulated 

Luminescence (TSL) [15-17] and Photo Luminescence (PL) techniques for 

measuring the signal for estimating the radiation dose which forms a prospective 

material for radiation dosimeter. The irradiated sample had a simple glow curve 

structure with prominent TSL glow peaks at 450 K and 500 K. ESR studies 

carried out on gamma irradiated BaSO4 and Europium doped BaSO4 samples 

revealed two prominent signals due to the presence of SO4 
– (g= 2.0140) and SO3 

– (giso= 2.0030) radicals.  The intensities of both these radicals was found to be 

higher in samples annealed at 750 oC and therefore these samples were 

subsequently selected for investigating the dose response. The gamma irradiated 

samples did not show any significant changes in PL intensity of Eu2+ for both 

excitation and emission spectra indicating that there is no Eu2+ to Eu3+ valence 
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conversion occurring during gamma irradiation. Both Europium doped and un-

doped BaSO4 samples had shown a linear gamma dose response over the range 

10 Gy – 1 kGy. The dose response and fading properties of BaSO4 samples were 

compared in ESR spectra. The sensitivity of Europium doped BaSO4 to gamma 

irradiation was nearly five times better than that of Alanine. The fading 

characteristic of SO3
– and SO4

- radicals was found to be less in Europium doped 

BaSO4 samples compared to un-doped samples suggesting that the former is 

better dosimetric material for dose measurements. The fading of SO3
– and SO4

- 

intensities in 750 0C annealed Europium doped BaSO4 sample was of the order 5 

% and 9% after a period of six months. ESR technique had shown practical 

applications in the field of dosimetry as the cumulative concentration of 

radiation-induced radicals could be quantified. The radiation induced 

paramagnetic radicals was assayed quantitatively using ESR technique, with the 

intensity of the ESR signal as a function of radiant energy deposited in the 

sample. Such techniques find applications in radiation dosimetry. New materials 

are investigated for feasibility of use in ESR dosimetry, wherein the radiation 

induced species retains the radiation signatures as a function of irradiation dose, 

leading to assessment of gamma radiation dose. Few of the materials have been 

identified as prospective ESR dosimeters. Alanine, an amino compound, is IAEA 

reference standard for ESR dosimetry. 

Studies were carried out on gamma irradiated commercial amorphous glass 

samples in powder form, to investigate the possibility of using it as an ESR 

dosimeter. The first derivative ESR spectrum of such irradiated amorphous glass 
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samples, recorded at room temperature showed prominent signals due to oxy 

radicals of silicon at g = 2.0023 and 2.009. It had been observed from ESR signal 

– irradiation dose response of irradiated glass powder that signal due to g = 

2.0023 as linear in gamma dose range 200 Gy – 2 kGy, the signal due to 2.009 

had microwave power dependence in the range 6.2 µW to 6.2 mW and the 

radiation induced radicals in glass were found to be stable (less than 5% decay) 

at RT for over 3 months. This investigation described the details on dose 

response of the irradiated glass powder as prospective dosimeter and the utility 

of ESR – Glass dosimetry for high range dosimetric applications. 

Summary 

Present thesis describes results from the research work carried out towards 

radiation engineering and characterization of polymer, dosimetric materials and 

composite materials using 60Co-gamma, Electron beam irradiation. Effect of 

variation of different reaction parameters on the material properties was 

thoroughly studied and accordingly optimized to obtain polymer composites with 

desired properties. 
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roughness (i) VA12BS50 (ii) VA25BS50 (iii) VA40BS50 

Figure-3.10: X-ray diffractograms of (a) EVA with different VA content 12 % 

(VA12), 25% (VA25) and 40% (VA40) [Inset: X-ray diffractograms of BS] (b) 

VA12BS50, VA25BS50 and VA40BS50 

Figure-3.11: Radiopacity of the composites (i) actual x-ray radiographs of 

different composites, A: VA12BS75, B: VA40BS75, C: VA12BS50, D: 

VA25BS50, E: VA40BS50, F: VA12BS50 (ii) variation in gray values for 

composites with composition; dotted block presents gray values for aluminum 



27 

 

sheets (iii) variation in mass attenuation coefficient variation of VA12, VA25 

and VA40 with x-ray energy (Inset: variation in the mass attenuation 

coefficient of BS with x-ray energy) 

Figure-3.12:  Effect of VA content on mechanical properties (a) Stress-strain 

profile (Left panel VA12 composites; right panel VA40 composites) (b) 

Mechanical hysteresis in the composites during five cyclic deformations of 

5% (5-10%) strain. The arrows show mechanical hysteresis reduces with 

increase in VA content. 

Figure-3.13: Physical and mechanical properties of the EVA/BS composite (a) 

Density (b) Elongation at break (c) Elastic modulus (d) Hardness (shore A). 

The properties are presented for different BaSO4 content (%) and for different 

VA content 

Figure-3.14: Effect of the VA content and the filler loading on (a) dependence 

of the complex viscosity  on angular frequency  in the linear visco-elastic 

regime [Inset: Fold increase in complex viscosity on filler addition; defined as 

the ratio of complex viscosity of filled system to the unfilled one] (b) 

dependence of the storage modulus (G’) on the angular frequency in the linear 

visco-elastic regime (c) Cole-Cole representations for different EVA/ BaSO4 

composites in the linear visco-elastic regime. T=140.0 oC, 

Figure-3.15 Storage (G’) and loss modulus (G’’) crossover for different EVA/ 

BaSO4 composites. T=140.0 oC, 
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Figure-3.16: Melt rheology of unfilled systems (a) dependence of the complex 

viscosity  on angular frequency  in the linear viscoelastic regime (b) 

dependence of the storage modulus (G’) on the angular frequency in the linear 

viscoelastic regime (c) Cole-Cole representations for different EVA in the 

linear viscoelastic regime. T=140.0 oC,  

Figure-3.17: Structural breakdowns in EVA/BS composites in molten and 

solid states (a) dependence of the storage modulus on the small amplitude 

oscillatory shear strain (b) dependence of the storage modulus on the dynamic 

tensile strain (solid) [f=1 Hz, T=30oC]. Dotted lines represented best fit of the 

experimental data to phenomenological quantitative Kraus model (equation 

iii). 

Figure-3.18: Time temperature (t-T) superimposition curves of storage and 

loss modulus for different EVA/ BaSO4 composites. Reference temperature= 

140oC. 

Figure-3.19 Temperature dependence and model fitting of horizontal shift 

factors (aT) of EVA/ BaSO4 composites (a) WLF model (b) Arrhenius model 

Figure-3.20: Dynamic thermo-mechanical changes in EVA/ BaSO4 

composites with the change in vinyl acetate content and BS loading (a) 

storage modulus versus temperature (b) loss factor versus temperature [% 

depicts percentage loading of BaSO4 in the respectivecomposite] 

Figure-3.21: Scheme depicting interplay of crystalline domains, vinyl acetate 

groups, and BaSO4 particles distribution in the matrix. 
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Figure-4.1: Molecular structures of Methyl red and Polychloroprene 

Figure- 4.2 : Visible spectrum of PC doped with different concentrations of 

MR/100g PC (a) 0 mM  (b) 0.02 mM (c) 0.04 mM (d) 0.06 mM (e) 0.12 mM 

Figure-4.3:  Relative change in absorbance with radiation dose for the film 

containing (a) 0.04 m M of MR/100 g of PC (b) 0.06 mM of MR/100 g of PC. 

Inset: Relative change in absorbance with radiation dose for the film 

containing 0.12 mM of MR/100 g of PC 

Figure-4.4:  Changes in polymer films (0.06 mM of MR/100 g of PC) 

irradiated to 10 kGy. (a) Relative change in absorbance [(RCA at 0.21 kGy/hr–

RCA at specific dose rate)/ RCA at 0.21 kGy/hr] at different dose rates. 

(b)Relative change in absorbance kept under laboratory light conditions. Inset: 

Relative change in absorbance [(RCA at 11% humidity –RCA at specific 

humidity)/ RCA at 11% humidity] for polymer films (0.06 mM of MR/100 g 

of PC) irradiated to 10 kGy at different humidity. 

Figure-4.5: Optical micrograph of polymer films made using two different 

polymer systems and two MR concentrations (a) 0.06 mM of MR/100g PC (b) 

0.30 mM of MR/100g PC (c) 0.06 mM of MR/100g EPDM (d) 0.30 mM of 

MR/100g Figure 4.6: Photograph of films loaded with 0.06 mM of MR/100g 

PC (a) unirradiated (b) irradiated to 30 kGy.A 
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CHAPTER–1 

INTRODUCTION TO INTERACTION OF RADIATION WITH MATTER AND 

DOSIMETRY 

 High energy radiation provides unique opportunities and finds wide 

application in various fields such as for material modification, medical diagnosis, 

therapy and also for industrial purposes.  Several technologies and products have 

been developed using ionizing radiation and considerable efforts have been made 

to understand its effect on biological systems and materials. The chemical effects 

of radiation depend on the composition of matter and the amount of energy 

deposited by the radiation. High energy radiation can be classified into two 

groups particles: {charged (e-, e+, , etc) and uncharged particles (n)} and 

electromagnetic radiation (, X-ray). With an extensive use of radiation for 

various medical and industrial applications, it becomes imperative to have a 

better and complete understanding of radiation effects on materials for which 

advanced radiation dosimetric procedures should be developed. This chapter 

presents fundamental aspects of effect of high energy radiation on matter along 

with the different techniques used for characterizing defects induced by radiation 

and literature review.  

1.1. Interaction of radiation with matter 

 Matter consists of atomic nuclei and extra-nuclear electrons.  The 

radiation may interact with either or both of these constituents, depending upon 

the type, energy of the radiation and the nature of the absorbing medium (Table-
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1.1). These interactions result in excitation and ionization of the absorber atoms 

in the matrix. Ultimately the energy transfer is manifested, partly as production 

of radicals and partly by dissipating energy in the form of heat. The ‘specific 

ionization’ [1] viz. the number of ion pairs formed per unit distance traveled in 

the medium is a measure of the rate of energy loss by the radiation due to 

ionization. To study the radiation effect in the medium, the linear rate of energy 

absorption in the medium, expressed in eV/Ao, ‘linear energy transfer’ (LET) 

should be known. The interaction of gamma ray photons is qualitatively different 

from the corpuscular radiations. Such corpuscular radiations have definite ranges 

beyond which their radiation effects cannot be observed. However, the intensity 

of gamma rays can only be decreased and cannot be completely absorbed.  The 

interaction of gamma ray with matter varies systematically with the electron 

density [1, 2], which is reflected as effective Z, of absorbing medium and with 

the energy of the gamma ray photon [3]. 

The gamma ray photons moving through the medium interact with the medium 

basically in three different ways:  

(i) Collision with atom as a whole  proportional to Z 

(ii) Collision with an atomic electrons proportional to Z 

(iii)        By radiative processes (Bremsstrahlung) proportional to Z2. 

 When the distance of closest approach of the photon is large compared 

to the atomic dimensions, the atom as a whole reacts, resulting in excitation or 

ionization of the atom (Soft collision). When the distance of closest approach of 

the photon is of the order of atomic dimensions, it interacts with one of the 
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atomic electrons, resulting in the ejection of electron from the atom with 

considerable energy known as knock-on (Hard collision). Hard collisions transfer 

a large amount of energy to the secondary electrons. When the secondary 

electron has Kinetic Energy (KE) large enough to cause ionization, from its own 

track, it is called delta ray (δ - ray >100 eV).  For δ – rays of energy exceeding 

10 keV, LET comes into play. Primarily the interaction of gamma radiation is of 

three types viz. Photo-electric effect, Compton scattering and Pair-production 

(Table-1.1, Figure-1.1a). 

 In Photo-electric process, a photon interacts with the absorber atom in 

which the photon completely disappears; an energetic photoelectron is ejected 

from the bound shells of the absorber atom [1, 3, 4]. Here the interaction with the 

atom as a whole, cannot take place with the free electron. The energy of the 

photoelectron is given by Ee– =   h – Eb where h is the energy of incident 

photon and Eb represent the binding energy of the electron in its shell. As the 

photoelectric process is predominant at lower energy, with the increase in the 

photon energy the probability of photoelectric effect decreases rapidly. When the 

energy of the photon is more than few hundreds of keV upto 1.5 MeV, the photon 

interaction is by Compton scattering [1, 3]. During this process, the photon 

undergoes an elastic collision with a loosely bound electron.  During this, part of 

the energy is transferred to the electron. The directions of the scattered photon of 

lower energy and that of electron with respect to the incoming photon satisfy the 

laws of conservation of momentum. The probability of the Compton scattering 

process, in general, decreases with the increasing photon energy. Pair production 
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is the process of interaction of photon with matter, when its energy exceeds 1.02 

MeV. The energy of the photon partly appears as the rest masses of two particles 

and partly as the kinetic energies of the electron Ee and position Ep given by [1,4] 

 

h = Ee + Ep+ moc
2                  (1.1) 

 

It is obvious that the process cannot take place for h< 1.02 MeV.  The available 

energy in the kinetic energy form is divided almost equally between the two 

particles generated. Pair production process is always followed by annihilation of 

the positrons and in most cases, the formation of 0.51 MeV gammas. The 

probability of this process is proportional to Z2. 

 The energy dependence of the three processes in a typical absorber 

sodium iodide medium/detector is given in Fig. 1.1a. The relative importance of 

the three processes described above for different absorber materials and gamma 

ray energies is shown in Figure1.1b. The line at the left represents the energy at 

which photoelectric absorption and Compton scattering are equally probable as a 

function of the absorber atomic number. The line at the right represents the 

energy at which Compton scattering and pair production are equally probable. 

Three areas in the figure thus define within which photoelectric absorption, 

Compton scattering and pair production are dominant. 

1.2. Radiation Induced defects/effects in matter  

 The overall effect of radiation depends on the quantum of energy 

absorption from the incident radiation and the type of matter. The radiation dose 
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is therefore expressed in terms of the absorbed energy per unit mass of the 

medium/tissue. The external gamma radiation of a given energy flux delivers the 

absorbed dose to the material depending upon the point at which the absorbed 

dose is required and the elemental constitution of the absorbing medium [5]. For 

example, in case of living matter, bones of elemental constitution calcium and 

phosphorus absorb more energy from the photon per unit mass of medium than 

the soft tissues of elemental constitution C, O, N and H. One exposure unit (X 

unit) is defined as ‘the quantity of X or gamma radiation that produces ions 

carrying 1 coulomb of either charge per kilogram of air. 

1 X unit = 1 C/kg of air. 1 X unit = 34 Gy (in air).             (1.2) 

 

The operational definition of the exposure unit may be converted into a more 

fundamental unit of energy absorption per unit mass of air with single ion charge 

as 1.6 × 10-19 C and average energy dissipated per single ion pair in air as 34 eV.  

Gray, the unit of radiation dose, applicable to all types of ionizing radiation, used 

in radiation dosimetry is defined as ‘the amount of radiation energy deposited as 

1 Joule per 1 kg of matter (1 Gy = 1 J/kg.). One rad is defined as ‘the amount of 

energy deposited as 100 ergs per gram of matter’ (1 rad = 100 ergs/gm).  

1.3. Quantification of radiation dose  

 Radiation dosimetry is an area of utmost interest to Health Physicists, 

Medical Physicists, dose rate reconstruction, computation and for accidental dose 

assessments during radiation incidences. This is also important during any 

planned high dose irradiation at industrial irradiators, radiation processing of 
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materials. A radiation dose measurement system must give signals that could be 

accurately and precisely measured. Besides, the radiation-induced signal as the 

radiation signature must have a well-defined and reproducible functional 

relationship with energy deposited in the matrix viz., absorbed doses of the 

ionizing radiation.  

1.3.1. Essentials of a dosimetry system 

 The essentials for a system to qualify for dosimetry [3, 5, and 6] are: 

1.  The dosimetric signal should be linear or well defined, with linear dose – 

signal relationship, over an appreciable dose range. 

2.  The radiation-induced signal should have relatively high contrast with 

radiation dose and a good reproducibility of the radiation induced signal. 

3.  Well-characterized radiation induced signals that can be related to the dose or 

dose rate by established relationships with constant parameters. 

4.  The ingredients of the dosimeter, its various batches should remain stable, for 

periods for few weeks, during the period between irradiation and signal readout; 

the radiation-induced signal should remain stable with reproducibility. 

5.  Absence of environmental / dose rate effects and radiation special energy 

effects. 

1.3.2. Techniques for dosimetric evaluation  

1.3.2.1. Calorimetry 

 It is an absolute method of (reference) dosimetry. It finds application as 

a primary dosimetric standard for calibration purposes.  Due to the radiant energy 

deposited in the substance, the material gets heated up.  The rise in temperature 
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is a function of the energy deposited per unit mass of the substance. In 

calorimetry, the rise in temperature of the material due to irradiation is measured 

[7]. However, the rise in temperature is very less, 0.0024 oC / Gy,  

(2.4 × 10-3oC / Gy) can find applications only in cases of higher radiation doses. 

The materials and their corresponding dosimetric techniques are given in Table-

1.2. 

1.3.2.2. Fricke dosimetry 

 It is based on the assessment of the radiation induced ferric ion 

concentration at 305 nm, by spectro-photometry. The Fe+2 ions on irradiation get 

oxidized to Fe+3 ions, in the Fricke solution.  The optical density (Fe+3 

concentration) measured at 305 nm is used to calculate the absorbed dose.  It is 

useful in the radiation dose range 40 Gy – 400 Gy [3,8,9]. 

1.3.2.3. FBX dosimetry 

 Spectrophotometric methods of radiation dose measurements are based 

on the light absorbing complexes. The chemical dosimetry uses aqueous 

sulphuric acid solution of ferrous sulphate, xylenol orange and benzoic acid.  The 

free radicals present in irradiated material, oxidize Fe+2 to Fe+3. Concentration of 

Fe+3 ions is quantified, by spectrophotometry, (Fe+2 ions on irradiation get 

oxidized) for estimation of the radiation dose. 

1.3.2.4. Film badge dosimetry 

 A photographic film of ~200 microns thickness coated with ~12 

microns thick emulsion act as the film badge dosimeter.  The emulsion consists 

of silver halide in the matrix. The effect of nuclear radiation is reflected in the 



40 

 

film becomes darkened on exposure.  The degree of darkening is related to the 

film density D = log10 (Io / I), where Io is the intensity of incident light and I is 

the intensity of light transmitted by the film,which in turn, is a measure of 

radiation dose. The film response to the radiation dose is found to be linear in 10-

3Gy – 10 Gy [10].  Though the system is a permanent record, the dosimetric 

technique was discontinued due to its non-reusable nature and environmental 

effects leading to ghost signal. 

1.3.2.5. Thermally Stimulated Luminescence (TSL) 

 TSL dosimeters depend on the electrons trapped between the valence 

and conduction bands in the crystalline structure of matter [11-14]. The band 

structure in an insulator is normally described in terms of valence band and 

conduction bands separated from each other by a forbidden gap. The defects can 

create localized states at different depths. The trap depth i.e. the energy 

separation between localized levels (defects) and conduction band edge can be 

provided by TSL. The probability p per unit time that a trapped election will 

escape from the trap is: p = s e (- E / kT), where E is the trap depth [thermal 

activation energy required to liberate a trapped charge] in eV, k is the Boltzmann 

constant, T is the temperature in K and s is the frequency factor in Hz. In first 

order kinetics, with the basic assumption that the electrons once released from 

the trap will undergo recombination rather than getting re-trapped, the number of 

trapped electrons ‘n’ is given by, 

N = no [exp (-pt)] = no [exp {-s exp (-E / kT)}].            (1.3) 

 Where no is the trapped electrons at time t = 0.  
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For a single trap depth, the first order kinetics, the TL intensity ‘I’ at any 

temperature is directly proportional to the rate of de-trapping. 

I (T) = no p exp [-(s/q) exp (-E/kT) dT]                        (1.4) 

Where q is the linear heating rate dT/dt. 

The TSL glow curves of first order are asymmetrical, while those of second order 

are symmetrical. These measurements give a reliable estimate of radiation dose. 

As evident from the above mentioned techniques, different methods and different 

type of dosimetric systems can be designed depending on the radiation dose 

involved. 

1.3.2.6. Thermo luminescent dosimetry (TLD) 

 Certain phosphor materials on irradiation produce defect centers, 

(electron-hole trap centers), that are stable at room temperature. However on 

heating, the electron-hole pairs recombine and get de-excited emitting photons in 

the visible range of electromagnetic spectrum [3,7,11-14]. The behavior can be 

depicted (for CaSO4: Dy dosimeter) as here under: 

On irradiation, 

  SO4
2-   SO4

- + e-                         (1.5) 

  Dy3+ + e-  Dy2+                                (1.6)                 

On heating,  

  SO4
-   SO4

2 - + hole                   (1.7) 

  Dy2+ + hole   Dy3+*                                            (1.8) 

      Dy3+                        Dy3+ + h          (1.9) 

 The intensity of photon emission is a function of concentration of 
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radiation induced defects, in turn a function of irradiation / absorbed dose.  This 

is a very sensitive technique (106 defects / cc.), useful for a wide range of dose 

from μGy – kGy level, and is used for personnel and environmental dosimetry. 

However, it is considered as a destructive technique as the signals get erased on 

heating the phosphor to the requisite temperature, for estimation of dose. It is a 

not a permanent record. 

1.3.2.7. ESR dosimetry  

 The measurement of concentration of free radicals generated due to 

ionizing radiation yields the absorbed dose in a quantitative way. ESR relies on 

the direct measurement of free radical concentration generated in the dosimetric 

material as a consequence of deposition of energy by the ionizing radiation [2, 3, 

6]. Free radicals in organic materials correspond to trapped electrons or 

homolytic rupture of covalent bonds depending on the quantum of radiant energy 

absorbed per unit mass of matter. Since, the concentration of paramagnetic defect 

centers is proportional to the dose delivered to the specimen; the signal intensity 

is used to calibrate the radiation dose delivered to the specimen in ESR 

dosimetry.  Besides, ESR is a non-destructive, non-invasive method, highly 

sensitive technique (responsive for spin concentration ≥ 1013/ cc).  The dose 

measurements can be repetitive with accumulated dosimetric signal and can be 

used at wide range of temperatures from 4K onwards [15-19].ESR read-out 

technique is based on the quantitative measure of the absorption signal of 

irradiated dosimeter material.  
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1.4. Literature Survey 

 Radiation induced defects in alanine, an amino acid, have been 

extensively investigated. ESR dosimetry indeed has emerged as an important tool 

in high range radiation dosimetry of low and high LET ionizing radiation [17-

24].  The dosimeter in powder form can be used and that dispenses with the 

angular positioning in the resonant cavity of the ESR spectrometer. The 

dosimetric response of alanine in the readout process is non-destructive; hence, 

cumulative dose measurement is possible. Besides, in the radiotherapy dose 

range, alanine – ESR dosimetry could find possible usage.  Alanine dosimeter in 

powder form viz. α – alanine and other forms such as alanine-polystyrene 

material [18], alanine single crystals and alanine tablets with certain binders have 

been used for a variety of dosimetric studies. Alanine-ESR dosimeters are 

referred for usage by the IAEA [6], for standardization of irradiation dose at the 

various irradiator facilities. Alanine dosimeters have found applications even as 

postal dosimeters for inter-calibration of facilities. The dose response of ESR 

signal of irradiated alanine is reported to be independent of photon / beam energy 

in the range of 0.5 MeV – 3 MeV [25].  Thus, the alanine dosimeters could be 

used for dose determinations for inter-calibrations of gamma irradiators with 

Co60 source and gamma irradiators with Cs137 source or electron beam 

accelerators of beam energies upto 3 MeV. The gamma dose profile at different 

locations could be evaluated with selected parameters of the irradiation facilities 

using alanine-ESR dosimeters. In situ dose determinations could be assayed 



44 

 

using the alanine-ESR dosimeters at nuclear reactor beam columns, thermal 

shields with / without temperature and humidity.  During the last 35 years, the 

precision of absorbed dose determinations by means of ESR spectrometry of 

irradiated alanine has considerably improved.  It has been known for several 

years that the ESR spectrum of alanine has an excellent applicability for 

dosimetric purposes.  It is reported that when 95% alanine tablets with certain 

binders were studied for dose inter-comparison with alanine paraffin dosimeters, 

an uncertainty of + 1.1% was observed for observed dose ~ 5 Gy and was found 

to have a precision better than + 2% at dose ~2 Gy [18]. 

 Other than the alanine dosimeter used in the ESR technique, a variety 

of other materials have also been investigated for their suitability of application 

as ESR dosimeters in select ranges or as accidental dosimeter and retrospective 

dosimeters.  The ESR spectroscopy using cotton fabric, human tooth enamel, 

dentine and bones has been reported to have wide dosimetric application [26-27].  

It was used in the evaluation of personal dose and in individual retrospective 

dosimetry during a few radiation accidents. The signals from human tooth 

enamel are reported to be invaluable in assessing the absorbed dose of people 

exposed to radiation accidents.  The measurement of radiation induced radicals 

originating from carbonate impurity of all tooth tissues [28] and bone by ESR 

technique has been reported to be useful. Thus, carbonate radical has been found 

to be of importance in ESR dosimetry.  Experimental investigations have been 

carried out to compare by ESR technique the radiation sensitivity of biological 

and synthetic carbonated apatites [26-29]. It has been reported that the lower 
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detection limit for tooth enamel is 100 mGy, for dentine 300 mGy, for cementum 

700 mGy and for synthetic carbonated apatite 1 Gy.  The CO3
-, center is reported 

to be stable, and accurate measurements could be possible even after 40 years of 

the radiation incident. However, this approach is reported to be applicable only, 

if the human teeth be readily obtained from the accident victims.  A number of 

biological samples [29-30] on the potentially exposed persons have been 

reported to be evaluated for the feasibility study on the use of ESR dosimetric 

technique for accidental radiation exposure. 

 Effects of high energy radiation on properties of polymers such as 

Lucite, polyethylene, paper, wool, human hair and nail have also been 

investigated.  Wool, human hair and nail have shown rapid decay of the ESR 

signal intensity, and were not found suitable for quantitative dosimetric study. 

Samples containing sugars [31] have been reported to have high sensitivity to 

radiation with the induced radicals in those materials as relatively stable.  

Fingernails, human hair and leather are reportedly promising for accidental 

dosimetry.  The signal fading could be of use if the time interval between 

irradiation and ESR measurement is known. From extrapolation of the fading 

curves it should be possible to determine the dose using those substances. Sugar 

a suitable tissue equivalent dosimetric material has been reported [31] to have 

stable radiation signal, responding linearly with dose in 0.5 Gy – 10 Gy.  Hence, 

sugar an inexpensive commodity, universally available in pure, uniform and 

homogeneous form, has ESR dosimetric applications in the form of silicone 

bound sugar pellet matrix. 
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 Effect of radiation on the watch glass has been investigated [22 and 

references therein] dose response and the signal stability investigated through the 

ESR technique has been reported to have linearity of dose response in the range 

2 Gy – 50 kGy with decay of about 20% in first 24 hour after irradiation and 

slower decay later, suggesting watch glass could be an ESR dosimetric material 

during accidental dose evaluations. The use of cotton clothing fabrics made up of 

natural cellulose polymer, a condensation product of glucose, when exposed to 

radiations has their macromolecules degraded and free radicals generated [26].  

The dose response of cellulose has been reported to be linear in the range 7 Gy – 

104  Gy, the fading could be considerably reduced by increasing the matrix 

crystallinity.  Thus the ESR spectrum of the free radicals due to radiation in the 

cotton fabric could give an idea of dose in the few Gray to 104 Gray range. 

 The sample of magnesium lactate on gamma irradiation is found to 

produce radicals, measured by ESR technique in dose 0.1 Gy – 100 kGy range.  

The samples of magnesium lactate and samples of magnesium lactate doped with 

lithium lactate give ESR signals with dose response in 20 Gy – 100 kGy range 

[20]. The ESR signals of these dosimeter materials consist of light atoms with 

tissue equivalence and the radicals generated are stable at room temperature. The 

results indicate that the material could be a good ESR dosimeter for low as well 

as high dose ranges.  Both undoped as well as Li- lactate doped Mg- lactate 

being light sensitive can be useful ESR dosimeters with an additional caveat to 

avoid direct light exposure. Radiation dosimetry was done by measuring free 

radicals induced in synthetic nano-structure hydroxyapatite (HAP) [32] using 
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EPR method. The HAP samples were synthesized via fluid body simulated 

method and were irradiated at different dose intervals and subsequently subjected 

to the EPR measurement. The effects of some EPR parameters were investigated 

as well. Variations of EPR signal intensities were constructed as peak-to-peak 

signal amplitude and were compared with alanine and bovine bone samples for 

two different dose ranges of Gy and kGy from dosimetric point of view. The 

results showed that the HAP samples were more useful for doses in Gy range. At 

kGy range doses the bone sample and alanine dosimeter showed a better ESR 

response. 

Radiation-induced primary radicals generated in lithium formate [33], a material 

used in ESR dosimetry have been studied using electron paramagnetic resonance 

(ESR), electron nuclear double resonance (ENDOR) and ENDOR-Induced EPR 

(EIE) techniques. In this study, single crystals were irradiated with X-ray at 6-8 

K and radical formation at these and higher temperatures were investigated. 

Periodic density functional theory calculations were used to assist in assigning 

the radical structures. Mainly two radicals were present at 6 K; the well-known 

CO2
•- radical and a protonated electron-gain anion radical product. Hyperfine 

coupling tensors for proton and lithium interactions were obtained for these two 

radicals and show that the latter radical exists in four conformations with various 

degrees of bending at the radical center. Pairs of CO2
•- radicals were also 

observed and the tensor for the electron-electron dipolar coupling was 

determined for the strongest coupled pair, which exhibited largest spectral 

intensity. Upon warming, both the radical pairs and the reduction product 
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decayed the latter apparently by a transient species. Above 200 K, the ESR 

spectrum occurred mainly due to the CO2
•- (mono) radicals, which were 

previously characterized as the dominant species present at room temperature 

and which account for the ESR dosimetric signal. 

Until very recently, analysis of bone biopsies of samples collected after surgery 

or amputation by ESR was considered as the sole reliable method for radiation 

dose assessment in hands and feet. ESR measurements in finger-and toe nail [30] 

have been considered for accident dosimetry for a long time. Human nails are 

very attractive biophysical materials because they are easy to collect and 

pertinent to whole body irradiation. Information on the existence of a radiation-

induced signal in human nails has been reported almost 25 years ago. However, 

no practical application of ESR dosimetry on nails is known to date because, 

from an ESR perspective, nails represent a very complex material. In addition to 

the radiation-induced signal (RIS), parasitic and intense signals are induced by 

the mechanical stress caused when collecting nail samples (mechanically 

induced signals—MIS). Moreover, it has been demonstrated that the RIS stability 

is strongly influenced not only by temperature, but also by humidity. Most 

studies of human nails were carried out using conventional X-band microwave 

band (9.5GHz). Higher frequency Q-band (35GHz) provides higher spectral 

resolution which allows obtaining more detailed information on the nature of 

different radicals in human nails. Four different MIS signals and five different 

signals specific to irradiation with ionizing radiation have been identified [34]. 

The most important outcome of this work is the identification of a stable RIS 
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component. In contrast with other identified (unstable) RIS components, this 

component is thermally stable and not affected by the physical contact of finger 

nails with water. The discovery of stable radiation-induced radical(s) associated 

with the RIS component mentioned opens a way for broad application of EPR 

dosimetry in human nails.  

The electron spin resonance technique has been used to study the production of 

long-lived radicals in glycine, valine, aspartic acid and glutamic acid. The yield 

of radicals as a function of dose was measured, using a 3 MeV electron beam 

accelerator very high dose rate. In all cases saturation was observed at high doses 

(in the megarad range). The yield vs. dose curves were analyzed in terms of 

exponential functions and some possible explanations put forward. Absolute 

values of the yield per unit dose, as well as the saturation values, were 

calculated, and possible sources of error in these values were discussed. 

Sucrose, the main component of table sugar, present in nearly every household 

and quite radiation sensitive, is considered as an interesting emergency dosimeter 

[31]. Another application of radiation-induced radicals in sugars is the detection 

of irradiation in sugar-containing foodstuffs. The complexity of electron 

paramagnetic resonance (ESR) spectra of radicals in these materials, as a result 

of many hyperfine interactions and the multi-compositeness of the spectra of 

individual sugars, complicates dose assessment. A thorough understanding of the 

ESR spectrum of individual irradiated sugars is desirable when one wants to 

reliably use them in a wide variety of dosimetric applications. Recently, the 

dominant room temperature stable radicals in irradiated sucrose have been 
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thoroughly characterized using ESR, electron nuclear double resonance 

(ENDOR) and ENDOR-induced ESR. These radicals were structurally identified 

by comparing their proton hyperfine and g-tensors with the results of Density 

Functional Theory calculations for test radical structures. The results indicate 

that the major part of the dosimetric spectrum can be understood in terms of 

three dominant radicals, but as-yet unidentified radicals also contribute in a non-

negligible way. 

 Taurine/EVA [35] rods (3 × 10 mm) have been prepared by a simple 

technique in the laboratory where taurine powder was mixed with a molten 

mixture of paraffin wax and ethylene vinyl acetate (EVA) copolymer. The 

binding mixture EVA/Paraffin does not present interference or noise in the ESR 

signal before or after irradiation. The rods show good mechanical properties for 

safe and multi-use handling. An ESR investigation of radiation induced radicals 

in taurine rods revealed that there are two types of radicals produced after 

exposure to gamma radiation. ESR spectra were recorded and analyzed – also the 

microwave power saturation and modulation amplitude were studied and 

optimized. Response of taurine to different radiation doses (1.5–100 kGy) was 

studied and found to follow a linear relationship up to 100 kGy. Radiation 

induced radicals in taurine persisted and showed a noticeable stability over 94 

days following irradiation. Uncertainties associated with the evaluation of 

radiation doses using taurine dosimeters were discussed and tabulated. It was 

found that taurine possesses good dosimetric properties using ESR spectroscopy 

at high doses in addition to its simple spectrum. Radiation-induced free radicals 
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in hydrated magnesium sulfate, which are thought to be present on the surface of 

Europa, one of the Jovian moons, have been studied by electron spin resonance 

(ESR). ESR signals of both atomic hydrogen (H.) at g = 2.0023 and sulfite 

radical (SO3
) at g = 2.0029 are observed [7]. Table1.3 present characteristics of 

some of ESR based dosimetric systems.  

1.5 Outline of work 

 Literature survey pointed out the paucity of work on the radiation defects 

generated in multiphase polymer systems and their composites, though these 

systems have significant applied and theoretical interest in different applications.  

It was also clear that there is a pressing need of developing new cost-effective, 

user friendly and efficient dosimeters for the routine use. The objective of this 

work included synthesis of different polymer based multiphase systems, 

investigate the effect of radiation on them and explore their applications in 

radiation dosimetry and in radiation shielding/radiopacity.  

Melt compounding was used to synthesize different polymer composites. These 

compounded formulations were explored for ESR and optical dosimetry. Optical 

dosimeters were extensively characterized for the morphological characteristics; 

dye doping, linearity, color indices, fading and reproducibility. Several 

formulations were developed for EPR dosimetry and an extensive 

characterization of radicals generated, linearity, fading, reproducibility and of 

polymeric attributes such as melt flow index, hardness and mechanical properties 

were conducted. Polymer composite formulations were also developed for 

radiopacity and shielding applications and were extensively characterized by 
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rheological, morphological and physico-mechanical analysis to reveal complex 

interplay of the morphology, the crystallinity, and the copolymer architecture.  

 

 

Figure 1.1a: Energy dependence of the various gamma ray interaction 

processes in sodium Iodide medium. 
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Figure 1.1b: Relative importance of the three principal interactions of 

photons in matter 
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Table: 1.1: Interactions of photons with matter  

 

 

 

 

 

 

 

 

Type of 

interaction/ 

Interaction with 

Absorption Scattering 

Elastic  Inelastic 

Atomic Electrons PE effect 

~ Z4 (low energy) 

~ Z5 (high energy) 

Rayleigh Compton 

  ~ Z2  ~ Z 

 (low energy) 

Nucleons Photonuclear reaction 

(γ, n), (γ, p), (γ, f) ~ Z 

(Energy ≥ 10 MeV) 

Elastic Nuclear 

Nuclear Resonance 

 

scattering 

Electric field of 

surrounding 

charged particle 

Pair production  

~ Z2 (KE > 1.02 MeV) 

Delbruck  

scattering 
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Table: 1.2-Materials and corresponding dosimetry technique 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Matter Radiation effects Dosimetric 

technique 

Water Heat generation Colorimetry 

In-Organic Crystals Defects/Radicals Luminescence/ 

ESR 

Organic Scintillation Luminescence 

Polymer Radicals/Color change ESR/Optical 

Glass Radicals/Color change ESR/Optical 

Solution Chemical Change Optical 

Gas Ionization Current 
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Table 1.3: Characteristics of ESR dosimetric system 

 

 

 

 

 

 

 

 

No. Dosimeter Form Dose range 

(Gray) 

Signal 

stability 

1 Alanine Powder, pellet, 

films 

1-105 <150oC 

2 Tooth enamel Powder 0.1-103 <200oC 

3 Sugar Pellets 0.5-10 <160oC 

4 Medicinal Tablets Pellets, powder 0.5-20 <160oC 

5 Cotton Pieces 2-6 x 103 --- 

6 Watch glass pieces 2-50 <200oC 

7 Quartz Powder 100-107 <300oC 

8 Corn Powder 200-2 x 103 --- 

9 Dentine Powder 0.3-7 <160oC 

10 Granite Powder 100-105 <300oC 

11 Magnesium 

lactate 

Powder 0.1-2 x 103 --- 
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CHAPTER–2 

EXPERIMENTAL METHODOLOGY AND CHARACTERIZATION TECHNIQUES 

2.1. Introduction                                        

The present work deals with the investigation of radiation induced defects in 

matter generated due to gamma irradiation and the utilization of resultant 

radiation induced changes for material modification and for the absorbed dose 

quantification [1-3]. Various novel polymer matrices were synthesized by melt, 

shear or solvent compounding [36-38] and were irradiated with different doses of 

gamma radiation.  Thereafter, radiation induced changes were characterized by 

universal tensile testing [38], rheology, cross-linking density measurements, 

Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), X-ray 

Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Elemental 

Analysis (EA), Thermal Analysis (TGA and DSC), UV-visible Spectroscopy and 

Electron Spin Resonance (ESR). The present chapter discusses the principles and 

methodologies involved in these studies.  

2.2. Materials 

Ethylene-Propylene Diene Monomer rubber (EPDM), Poly-chloroprene Rubber 

(PCR), and Ethylene Vinyl Acetate (EVA) were procured from M/s Polystar 
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chemicals, Mumbai. Specifications of the polymers used in the study are 

mentioned in Table 2.1. All solvents and reagents used in the study were from 

Aldrich chemicals, USA and were of AnalaR grade. Freshly prepared distilled 

water was used in the synthesis of thermoplastic starch and in other experiments.  

2.3. Sample Preparation 

Blends and nano-composites used in the study were prepared by mixing 

ingredients (Polymer composites) on a two-roll laboratory mill or in a Brabender 

Plasticodar. The homogeneous mix was cut into small pieces and compressed 

into sheets of size 12 ×12 cm2 of different thicknesses in range 1-4 mm using 

compression-molding machine at 150 kg/cm2 pressure for 2 minutes at 130oC 

(403 K).  

2.4. Gamma radiation source 

 A gamma radiation source, Gamma Chamber GC-5000, supplied by the 

Board of Radiation & Isotope Technology (BRIT), Mumbai, India was used for 

irradiation of reaction mixture solutions. Gamma chambers mainly consist of a 

set of stationary 60Co source placed in a cylindrical cage surrounded by a lead 

shield. The shielding of suitable thickness is provided around the source to keep 

external radiation field well within the permissible limits. The material for 

irradiation is placed in an irradiation chamber located in the vertical drawer 

inside the lead flask. The drawer can be moved up and down with the help of a 

motorized driven system, which enables precise positioning of the irradiation 

chamber at the center of the radiation field. 60Co radioisotope emits two photons 

of energy 1.33 and 1.17 MeV each with 100 % yield. 
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2.5. Dosimetry 

 Radiation dosimetry is the term applied to describe the process of 

quantification of radiation effects [1,33] of a given radiation source. Any device 

or process employed to carry out dosimetry is known as a radiation dosimeter. A 

prior Knowledge about the amount of radiant energy absorbed per unit mass and 

distribution of the absorbed energy in any absorbing material is essential in order 

to quantify the physical, chemical or biological changes induced by the radiation 

exposure in the said material due to the ionizing radiation.  

Some of the important terms associated with the process are: 

(i) Absorbed dose: It is defined as the average amount of energy absorbed per 

unit mass of the irradiated material. The SI unit for the absorbed dose is 

Joules/kilogram (J.kg-1), termed as gray (Gy) [1, 39]. The older unit is Rad 

quantified as 100 ergs per gram of matter (1 rad = 0.01 Gy). 

(ii) Absorbed dose rate: The radiation dose absorbed per unit time is termed as 

the absorbed dose rate. The unit used for absorbed dose is Gy.s-1 or Gy. h-1. 

Dosimeters can be classified into two categories viz. primary dosimeters and 

secondary dosimeters. Primary dosimeters involve physical measurement of any 

parameter such as rise in temperature, measured by a thermocouple / calorimeter, 

ionization produced in a gas or the electrical charge due to ionization, carried by 

a beam of charged particles of known energy [1, 39]. Secondary dosimeters are 

those dosimeters whose response to radiation has to be calibrated against a 

primary dosimeter. These include Fricke dosimeter, nylon film dosimeter, 

solutions of various dyes, Perspex dosimeters etc [1]. The choice of a dosimeter 
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for a particular application depends on certain factors such as, (i) state of the 

system, (ii) dose range to be monitored and (iii) nature of radiation. 

The absorbed dose measured by the dosimeter will represent the dose absorbed 

by the sample only when the following conditions are satisfied: (a) the dosimeter 

as well as the sample are both homogeneous, (b) both have similar size, density 

and atomic composition, and (c) both are irradiated under identical conditions. 

The simple and convenient method to achieve these conditions is to use equal 

volumes of dilute solutions of both sample and dosimeter, and irradiate them in 

turn under identical conditions. However, since exact duplication of reaction 

conditions is very often not attainable, certain approximations and relations are 

used to determine the absorbed dose for a given sample. For electromagnetic 

radiation like 60Co gamma-rays, the absorbed dose in the dosimeter (Dd) and 

sample (Ds) are related by the equation (2.1). 

    

                                                                (2.1)                                                               

 

Where, Z/A is the ratio of the atomic number (Z) to the atomic weight (A) for an 

element and the ratio of the sum of the atomic numbers of the element present to 

the molecular weight for a compound. Fricke dosimeter, ESR dosimeter and 

thermo luminescent dosimeter (TLD) are among the commonly used dosimetric 

techniques and are discussed below.  

2.5.1. Fricke dosimetry 

The dose rate of gamma chamber GC-5000 was measured by Fricke dosimeter 
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[9] prior to carrying out the experiments. The basic principle underlying Fricke 

dosimeter is the radiation induced oxidation of ferrous ions to ferric ions in 

acidic aqueous solutions in the presence of oxygen. The standard Fricke 

dosimeter [3] comprises of an aerated solution of 1.0 x 10-3mol dm-3 ferrous 

ammonium sulphate, 1.0 x 10-3mol dm-3NaCl and 0.4 mol dm-3sulphuric acid 

(pH= 0.46). The reactions involved in the Fricke dosimeter are summarized 

under reactions (2.2) – (2.8). 

 

      H2O                    H , OH , eaq
 , H2 , H2O2 , H3O         (2.2)   

            eaq
    +  H        H                                                  (2.3)   

              H    +  O2           HO2
                                           (2.4)  

       Fe2    +     OH       Fe3  +  OH                                  (2.5) 

        Fe2   +    HO2
        HO2

    +    Fe3                           (2.6) 

        HO2
    +   H          H2O2                                             (2.7)  

         Fe2   +   H2O2        Fe3   +    OH    +   OH             (2.8)  

The yield of ferric ion is related to the primary radical and molecular yields by 

Equation (2.9)    

 

 

Since each molecule of hydrogen peroxide oxidizes two ferrous ions by reactions 

(2.8) and (2.5), while the reducing radicals each oxidize three ferrous ions by 

sequential reactions involving HO2
-, H2O2 and OH- respectively [9]. The number 

of moles of Fe3+ ions (M) produced upon irradiation is determined by absorption 

(2.9) 
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spectro-photometry employing Beer's law (7.8) (A = .c.l ) at 304 nm with (Fe3+) 

= 2205 ± 3 dm3 mol-1 cm-1 and _(Fe2+) = 1 dm3 mol-1 cm-1 at 25oC. The G(Fe3+) 

value accepted for electron and photon radiation in the range 1 to 30 MeV is 15.5 

(or, 1.606 × 10-6 mol dm-3 J-1) at 25oC and the density of Fricke dosimeter 

solution is 1.024 gm ml-1.  

The Fricke dosimeter can be used to determine accurately dose only up to 400 

Gy, because of depletion of oxygen in the system beyond this dose G (Fe3+) does 

not remain constant. Fricke dosimeter is independent of dose rate between 0.2 - 

2.0 × 106 Gy s-1. A modified version of Fricke dosimeter, also called as super 

Fricke dosimeter, containing 10-2 mol dm-3 ferrous ions, oxygenated but without 

any sodium chloride, is independent of dose rate up to absorbed dose rates of the 

order of 108 Gy s-1. The upper limit of absorbed dose that can be measured using 

a super Fricke dosimeter is 2.0 kGy. Lead attenuators of suitable thickness were 

used for reducing the dose rates. 

2.5.2. ESR dosimetry  

2.5.2.1. Theory of ESR Spectrscopy 

The Bruker ESR spectrometer used in the present studies is shown in Figure- 2.1. 

Electron Spin Resonance (ESR) spectroscopy is based on the electronic Zeeman 

levels transitions (Figure-2.2) occuring due to the spin flip of unpaired electrons 

under the influence of an external magnetic field [40- 42]. It is a highly efficient 

technique for detecting and characterizing the presence of unpaired electrons in 

any substance. Important theoretical aspects of ESR technique are discussed 

below.  
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When a molecule or a compound with an unpaired electron is placed in a strong 

magnetic field, the spin of the unpaired electron can align in two different ways 

creating two spin states, ms = ± ½. The alignment can either be along the direction 

(parallel) to the magnetic field which corresponds to the lower energy state ms = - 

½ or opposite (antiparallel) to the direction of the applied magnetic field ms = + ½ 

. The two alignments have different energies and this difference in energy lifts the 

degeneracy of the electron spin states. The energy difference is given by: 

∆ E = E+ - E- = hv = gßH                                                                  (2.10) 

h = Planck’s constant (6.626 x 10-34 J s-1), 

v = the frequency of radiation, 

ß = Bohr magneton (9.274 x 10-24 J T-1), 

H = strength of the magnetic field in Tesla, 

g = the g-factor.  

 During the experiment the values of h, v, and ß does not change and g value 

decrease as H increases. The g-factor is a unit less measurement of the intrinsic 

magnetic moment of the electron, and its value for a free electron is 2.0023. The 

concept of 'g' can be roughly equated to that of chemical shift in NMR. ESR 

spectrum is the absorption of microwave frequency radiation plotted against the 

magnetic field intensity. 

2.5.2.2. Working principles of ESR: 

In an ESR experiment, the field of spectrometer magnet is swept linearly to excite 

some of the electrons in the lower energy level to the upper energy level while the 

sample is exposed to fixed microwave irradiation. The free or the unpaired 
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electrons have a small magnetic field and orient themselves parallel to the larger 

field produced by the spectrometer’s magnet. At a particular magnetic field 

strength, the microwave irradiation will cause some of the free electrons to “flip” 

and orient against the spectrometer’s magnetic field. This separation between the 

lower and the higher energy level is exactly matched by  microwave frequency. 

The condition where the magnetic field and the microwave frequency are “just 

right” to produce an ESR resonance (or absorption) is known as the resonance 

condition detected by the spectrometer. ESR spectroscopy can be carried out 

either by, 

1. Varying the magnetic field and holding the frequency constant or 

2. Varying the frequency and holding the magnetic field constant (as is the 

case for NMR spectroscopy). 

Typically, in a commercial spectrometer works by varying the magnetic field and 

holding the frequency constant. ESR spectrometers working at frequencies 

ranging from several hundred MHz to several hundred Ghz are in use- 1-2 GHz 

(L-band) and 2-4 GHz (S-band), 8-10 GHZ (X-Band), 35 GHz (Q-band) and 95 

GHz (W-band). The most commonly used ESR spectrometer is in the range of 9-

10 GHz (X-band). 

Measuring a CW-ESR spectroscopy can be influenced by various parameters, 

both instrumental and experimental. The significant aspect of the measurement is 

to get a high resolved ESR spectrum from a low concentration sample of interest 

which is dependent on the sensivity and resolution of the spectrometer. 

Microwave bridge and resonator governs the sensitivity of the signal. Magnet, 
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Magnet field controller, magnet power supply and signal channel control the 

resolution of the spectrum obtained.  

2.5.2.3. Application of ESR: 

Only direct method to detect the presence of free radicals and to identify the 

paramagnetic species provides information on: 

1. Dose measurements for sterilization of medical goods and foods 

2. Molecular structure near the unpaired electron. 

3. ESR spectra line shape gives insight to dynamic processes molecular 

motions or fluidity. 

4. Probes the structure of “active sites” in metallo proteins. 

5. Detection of irradiated foods, and the dating of early human artifacts.  

     2.5.2.4. Methods to record ESR spectra: 

Continuous wave method: the sample is irradiated continuously with microwave 

radiation of fixed frequency while the magnetic field is slowly swept and the 

microwave absorption is measured for each field position. 

2.5.2.5. Splitting in ESR spectra 

 There are two main kinds of splitting that can be produced in ESR 

spectrum viz. electronic splitting and hyperfine splitting. The electronic splitting 

is due to the presence of more than one unpaired electron in atom or molecule of 

the specimen. The hyperfine splitting is due to the interaction of the unpaired 

electron with the magnetic moment of the nuclei of the atoms or molecules of the 

specimen. 
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2.5.2.6. Electronic splitting 

When there is more than one unpaired electron per atom or molecule with triplet 

state system with two unpaired electrons in the molecular orbital, the spin 

angular momentum give rise to total spin quantum number of S = 1.  The 

combined angular momentum and magnetic moment orient as a unit in applied 

magnetic field, with three possible orientations corresponding to Ms = +1, 0 or -

1.  In the absence of any electric field, the unpaired electrons have equal energies 

in zero applied magnetic field, while their energies diverge as shown in 

Figure.2.2, when an external field is applied. 

 If the electromagnetic radiation of frequency corresponding to the 

energy difference between +1 and 0 level or the 0 and -1 level, be applied, the 

resonant absorption for each of the two allowed transitions for Ms = + 1 taking 

place result in a single absorption line. 

2.5.2.7. Hyperfine splitting 

 The interaction of the unpaired electron with the magnetic moment of 

the nucleus of any atom results in the hyperfine splitting (Figure-2.3). If the 

unpaired electron is confined to an atomic orbital associated with only one atom, 

the interactions will be with the magnetic moment of the nucleus of that 

particular atom. In case of the unpaired electron moving in molecular orbital 

with several atoms, the hyperfine splitting is due to the interaction with several 

nuclei result in the complicated pattern.  In a typical case of electron moving 

around a nucleus having nuclear magnetic moment, I gives rise to 

(2I + 1) resolved components that differ from each other by an integer. In case of 
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electron moving around a multi-nuclear arrangement, the electron interacts with 

several nuclei at once. In the multi-nuclear pattern with ‘n’ nuclei having 

identical nuclear magnetic moment.  I, the number of components are (2nI +1). 

These components are not identical, but are different in intensities given by the 

binomial coefficients. 

2.6. Thermally stimulated luminescence  

The defects produced by high energy radiation can lead to the generation of 

electrons and holes [13, 14] in the matrix. If band gap is high enough to forbid 

the recombination of holes and electrons, their concentration can be correlated 

with absorbed dose. Thermal or optical stimulation of such traps can allow the 

recombination and release the stored energy by emission of photons. 

Luminescence intensity associated with this process can be quantified and 

correlated with the absorbed radiation dose.  

Thermally stimulated luminescence (TSL) is among the easily amenable modes 

for studying the thermally stimulated electron-hole recombination process 

(Figure-2.4) in non-metallic solids subjected to external gamma and X-ray 

irradiations or internal alpha and/or gamma irradiations in actinide-doped 

phosphors. The energy stored due to irradiation, when released on electron-hole 

recombination, partly goes in radiative processes giving out luminescence and 

partly in non-radiative pathways. The radiative part, luminescence, is referred to 

as thermally stimulated luminescence (TSL), or thermo luminescence (TL). In this 

chapter it will be referred to as TSL, as this is a more appropriate way of 

describing this phenomenon. For the occurrence of this phenomenon the presence 
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of activators in the form of doped impurities is an important prerequisite. In 

actinide-doped solids, the actinide ions play a multiple role: as a source of 

irradiation, activators of luminescence, electron/hole traps and in some cases 

electron/hole recombination centres. The experimental observation of TSL in the 

simplest form consists of monitoring the emission of light from an irradiated 

substance as a function of temperature. The resulting curve containing one or 

more peaks of light emission at different temperatures is referred to as a TSL glow 

curve. TSL and other trap level spectroscopy techniques monitoring the release of 

the trapped charge carriers into either the conduction or valence band and 

subsequent capture by recombination centres during a dynamic heating process, 

provide information about traps regarding their activation energies, thermal 

escape rates, etc. Over the past forty years or so a number of methods have been 

developed for obtaining these parameters from TSL and thermally stimulated 

current (TSC) peaks.   

2.7. Characterization techniques 

2.7.1. Crosslinking Density 

 The molecular weight between cross-links (Mc)
 [43-44] was estimated 

using the following relation, based on the theory initially proposed by Flory and 

Rehner, 

 

 

where, V1 is the molar volume of the solvent, rp is the polymer density and fp is 

the volume fraction of the polymer in the swollen matrix. c is the Flory–Huggins 
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interaction parameter between solvent and polymer which can be calculated 

using following relation 

 

   

where ds and dp are the solubility parameters of the solvent and the polymer, b is 

the lattice constant, R is the universal gas constant and T is absolute temperature. 

2.7.2. Optical Microscopy  

 Colorimetric parameters of the dosimeter [45- 47] were measured by 

reflectance measurement using a Minolta CM-3600D Spectrophotometer 

(Konica Minolta Sensing, Inc., Osaka, Japan). The reflectance of whole visible 

spectrum (360 to 780 nm) was recorded at wave length interval of 10 nm. D65 

lamp was used as reference light source and the detector was fixed at an angle of 

10ºC with respect to the light source. The equipment was calibrated before use 

with a standard white tile and a black box for 100 and 0% reflectance, 

respectively. The data was analysed using JAYPAK 4808 software (Quality 

Control System, Version 1.2). 

2.7.3. UV-Visible Spectrophotometer: 

The absorbance changes were measured using a Shimadzu UV-2500 

spectrophotometer at max of absorbance or transmittance, depending on the 

dosimeter absorption [9,47]. For each data point, four measurements were made 

and average value was reported as relative change in the absorbance.  

The absorbance behavior of any material can be explained in terms of the Beer 

Lambert’s Law. The absorbance value (A) depends on nanoparticle concentration 

(2.12) 
21 )( ps

RT

V
 



70 

 

(c), path length (l) of measuring cell and extinction coefficient of materials. 

 

 

 

2.7.4. FTIR spectrophotometer 

 The FTIR spectra of samples were recorded in ATR mode using 

diamond single reflectance ATR assembly in FTIR spectrometer (Affinity-1, 

Shimadzu, Japan) using resolution of 4 cm-1 and with data acquisition run of 25 

scans for each sample. FTIR gives information regarding the structure and 

functional groups of a given molecule. More importantly, FTIR analysis is useful 

for conducting analysis of polymer composition and molecular structure.   

2.7.5. Thermo gravimetric analysis (TGA) 

 The non-isothermal thermo gravimetric measurements were carried out 

with TGA/DSC1 system with gas controller system (GC100) from Mettler 

Toledo, Switzerland, to determine the thermal degradation behavior of Gamma 

radiation cured PCN films. For TG experiments ~10 mg of the powder sample 

was taken in alumina crucible and heated in temperature range of 35 to 850oC at 

heating rate of 10oC.min-1 under inert dynamic high purity nitrogen atmosphere 

at a flow rate of 50 ml min-1. 

 TGA gives important information regarding the thermal degradation 

behavior of polymers and composite materials. Any changes in the thermal 

behavior of a material on incorporation of a filler can be detected using this 

technique. The residual weight observed in case of certain polymer nano 

(2.13) 
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composite materials can also be indirectly used for predicting the flame retardant 

behavior of the material. 

 The basic requirement for TGA is a precision balance with a pan loaded 

with the sample, and a programmable furnace. The furnace can be programmed 

either for a constant heating rate, or for heating to acquire a constant mass loss 

with time. The TGA instrument continuously weighs a sample as it is heated. As 

the temperature increases, various components of the sample are decomposed 

and the weight percentage of each resulting mass change can be measured. 

Results are plotted with temperature on the X-axis and mass loss on the Y-axis. 

2.7.6. Differential scanning calorimetry (DSC) 

 Glass transition temperature (Tg) of the samples was determined by a 

differential scanning calorimetry (DSC) using DSC 823e system from Mettler-

Toledo, Switzerland. For all experiments ~10 mg of the sample was taken in 

standard aluminum pan and heated to 250 oC at heating rate of 20 oC.min-1 

followed by cooling to -50 oC at cooling rate of 20 oC.min-1, and then again 

heated to 250 oC at heating rate of 20 oC.min-1. All the cooling and heating cycles 

were carried out under inert dynamic high purity nitrogen atmosphere at a flow 

rate of 50 ml min-1. The Tg values of samples were estimated from the second 

heating cycle. 

2.7.7. Scanning electron microscopy (SEM) 

 The surface morphologies of samples were investigated by SEM 

analysis using VEGA MV2300T/40 (TS 5130 MM) microscope (TESCAN) at 

acceleration voltage of 5kV. SEM images of the cross-section of the nano-
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composite coatings were taken at 10kx magnification, after the gold coated 

fractured coating films were fixed vertically on to a conducting steel stub surface 

using conducting carbon paste. 

 SEM involves the scanning of the sample surface with an electron beam 

of accelerating voltage < 50kV. The secondary or backscattered electrons 

collected by the detector are analyzed for obtaining the final image. SEM 

provides information about the topography and morphology of the sample and it 

can attain upto 1,00,000x magnification with a resolution of ~1.5 nm. 

2.7.8. Atomic Force Microscope (AFM)  

 AFM measurements were performed using an NT-MDT solver model 

P47 instrument (Russia) with 50µm scanner head and silicon nitride tip in 

contact mode. The sample for AFM measurement was prepared by depositing a 

dilute solution of silver nanoparticles on a glass slide and allowing it to dry in a 

Laminar flow hood. 

2.7.9. Radiopacity and mass attenuation coefficients  

 Radiopacity of different composites was tested on a diagnostic X-ray 

machine. The samples of different thickness were placed on the radiological 

sheet.  The X-ray was operated at 120 kVp and the gray scale of the x-ray scan 

was digitized using Image J image processing software (NIH, USA). Mass 

attenuation coefficients of the composites were calculated from the data 

mentioned in NIST Report (NIST-IR-5632). 

2.7.10. Viscoelastic properties 

 Dynamic thermo-mechanical analysis (DMTA) measurement was 
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performed on an MCR 102 Rheometer (Anton Par, Austria) using Solid 

Rectangular Fixture (SRF) or with Universal Extensional Fixture (UXF). 

Samples dimensions were 20 mm x10 mm x 1 mm (l x w x t) for all samples. 

Temperature sweep was done from -100 oC to 30 oC to monitor storage modulus 

in glass and rubbery stages, at 1 Hz frequency and 1% strain. Rheology 

measurements were performed on an MCR 102 Rheometer (Anton Par, Austria) 

at different angular frequencies using a parallel plate fixture. Samples 

dimensions were 12.5 mm (radius) and 1 mm (thickness). All measurements 

were conducted in the linear viscoelastic regime. Time-temperature (t-T) 

superimposition (TTS) was conducted on polymer melts for pristine polymers as 

well as on their composites. N2 atmosphere was maintained to avoid oxidative 

degradation.  Frequency sweep measurements were conducted at 1% strain and 

strain sweep experiments were conducted at 1 Hz frequency. A series of 

composites with same VA content but different BS content and vice versa were 

tested.  

2.7.11. Mechanical Properties 

 For tensile strength measurements at least five dumbbell shaped 

specimens were cut from blend sheets using a steel die. Thickness of the samples 

was determined to the nearest of 1 mm. Tensile strength and elongation at break 

were measured by INSTRON universal testing machine as per the ASTM D 412.  

2.7.12. X-Ray Diffraction (XRD)  

 XRD patterns were recorded using a Philips X-ray diffractometer PW 

1710 (Almelo, Netherlands) using mono-chromatized CuKα radiation from an X-
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ray generator operated at 30 kV & 20 mA. Lattice constant and lateral crystal 

size were calculated for blends and nano-composites from the XRD data. Bragg 

equation (equation 2.14) was used to calculate the lattice distance (dhkl,A
o) 

2sin
hkl

hkl

d



                        (2.14) 

where is 1.541 Ao and hkl represents the Bragg angl. The lateral crystal size lhkl 

(Ao) was calculated by Scherrer formula given by 

cos
hkl

hkl hkl

l
f




                        (2.15) 

Where structure factor is taken as 1 and fhkl is the full width at half maxima of 

the respective crystal plane reflection.  

2.7.13. Physical Properties 

 Density of polymer films was determined by displacement method 

(ASTM D792-08). Density in kg m-3 was estimated by using density balance 

from M/s AND, Japan (Least count 0.00001 g) using suitable liquids. The 

wetting liquids selected were of lower density than that of polymer sheet under 

investigation. Melt flow index was determined as per the ASTM D2839-05 

standard. However, for some nano-composites and blends nano-composites, due 

to their low melt viscosity 10 kg weight was used, with proper normalization. 

Hardness was measured in accordance with ASTM D2240 using durometer 

(Asha-testers, Blue-steel Eng. (P) Ltd,  India) and expressed in shore A. 

2.8. Summary  

High energy radiation induces a variety of changes in the material. 

Quantification of radiation induced radicals, the irradiation dose imparted and 
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estimation of mechanical properties and thermal properties of irradiated material 

is essential to understand the high energy radiation induced defects in a matrix. 

Fricke dosimetry and ESR dosimetry are the gold standard for dose 

quantification. Mechanical properties, X-ray studies, thermal properties and 

crosslinking density measurements provide important information on the effect 

of high energy radiation on the basis of induced effects.  
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Figure-2.1: BRUKER ESR spectrometer 
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Figure 2.2: Basic electron resonance and Electronic Zeeman splitting 

 

 

Figure-2.3: Hyperfine Coupling 
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Figure-2.4: TSL electronic process 
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Table 2.1: Specifications of polymers and filers used  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name Specifications 

EPDM  
Ethylene content 55%; Diene: Ethylidenenorbornene 

(4%)Specific gravity: 0.87; Mooney viscosity ML1+4: ~ 

60 (120°C) 

EVA Vinyl content: 18%, Specific gravity: 0.91, Melting 

point: 88 

PDMS Poly-dimethyl siloxane procured from M/s DJ silicone, 

China Hardness = 60; density= 1.13±0.05 g/cc 

Bismuth 

oxide 

Bismuth Oxide (purity >99%) was purchased from M/s 

Loba Chemie   Pvt. Ltd., India. Melting Point- 817°C 

Magnesium 

sulfate 

Purity 99%, Aldrich chemicals, USA, Melting Point- 

1124°C   

Barium 

sulfate 

Purity 99%, Aldrich chemicals, USA , Melting Point- 

1580°C 

Chloroprene 

rubber 

(PCR) 

Specific gravity :1.23, Mooney viscosity ML1+4 : ~40 

(120°C) 
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CHAPTER–3 

EFFECT OF HIGH ENERGY IRRADIATION ON POLYMER COMPOSITES, 
SYNTHESIS OF RADIO OPAQUE COMPOSITES AND RADIATION SHIELDS 

3.1. General Introduction  

Medical implants are artificial devices that are used to replace, support or 

enhance damaged biological structures. With the recent improvement in public 

health, nutrition, and medicine, the world has witnessed a remarkable 

enhancement in the average human life expectancy, increasing in the fraction of 

the elderly population. This, in turn, has increased the use of medical implants in 

orthopedic, cardiovascular, gynecological and urological disorders. Polymers are 

an attractive choice for medical implants; however, the invisibility of polymer 

implants to the diagnostic x-rays scans is a challenge to monitor its function and 

integrity and often necessitates expensive radiology imaging such as MRI [48-

52] or invasive surgery.  To enable monitoring of implants by routine medical X-

ray scans, there is a pressing need to impart radiopacity in polymer based 

implants without compromising their physical, mechanical or biological 

behavior. Additionally, there is an increasing need to improve structural 

characteristics of polymer based implants to expand their durability, mechanical 

strengths and other desired attributes [53-56]. As the use of drug-eluting stents 

(DES) and control release implants is increasing for therapeutic applications, the 

polymer based medical implants are gaining more acceptance and so is the 

radiopacity of such medical implants to monitor DES placement and 

performance [56]. In addition to radiopacity, flexible lead free high energy 
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radiation shielding materials are required for applications in the environments 

where exposure to radiation is unavoidable namely nuclear fuel processing, 

radiopharmaceuticals preparation and space exploration. High energy radiation is 

very effective in developing cross-linked structures in polymer and therefore can 

be useful in the development of cross-linked polymer composites to give 

potential applications in radiation shielding. Minimization of hazardous additives 

and the finished-stage processing are among the prime advantages of the 

radiation cross-linking over conventional processes; however, the extent of 

cross-linking has been shown to be a function of structure of parent matrices, 

dose rate, dose and irradiation ambiance, making the effect of radiation highly 

material specific. Additionally, the effect of high energy radiation in terms of 

cross-liking, attenuation and polymer composites is not fully understood. The 

situation is further complicated as the understanding of highly filled polymer 

systems is not yet mature and very few studies have provided the detail of 

rheological, filler aggregation-disaggregation dynamics, mechanical and 

morphological attributes of such composites [57-60]. These factors accentuate 

the need of developing polymer composites with excellent radiopacity and 

physico-mechanical characteristics and underscore the paucity of studies on 

morphology, filler aggregation dynamics and radiopacity correlation in such 

composites.  

Bismuth oxide has advantages of significantly lower toxicity over conventional 

lead based particulate fillers [58-61]. Barium sulphate (BaSO4) is also a 

promising material in radiopacity / shielding applications. To improve the 
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radiological efficacy of diagnostic X-rays, BaSO4 is often injected in patients 

with severe trauma to the chest, abdomen or spinal cord. Polymer / BaSO4 

composites are also being investigated for radiation protection in fluoroscopy – 

guided interventions, and clinical trials are going on for testing the efficacy of 

such matrices [61-62]. BaSO4 has also been used for improving radiopacity of 

polypropylene and polyethylene [63] and indeed claimed to be the first 

radiopaque filler used in medical formulations. However, to obtain a high radio 

contrast, high BS loadings are needed, which limits the use of BaSO4 in such 

application despite its many obvious advantages such as white color, 

inexpensiveness and availability [64]. Most importantly, one of the biggest 

impediments in designing radiopaque implants based on polymer/BS composites 

is the marked deterioration of mechanical properties on high filler loading, 

making such composites unsuitable for applications in interventional radiology, 

cardiology or in implants.  

Ethylene vinyl acetate (EVA) is a transparent copolymer, which has potential to 

offer a variety of property combination through variation of ethylene and vinyl 

acetate (VA) ratio. EVA based composites offer a new class of materials with 

benefits of engineering plastics depending on filler characteristics and 

elastomeric properties [65]. Mechanical properties and favorable 

biocompatibility of EVA make it one of the promising non-biodegradable 

implant materials [66]. Recently, it is demonstrated the controlled release of 

quinolinic acid from EVA based brain implants, causing behavioral and neuro-

anatomical alterations in a rodent model of Huntington's disease [67]. For 
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contraception, an implantable rod of EVA is currently approved in Europe, 

Canada and Indonesia for the delivery of etonogestrel, and is awaiting Food and 

Drug Administration (FDA) approval in US [68-69]. EVA based DES are used 

to treat a coronary artery disease [70-73]. Furthermore, EVA based composites 

are also explored for applications demanding cranioplastic analogs and 

integrated cartilage/bone joint prosthesis [74-75]. EVA based radiopaque 

formulations are expected to be of high medical significance; furthermore, since 

they are thermoplastics they can be used in various forms such as standalone 

objects, laminates, coating or adhesives. On the other hand, PDMS (poly-di-

methyl-siloxane), has higher atomic number (Zeff), better heat resistance, acts as 

an electrical insulator, and shows better chemical stability than common carbon 

based polymers, making PDMS/Bi2O3 composites excellent choice for flexible 

radiation shields (76-77). 

The present chapter describes the effectiveness of radiation induced cross-linking 

of poly-di-methyl-siloxane (PDMS) / bismuth oxide (Bi O3) composites. Efforts 

have also been made to understand how radiation cross-linking affects the 

physico-mechanical properties of the composites and the attenuation 

characteristics of the composites were studied. Attenuation of gamma radiation 

from 241Am was also investigated. 241Am is an important radioisotope produced 

during 238Pu processing [76-77]. It has applications in radiography, radiotherapy 

and for heat and power generation in spacecrafts. Many of such applications 

demand, flexible light weight shielding material, mainly for the 59.9 KeV 

gamma radiation emitted from 241Am.  Furthermore, highly radiopaque yet 
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flexible EVA/ BaSO4 composites were also developed by tailoring polar/non-

polar ratio and crystalline content in the composites via varying copolymer ratio. 

It was hypothesized that such an approach can entail flexible, radiopaque and 

melt processable formulations. This chapter also elucidates mechanical, 

crystalline, rheological and thermo-mechanical properties of these filled systems. 

Morphology of the composites was monitored using atomic force microscopy, 

scanning electron microscopy and phase imaging. 

3.2. Material and methods 

 3.2.1. Materials  

Polydimethylsiloxane procured from M/s DJ silicone, China 

(Hardness=60; density= 1.13±0.05 g/cc) containing vulcanizator 2, 5-dimethyl-2, 

5-bis (tert-butylperoxy) hexane (0.65%) was used as such. Bismuth Oxide (purity 

>99%) was purchased from M/s Loba Chemie Pvt. Ltd., India. Xylene used for 

swelling and crosslinking density determination was of AnalaR grade (Purity > 

99%) and was procured from local supplier M/s SD Fine chemicals, Mumbai. 

EVA of different vinyl acetate content [12% (MFI 8g/10 min at 190oC); 

25% (MFI 19 g/10 min at 190oC); 40% (MFI 57g/10 min at 190oC)] and barium 

sulfate (BS) (Purity 99%) was procured from Aldrich chemicals, USA. 

3.2.2. Sample preparation  

A series of PDMS/Bi2O3 composites were prepared by mixing the 

components homogeneously in Brabender Plasti-Corder® Lab-Station at 120oC at 

50 rpm for 20 minutes. Weight of the components were carefully chosen by 

considering the bulk density of the components to get volume contribution with 

respect to the constituents. The homogeneous mix was cut to small pieces and 

compressed into sheets of size 10x10 cm2 of different thicknesses in range 1-4 

mm using compression-molding machine at 150-kg/cm2 pressure for 20 minutes 
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at 120oC. Sample designation for samples used in this study are designated by 

 (superscript shows the radiation dose and subscript shows wt% of 

Bi2O3). 

A series of EVA/Composites were prepared by mixing the components in 

Brabender plasticordar at 120oC, 30 rpm for 25 minutes. The weight of the 

components was carefully chosen by considering the bulk density of the 

components to get volume contribution with respect to the constituents, assuring 

proper filling of the mixing chamber. The homogeneous mix was cut into small 

pieces and compressed into sheets of size 12x12 cm2 of different thicknesses in 

range 0.5-1.5 mm using a compression-molding machine at the pressure of 150 

kg/cm2 for 5 minutes at 150oC. Sample compositions and designations have been 

defined as VAXBSY where X denotes the percentage of vinyl acetate (VA) content 

and Y denotes BScontent.  

3.2.3. Radiation source 

Irradiation was carried out under aerated condition using a gamma 

chamber 5000 (GC-5000) having Co-60 gamma source supplied by M/s BRIT, 

India. The dose rate of the gamma chamber was ascertained to be 1.7 kGy/h by 

Fricke dosimetry prior to irradiation of samples. 

3.2.4. Physico-mechanical properties  

For tensile strength measurements at least five dumbbell shaped 

specimens were cut out from nano-composite sheets using a sharp edged steel die 

of standard dimensions. The thickness of the samples were determined to the 

nearest of 0.1 mm. The tensile strength and elongation at break were measured 

using a universal testing machine supplied by M/s HEMETEK, Mumbai, INDIA 
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at crosshead speed of 100 mm/min at room temperature. Density of the samples 

was determined by displacement method in accordance with ASTM D792-08.  

3.2.5. Viscoelastic properties 

Dynamic thermo-mechanical analysis (DMTA) measurement was 

performed on an MCR 102 Rheometer (Anton Par, Austria) usingSolid 

Rectangular Fixture (SRF) or with Universal Extensional Fixture (UXF). Samples 

dimensions were 20mmx10 mmx1mm (lxwxt) for all samples. Temperature 

sweep was done from -100oC to30oC to monitor storage modulus in glass and 

rubbery stages, at 1 Hz frequency and 1% strain. Rheology measurements were 

performed on an MCR 102 Rheometer (Anton Par, Austria) at different angular 

frequencies using a parallel plate fixture. Samples dimensions were 12.5 mm 

(radius) and 1 mm (thickness). All measurements were conducted in the linear 

viscoelastic regime.Time-temperature (t-T) superimposition (TTS) was conducted 

on polymer melts for pristine polymers as well as on their composites.N2 

atmosphere was maintained to avoid oxidative degradation.  Frequency sweep 

measurements were conducted at 1% strain and strain sweep experiments were 

conducted at 1 Hz frequency. A series of composites with same VA content but 

different BS content and vice versa were tested. 

3.2.6. Sorption studies 

For the sorption studies, radiation cross-linked nano-composites were 

soxhlet extraction at elevated temperature for 12 h to extract any sol content using 

xylene. The insoluble gel part was then dried initially under room conditions and 

later under vacuum at 40°C. The dried composite thus obtained was cut into 
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uniform square pieces (1 cm2) using a sharp edged die and used for swelling 

studies. Pre-weighed samples were placed in a 200-mesh stainless steel 

compartment and immersed in excess of solvent at the desired temperature. The 

swollen samples were periodically removed, blotted free of surface solvent using 

laboratory tissue paper, weighed on an analytical balance (accuracy 0.00001 g) 

from M/s AND, India, in stopper bottles and returned to the swelling medium. 

Measurements were taken until the samples attained constant weight. 

3.2.7. Thermo gravimetric analysis  

Thermal stability of the samples was investigated  by recording 

thermograms in the temperature range of RT-600°C in air at a heating rate of 

10°C/min using Netzsch thermal analyzer [Model: STA 409 PC LUXX]; 

100mL/min carrier gas flow rate was used for all the measurements. Alumina 

crucibles were used as sample/reference holder. 

 

3.2.8. Scanning electron microscopy (SEM), Atomic force microscopy(AFM) 

and x-ray diffraction(XRD)  

The morphology of composites with EVA with different vinyl content was 

investigated using a scanning electron microscope (Model PS-230, Pemtron, S. 

Korea). The cryofractured specimen was used to monitor dispersion of BS and 

interface.  XRD patterns were recorded using a Philips x-ray diffractometer PW 

1710 (Almelo, Netherlands) using the monochromatized CuKα radiation from an 

x-ray generator operated at 30 kV and 20 mA.  Atomic force microscopy 

(Easyscan 2, Nanosurf AG, Switzerland) was used for topographic studies of 
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composites in contact mode as well as in phase imaging mode.   

3.2.9. Radiopacityand mass attenuation coefficients  

Radiopacity of different composites was tested on a diagnostic X-ray 

machine.  The samples of different thickness were placed on the radiological 

sheet.  The X-ray was operated at 120 kVp and the gray scale of the x-ray scan 

was digitized using ImageJimage processing software(NIH,USA).Mass 

attenuation coefficients of the composites were calculated from the data 

mentioned in NIST Report (NIST-IR-5632).  

3.3. Results and discussion  

3.3.1. Cross-linking density of the PDMS/bismuth oxide composites 

 In figure 3.1, variation in the cross-linking density with filler weight 

fraction has been has been plotted in the dose range 100-400 kGy. The cross-

linking density was determined by estimating the molecular weight between 

cross-links (Mc) using the following relation, which is based on the theory 

initially proposed by Flory and Rehner [78-79] and can be presented as 

 

 

where V1 is the molar volume of the solvent, p is the polymer density; p is the 

volume fraction of the polymer in the swollen matrix and  is the Flory–Huggins 

interaction parameter between solvent and polymer, which can be calculated 

using following relation 
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where, s and p are the solubility parameters of the solvent and the polymer,  is 

the lattice constant, R is the universal gas constant and T is absolute temperature. 

v was calculated using following relation  

    (3.3) 

where  and  are the weight and density of the solvent respectively; f is filler 

weight fraction and  and  are initial and dried weight respectively. The 

cross-linking density has been reported as 1/2Mc. Two interesting observations 

were that for a fixed Bi2O3 content, the cross-linking density increased with 

absorbed dose and for a fixed dose cross-linking density was strong function of 

Bi2O3 content in the composite. Highest cross-linking was observed at a dose of 

400 kGy over the entire composition range. The cross-linking increased up to 10 

% Bi2O3 loading, remained almost constant till 50 wt % Bi2O3 and decreased 

thereafter. The increase in cross-linking extent with increase in dose and Bi2O3 

content indicates synergistic effect of filler induced physical cross-linking and 

radiation vulcanization, especially when filler is of reinforcing type as reported 

for some other systems earlier [79-81]. Such effects have been attributed to 

reduction in free volume due to the physical cross-linking rendered by the 

reinforcing fillers. These processes might affect cross-linking mechanism, by 

influencing the migration and distribution of radiolytic species.  

To understand the effects of Bi2O3 loading on the free volume of the composites, 

density of the composite was estimated. The density of composites is expected to 

change with Bi2O3 loading owing to substantial difference between the densities 
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of the polymer and Bi2O3. Density is also expected to vary with radiation cross-

linking or degradation; though relative change may be smaller. The variation in 

the density with the Bi2O3 weight fraction has been shown in figure 3.2. 

Densities of the PDMS/Bi2O3 composites increased significantly with increase in 

Bi2O3 loading. Initially the increase was linear followed by non-linear increase at 

higher loading. The density of the composites can be predicted by the rule of 

mixture or in terms of mass fractions depicted by following equations   

 

              (3.4) 

      (3.5) 

where  is the theoretically determined density of composites whereas ,  

are the densities of the Bi2O3 and the PDMS respectively; ,  are the volume 

fractions and  & are weight fractions of the Bi2O3 and PDMS 

respectively. The theoretical values determined from the equations have also 

been plotted in the Figure 3.2. It can be seen that the experimental values 

perfectly matched with the theoretical values up to 50 wt % Bi2O3 content, 

beyond which slight negative deviation (highlighting increase in the free volume) 

was observed. The change in void fraction calculated using following relation 

(ce being experimentally determined density) is presented in inset of the Figure 

3.2.  

                                                               (3.6) 
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 At lower Bi2O3 loading, low but consistent reduction in void fraction was 

observed. Such change was possible only if Bi2O3 was reinforcing PDMS matrix. 

At Bi2O3 loading > 50 wt %, increase in void volume fraction was observed. This 

reversal of trend may be attributed to the agglomeration of the Bi2O3 at higher 

loading, as commonly observed in polymer composites [82-83]. With the 

increase in dose, no significant change in density was observed suggesting cross-

linking does not affect the free volume much. These results partly explain the 

observed variations in the cross-linking density. Initially as the fillers lead to the 

reduction in the void volume radical migrations and interactions are expected to 

be affected. The reduction in free volume may lead to the formation of X type of 

cross-linking rather than Y type crosslink. In the compositions with significant 

agglomeration, such effects are expected to be minimal as the possibility of a 

radical f finding another radical on the neighbouring macromolecular chains is 

reduced due to the increase in the space occupied by Bi2O3 particles within the 

composite matrix. In addition to the agglomeration, Bi2O3 particles may also 

block the gamma radiation and act as energy sink. This gamma energy otherwise 

would be effective in generating radicals, which would contribute to cross-

linking of the matrix. To further understand the effect of incorporating, Bi2O3 

into PDMS matrix polymer filler interaction was investigated using Kraus 

equation.  

3.3.2. Filler interaction in PDMS/bismuth oxide composites 

 The most important parameter in determining the mechanical properties 

and radiation cross-linking behaviour of the composites is the type and extent of 
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polymer-filler interaction.  Polymer filler interactions in the composites were 

studied using Kraus plot obtained using equation  
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where Vro is the volume fraction of the polymer in the swollen rubber, Vrf, 

volume fraction of polymer in the swollen filled system and f is the volume 

fraction of the filler in the filled nano-composite. Swelling behaviour of the 

composites irradiated to different doses has been presented in Figure 3.3. It can 

be seen that saturation swelling is affected by both radiation dose and filler 

loading. The difference between the samples irradiated to dose of 100 kGy and 

200 kGy was not much, but composites irradiated to 400 kGy showed 

significantly lower swelling even for unfilled polymer. This difference in 

swelling extent may be attributed to reduced pore size due to radiation cross-

linking and to the stearic hindrances to the diffusion of solvent molecules 

imposed by Bi2O3 particles. To access the polymer filler interaction, Vro/Vrf was 

plotted against f/(1-f). A linear profile with negative slope obtained suggested 

high reinforcement by filler. The polymer-filler interaction parameter C (Kraus 

constant) was calculated using the Kraus equation (equation 3.8) by putting “m” 

value obtained from plotting suitable parameters of equation (3.7) (Inset figure 

3.3)  
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The negative slope for nano-composites (Inset figure 3.3) implied positive 

polymer filler interaction. The C value for the system was found to be 1.3, 

indicating a high reinforcement of the matrix. This suggests that Bi2O3 loading 

up to l50 wt% would provide best mechanical properties for Bi2O3/PDMS 

composites. This observation was well supported by the observed mechanical 

properties of the composites.  

3.3.3. Mechanical properties of PDMS/bismuth oxide composites 

 Reinforcing fillers and radiation induced cross-linking both are 

expected to improve the mechanical properties of polymers. The elongation at 

break of the composites with increase in Bi2O3 fraction as a function of absorbed 

dose has been plotted in Figure 3.4. Elongation at break (EB) decreased sharply 

up to 10 wt% Bi2O3 loading, remained almost constant for 10-50 wt% Bi2O3 and 

decreased sharply later. With increase in radiation dose, the elongation at break 

further decreased. This decrease was clearly due to formation of intermolecular 

and intermolecular cross-linked network which will impede the chain slippage 

and reduce elongation at break [79]. It was interesting to note that with increase 

in radiation dose, EB trend remained almost the same; however the decrease in 

EB after 50 wt% loading was less sharper in case of irradiated samples.   

Figure 3.5 shows trend of young modulus of the composites. The young modulus 

increased both with the absorbed dose as well as with the Bi2O3 loading. To 

understand the effect of filler induced reinforcement and radiation cross-linking, 

Nielsen’s macroscopic model was employed. The model considers filler and 
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matrix moduli, volume fraction of each component and packing density of the 

fillers. It can described as, 
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where, ,  are the modulus of the filler, composite and matrix 

respectively,  is the Einstein’s coefficient. The constant A is a function of the 

aspect ratio and orientation of the filler. The factor B is used to take into account 

the relative difference in the modulus of the two components. The term  is 

related to the packing fraction of the filler in the composite and  is related to 

the volume fraction of the filler. A modified  equation (equation 3.13) has also 

been used in the study as it has been reported to be quite effective in several 

similar systems.  
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The values of  and A were taken as 0.7045 and 1.5 respectively and the 

modulus of Bi2O3 was taken as 32 GPa. Table 3.1 shows variation of the 

Nielsen’s model values from the experimental data, considering  and modified 

 parameters. It is clear from the table that at lower filler loading (up to 30 

wt%), the deviation was much less for composites irradiated to 400 kGy than 

those irradiated to dose of 100 kGy. A plausible explanation for this might be 

formation of a continuous network of Bi2O3 within the composite matrix at 

higher filler loading, negating the effect of filler induced physical cross-linking 

as well as of the grafting of polymer chains on to filler [80,83-85]. Such a 

distribution might increase the modulus considerably and lead to deviation from 

the model. A complete morphological analysis of the system is essential to 

conclusively prove this hypothesis; however based on the results of this study, 

morphological dependence of the physico-mechanical and other properties can 

be safely claimed. Cross-linking density of the composites as discussed in the 

previous section was also found to be significantly high at 400 kGy and was 

found to depend on filler fraction.  

3.3.4. Thermo-gravimetric analysis of PDMS/bismuth oxide composites 

 Thermal stability of the polymer is an important characteristic that can 

get affected by filler loading [57,86]. Thermal stability of the composites having 

different weight fractions of Bi2O3 was investigated by thermo-gravimetric 

analysis and thermal decomposition profiles of the polymer containing 0, 10%, 

30% and 70% of Bi2O3 are shown in Figure 3.6. It can be seen that all 

composites exhibited two-step decomposition. First in temperature range 350-
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500oC and second, the major one in temperature range 500-650oC. The first peak 

(as shown in the derivative profile of weight loss curve), can be attributed to the 

thermal decomposition of lower molecular weight products formed from 

residuals left during the synthesis of PDMS [58]. It can be seen that the onset of 

degradation varies with increase in filler loading, for both the steps (Table 3.2). 

The onset temperature of the second step was found to increase from 451oC to 

491oC as loading of Bi2O3 increased from 0 to 70 wt%. It may be noted that 

second peak represents the degradation of main chain of PDMS and is important 

in reflecting thermal stability of the Bi2O3/PDMS composites. Degradation of 

PDMS may involve terminal group or the breakage of main chain. The filler 

addition is expected to affect degradation mechanism by increase the rigidity of 

the matrix, by acting as a gas barrier or by scavenging the radicals generated 

during thermal decomposition. As discussed in sections above, as Bi2O3 is 

reinforcing filler, it would improve localized rigidity of the polymer chains in 

addition to affecting thermal conductivity and barrier properties.  

3.3.5. -attenuation by PDMS/bismuth oxide composites  

 Attenuation of gamma radiation from 241Am by the PDMS/Bi2O3 

composites irradiated to different doses has been shown in the inset of Figure-

3.7. It represents reduction in the counts by a 1.5 mm thick sheet of the 

composites containing different amount of Bi2O3. It can be seen that with the 

increase in radiation dose, not much difference in the shielding efficiency was 

observed, though with the increase in filler loading the decrease in counts was 

substantial. As with the increase in radiation dose, the specific density of the 
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composites was not much affected (discussed in section on cross-linking density 

of composites), irradiation was not expected to affect the shielding efficiency 

much. On the other hand, the significant attenuation of -radiation on addition of 

such high atomic number and density additive was very much expected 

depending on composite composition. The attenuation of 241Am gamma ray by 

PDMS/Bi2O3 composites was calculated using this relation for the composites 

having different weight fractions of Bi2O3. 

                             (3.14) 

Figure 3.7 clearly shows that 10 wt% of Bi2O3 loading could show attenuation of 

50% and on increasing loading to 30 wt % ~70% attenuation could be achieved. 

It is worth mentioning here that the rise in the density in this range was only 

about 40% over the unfilled PDMS. In the recent past, several polymer 

composites have been explored to develop flexible shields for high-energy 

radiation. In literature, there are contradictory reports regarding effect of size of 

filler on attenuation efficiency of composites. Lead oxide was used by as filler in 

epoxy matrix and improvement in the mass attenuation coefficient was observed 

with filler loading, though particle size didn’t affect shielding response. 

Whereas, size dependent radiation-stability and shielding characteristics of the 

Bi2O3 nano-particles embedded in polymer matrices against diagnostic x-rays has 

also been reported. Harish et al, investigated the shielding properties of lead 

oxide filled polymer matrix against 137Cs gamma radiation, showing noticeable 

attenuation at 50 wt% loading [59] The major aspect that determines practical 

application of these composites is the high attenuation along with good physico-
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mechanical and thermal characteristics. The % attenuation and mechanical 

properties of the radiation cross-linked Bi2O3/PDMS composites suggest that the 

composites can be used in designing flexible shield materials. Further analysis is 

however needed to precisely determine mass attenuation coefficients and 

correlate with them filler dispersion, loading and polymer-filler interactions [60-

61,87].   

3.3.6. Dispersion, interface, and crystallinity of EVA/ BaSO4 Composites 

 Morphological features of the composites were investigated using the 

scanning electron microscopy and phase imaging atomic force microscopy. To 

understand the changes in the dispersion state and the interfacial interaction 

between BS and EVA, with different VA content, cryo-fractured surfaces of 

composites were imaged by SEM. In SEM (Fig. 3.8), pillow shaped 

microdomains were found to be distributed in all micrographs and were assigned 

to BaSO4 crystals [88]. A distinct pattern of fracture, dispersion and interface 

adhesion was observed for each composite. The VA12BS50 exhibited a relatively 

brittle fracture; whereas, VA40BS50 showed ductile failure with no impressions of 

fracture morphology. Variation in the failure mechanism with a change in VA 

content can be attributed to the differences in the intrinsic properties of the EVA 

such as variation is amorphous content, polarity and overall macromolecular 

architecture. However, it is also suggestive of weak bonding between polymer 

and filler. The poor interfacial adhesion was also evident from the pulling out of 

BS domains; VA12BS50 showed either pulled out or completely embedded 

morphology; in contrast, VA40BS50 exhibited embedded domains and the most 
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distinct pattern was observed in VA25BS50. As observed with interfacial variation 

in terms of pulling out, the dispersion state of the filler was found to be highly 

dependent on the VA content. VA12BS50 showed agglomerated domains, 

VA40BS50 showed relatively better dispersion and VA25BS50 exhibited uniformly 

dispersed BS in the matrix.   

The phase imaging of composites was further carried out to analyze dispersion 

and interfacial characteristics. Agglomerated domains of BS were observed in 

VA12BS50 and in VA40BS50; whereas, VA25BS50 showed uniform dispersion (Fig. 

3.9a). The topographical profile was also found to support SEM observations 

(Fig. 3.9b). Average surface roughness was 66.08 nm, 22.34 nm and 93.38 nm in 

VA12BS50, VA25BS50, and VA40BS50 respectively. Skewness of the composites 

was 0.8641, -0.05 and 0.05651 and kurtosis was 3.03, 3.04 and 4.1 in VA12BS50, 

VA25BS50 and VA40BS50 respectively (Fig. 3.9c). These results confirm the 

surface was more uniform (flat) in VA25BS50 than that in either VA12BS50 or 

VA40BS50.   

X-ray diffractograms of pristine EVA and BS are shown in Figure 3.10(a). VA12 

and VA25 showed two major crystalline peaks at 21° and 23°, which were 

attributed to characteristic [110] and [200] crystal planes of polyethylene domain 

[89]. No crystallographic peak was observed in VA40 and there was no 

significant difference in the percentage crystallinity of VA12 and VA25. Inset of 

figure 3.10(a) represents, X-ray diffraction pattern of BS. Several sharp peaks 

were observed, reflecting the highly crystalline nature of BS. All diffraction  

peaks in  the XRD pattern matched  well with  the orthorhombic BS crystal 
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phase (JCPDS no. 24-1035). In the case of composites (Fig. 3.10b), all features 

of the pristine BS were retained and there was no shift or broadening of BS peak, 

suggesting the crystalline structure of BS remained intact during melt 

compounding [89-90].  

3.3.7. Radiopacity of EVA/BS composites 

 All EVA/BS composites (25-75% BaSO4 loading) were completely 

thermoplastic and melt processable. To evaluate the composition, thickness and 

VA content dependence of the radiopacity of EVA/ BaSO4 composites, sheets 

(0.7 mm) of different EVA/ BaSO4 composites were stacked to give different 

thickness (up to 2.8 mm) and were arranged on a radiochromic film: columns 

represent the thickness in decreasing order and the rows represent different 

compositions (Fig. 3.11a). A diagnostic X-ray machine was used to monitor the 

radiopaque behavior of the composites and aluminum sheets of thickness 0.5 and 

1 mm were used for the comparison. The addition of BaSO4 and the stack 

thickness had a significant impact on the radiopacity (Fig. 3.11a). It increased 

with an increase in thickness as well as with an increase in the filler loading. At 

even 50 % loading, the composite of 0.7 mm thick composite showed more 

radiopacity than a 0.5 mm aluminum sheet; at the higher filler loading, the 

difference in the radiopacity with aluminum sheets was profoundly increased. To 

quantify the radiopacity, a gray scale was used after subtracting the background; 

it may be noted that higher value of gray scale reflects higher radiopacity [91]. 

As evident from the figure, aluminum sheets have considerably lower value as 

50% filled composites (Fig. 3.11b). These results are of high practical relevance, 
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considering the fact that compared to aluminum film, EVA/ BaSO4 films are 

highly flexible, stretchable and can be easily transformed to any shape [92]. The 

mechanical and rheological characteristics, as discussed in the subsequent 

sections, established VA content dependent complex melt viscosity, mechanical 

hysteresis and stretchability of EVA/ BaSO4 composites.   Gray value is 

expected to be the highest for composite with the highest filler content and show 

a thickness dependent variation. Interestingly, however, at 75% BaSO4 loading, 

the thickness variation was not obvious because the stack of two sheets attained 

maximum radiopacity, and a further increase in the thickness was of no 

consequence (Figure 3.11a). Nevertheless, at 50 wt% loading, composites 

showed systematic thickness dependence, and at all thicknesses, VA25BS50 

showed highest radiopacity (Figure 3.11b). For a thickness of 0.7 mm, the gray 

values were 58, 71 and 60 for VA12BS50, VA25BS50 and VA40BS50 respectively. 

To understand the atomic composition dependence of radiopacity, the mass 

energy absorption coefficient en/) of both the phases in the composite i.e. BS 

and EVA were calculated [93]. en/) decreases with increase in radiation 

energy (Figure 3.11c). Inset of figure 3.4c shows en/) for BaSO4; unlike EVA, 

BaSO4 exhibited photo-electric peaks in the energy range 1 to 100 keV. There 

was, however, no significant difference in mass attenuation coefficient of x-rays 

between VA12, VA25, and VA40 in the energy range of diagnostic X-rays (40 

keV-140 keV). Therefore, at a fixed BaSO4 loading (50%), the 22% higher 

radiopacity of VA25BS50 than that of VA12BS50 could be due to the variation in 

the morphology and the polymer-filler interactions. It was evident from SEM 
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micrographs that VA25BS50 had the most homogeneous filler dispersion and 

distribution among all VA contents. Even more important than this gain in the 

radiopacity is the improvement in the mechanical and melt Rheology that can be 

obtained by varying the VA content, allowing development of highly flexible, 

melt processable and lightweight radiopaque formulations, which can be used in 

various forms. In the following sections, physico-mechanical properties, 

aggregation – disaggregation dynamics of BS in the composites and its 

interaction with VA12, VA25, and VA40, are discussed in detail. These are critical 

for establishing morphology-property correlations.   

3.3.8. Physico-mechanical properties and mechanical hysteresis of EVA/ 

BaSO4 composites 

 

 Higher BaSO4 loading can often compromise mechanical attributes; 

conversely, high radiopacity demands the high loading of BaSO4 in the 

composites. Stress-strain profiles of the different composites with different VA 

content and at fixed 50 wt% BaSO4 loading is presented in Figure 3.12a. It can 

be seen that by just varying the VA segment ratio, mechanical properties can be 

tailored and in VA40, even after 75% BaSO4 loading, good mechanical integrity 

is maintained, as exemplified from high elongation at break (Figure. 3.12b). 

Stress-strain loops shown in Figure 3.12c represent the effect of BaSO4 (50 wt%) 

addition on the mechanical hysteresis of the composites during five cyclic 

deformations; with an increase in the number of cycles, the hysteresis loops 

become smaller. VA40BS50 exhibited the least hysteresis. It may be noted that the 

cyclic deformation induced break down and the re-aggregation of BaSO4 are the 

prime factors contributing to the observed high hysteresis [94]. It was found that 
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residual stress decreased with increase in VA content (first stress-strain cycle, 

residual stress: VA12BS50: 4.5 MPa, VA25BS50:1.9 MPa, VA40BS50: 0.23 MPa). 

To get a quantitative estimate of hysteresis, the work done (Wc) during first, 

fifth cyclic deformations were evaluated and the hysteresis characteristic of 

composites was assessed from the recovery parameter (R) defined as [95]  

                                     (3.15) 

Where ∆WC5 is the work done in the fifth cycle and ∆WC1 is the work done in 

the first cycle. Recovery parameter was calculated to be 0.51 for VA12BS50, 0.52 

for VA25BS50 and 0.45 for VA25BS50. It increased within the filler loading, 

owing to the high density of BS; its correlation with BS structural breakdown are 

discussed later [96]. Elongation at the break increased with increasing the VA 

content. For 75% loading, VA12 had the elongation at break of 12% whereas 

VA40 had the elongation at the break >1000% (Figure 3.13b). The elastic 

modulus was highest for VA12 and increased further with BaSO4 loading. Most 

importantly by increasing the BaSO4 content from 50% to 75% there was 7.5% 

increase in the modulus for VA12; whereas, for VA40 the increase in the modulus 

was 93.1% (Fig. 3.13c). This suggests changes in the filler loading capacity of 

the matrix with the change in the VA content. The shore A hardness increased 

with an increase in the filler content and decreased with an increase in VA 

content (figure 3.13d). As observed in the case of elastic modulus, the increase in 

the hardness was highest for VA40 when filler content increased from 50% to 

75%.  
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3.3.9. Effect of VA content and of BS loading on dynamic Rheology  

 Rheology of molten polymer composites provides critical information 

about the polymer-filler and filler-filler interactions within the matrix, which in 

turn determine mechanical, physical and combinatorial attributes such as 

radiopacity and flexibility of the composites. For all pristine copolymers and 

their composites, the complex viscosity showed frequency dependence, this 

varied with changes in VA content or in BS loading (Fig. 3.14a). Almost over 

the entire frequency range (0.1-100 rad/s), VA40BS50 showed lower complex 

viscosity than VA25BS50 and VA12BS50. The relative increase in complex 

viscosity of the composites with respect to that of pristine polymers was the least 

for VA25BS50 (inset figure 3.14a). At 100 rad/s, 50 wt% composites of VA12BS50 

had 4.2 fold increase, VA40BS50 had 3.7 fold increase and VA25BS50 had 3.2 fold 

increase over their respective pristine polymers, while at 1rad/s, VA12BS50 and 

VA40BS50 had almost 5.3 fold increase and VA25BS50 had only ~ 4.3 fold 

increase. This peculiar behavior of VA25BS50 composite was also manifested in 

radiopacity, structural breakdown and morphology of the composites. Possible 

factors contributing to such a behavior include (i) changes in the polymer-filler 

interactions due to the variation in polar/non-polar segments in the copolymer 

with increase in VA content (ii) changes in the disordered/lamellae domains as 

copolymer architect changes with changes in VA content and (iii) overall 

changes in segmental motions in VA and ethylene domains due to entanglement 

effects [97].  
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Variation of storage modulus and loss modulus with angular frequency is 

presented in figure 3.14. VA40 pristine sample exhibited a liquid-like behavior, 

showing G’’ values higher than G’ over the most of the frequency range; 

however, after 50 wt% loading, a crossover was observed around 125 rad/s. In 

the case of VA12 and VA25, even for pristine systems, a crossover was noted. In 

VA25, the crossover was at 19 rad/s and for filled VA25 the crossover was at 4.5 

rad/s. VA12 crossover was at 7.25 rad/s and for filled it was just at 1.2 rad/s 

(Figure 3.15). This finding again confirms the critical role of disordered phase 

(entangled) and ordered phase (lamellae) ratio in the EVA copolymer melts, 

which varies with VA content. These results also demonstrate the complex 

interactions and between VA domains in the copolymers and BaSO4 suggesting 

segmental dynamics was more restricted in VA12 and VA25. In the terminal 

frequency region, the frequency dependence for G’ was 0.49-0.98 and in the 

higher frequency range, it was 0.38-0.71(r2~1). For linear homopolymers, 

generally liquid-like behavior (G′ ∝ ω2) is reported and G” is expected to be 

lower than G’ in the terminal frequency region [98]. In the terminal region, a 

plateau was observed only in VA12BS50, which can be attributed to geometrical 

synergism between ordered PE domains and BS micro-particles which impede 

liquid-like flow i.e. increase in the melt viscosity [99]. It may be noted that with 

the increase in VA content, the complex viscosity of the melt decreased and the 

melt flow index (MFI) increased substantially. VA12, VA25, and VA40 had MFI of 

8g/10 min, 19g/10 min and 57g/10 min respectively at 190 oC. VA25 did not 

display emergence of solid-like behavior as observed in VA12, though it showed 
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enhanced moduli matching that of VA12 at high frequency. For the unfilled 

systems, the frequency dependence was higher than it was for the filled system.  

With the addition of BaSO4, all composites showed an increase in the storage 

modulus (Table 3.3); the unfilled system did not show any rubber-like behavior 

and the solid-like plateau or zero shear viscosity was not observed in any of the 

systems (Figure 3.16). However, with the addition of BS, a reduction in 

frequency dependence in the low-frequency region was observed which may be 

attributed to the reduction in relaxation behavior of polymer chains (Figure 

3.15). Interestingly, though, complete frequency independence was not observed 

for any of the composites. The storage modulus increased both with the addition 

of filler and with the VA fraction. The highest modulus was for VA12 and the 

lowest was for VA40 over the entire frequency range. However, for the same 

percentage of BS loading, the difference in storage and loss modulus was more 

pronounced in the lower frequency region. The difference was particularly 

notable in the case of VA25 and VA12, for which G’ and G” values overlapped till 

10 rad/s and then diverged significantly. This difference at low frequency points 

out the significance of physical interactions between BS particles and the 

copolymer segments, mainly the ethylene domains. It is understood that higher 

the BS content, the higher will be the restriction to the molecular motions in the 

polymer chain. At 1 rad/s, the reinforcement for VA40, VA25 and VA12 

composites was observed to be 860%, 512%, and 418% respectively, further 

confirming criticality of VA content to the melt Rheology. The dispersion and 

the location of filler in the matrix are important to explain the effect of BS 
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loading on the storage modulus.  Cole-Cole plot showed a marked departure 

from semicircular behavior, reflecting that molten system do not follow a 

Maxwellian behavior (Figure 3.16c). Notably, VA25BS50 showed the highest 

amplitude in the Cole-Cole diagram, which might be interpreted as the 

constrained molecular mobility of polymer chains [100-101].  This seems to 

contradict the relative change observed in the complex viscosity (Figure 3.16a); 

however, when one looks at the Cole-Cole diagram of the unfilled copolymers, it 

is clear that VA25 had the highest amplitude. Thus, the relative change in VA25 

on the composite formation was not substantial, interestingly, though; the 

behavior of VA12 and VA40 was markedly changed in filled and unfilled state. 

Such an inference was also supported by the DMTA, time temperature 

superimposition and apparent activation energy of molecular motion discussed 

later.  Essentially, these results indicate that a change in VA domain in the 

copolymer (EVA) itself has a marked effect on constraining molecular motion. 

They further suggest that the VA and BaSO4 are non-interacting (chemically) 

systems, and the Rheology and other properties mainly rely on the mechanical 

(physical) interactions governed by the morphology and the interface. A detailed 

investigation on the filler-filler aggregation dynamics and filler structural 

breakdown was therefore conducted.  

3.3.10. Filler-filler contact break, polymer-filler interface breakdown in 

EVA/BaSO4 composite 

 

 To further understand the interaction between the polymer (EVA) and 

the filler (BS), the Payne effect [102] i.e. the dependence of storage modulus on 
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strain amplitude was investigated under shear strain (molten state) and under 

tensile strain (solid state). It can be seen in figure 3.17(a) that all systems exhibit 

Payne behavior, albeit VA content has marked influence on it. The VA12BS50 

system showed structural breakdown at much lower strain than observed for 

VA25BS50 and VA40BS50. This significant increase in strain for structural 

breakdown with VA content, suggests better filler-polymer interactions in 

VA25BS50 and VA40BS50 composites; it may be noted that normalized magnitude 

of the Payne effect ( ) is strongly correlated with the polymer-surface 

interaction and can be measured using the following relation  

∆𝐺𝑛 =
𝐺∞
′ − 𝐺0

′

𝐺0
′

 

  

Where shear storage modulus at low is strain;  is the shear storage modulus 

at the very high strain. These values correspond to the minimum (plateau) and 

the maximum strain (plateau) values respectively during amplitude sweep 

experiments. The magnitude of Payne effect was found to be 22.1, 17.1 and 15.2 

for VA12BS50, VA25BS50 and VA40BS50. The power law was followed in the 

structural breakdown region by all composites and G () ~-1.05 for VA12BS50, G 

()~-0.98 for VA25BS50 and G () ~-0.89 for VA40BS50 was deduced. These 

results clearly indicate that increase in VA content improves structural 

breakdown characteristics. This observation of a reduction in the structural 

breakdown with an increase in VA content was also corroborated with the 

significantly higher elongation at break and morphology described earlier. To 

further understand filler-filler contact breakage and polymer-filler interface 

(3.16) 
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breakdown [103-104]; the amplitude sweep data was fitted to phenomenological 

quantitative Kraus model which rely on agglomeration and de-agglomeration of 

filler networks under strain.  

𝐺 , 𝛾 = 𝐺∞
′ +

𝐺0
′ − 𝐺∞

′

1 + (
𝛾

𝛾𝑐
)2𝑚

 

                        

is the shear storage modulus at shear strain ;  and  are as described 

above,  is the critical strain at which  decreases to a value half of 

.  Magnitude of structural breakdown is often gauged in terms of 

 or . Such a loss in shear modulus is attributed to the presence of 

excess force between filler particles or between polymer and filler as the contacts 

are broken [105]. Where m is related to the fractal dimension and depends on the 

geometric quality of filler network, but is independent of specific polymer type 

and filler. As the filler network grows to smaller and smaller unit with growing 

strain, at the low strain, the elastic contribution of filler network is dominant 

whereas at higher strain, hydrodynamic and polymer-filler interactions dominate.  

The fitting parameter of the Kraus model to the experimental data is presented in 

Table 3.4. The experimental data for all three VA content fitted well with the 

Kraus model (in all cases: r2>0.99). This implies dominance of filler-filler 

disaggregation over polymer-filler interaction in contributing to the structural 

breakdown. The value of m, which is expected to be close to 0.5 and suggestive 

of strain sensitivity of matrix, reflects that BS aggregation and disaggregation 

dynamics in VA12 is significantly different from that in VA25 and in VA40. The 

critical frequency which is a suggestive polymer-filler interaction and overall 

(3.17) 
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dispersion of the filler in the matrix was considerably lower in VA12. This 

indicates that overall filler-disaggregation and aggregation dynamics in VA12 

matrix is considerably different than that in VA25/VA40. A possible factor might 

be variation in the polar content with the increase in VA fraction.  Such a change 

is expected to affect polymer-filler interaction and segmental dynamics.  It may, 

however, be noted that this analysis was done in the molten state, which does not 

account for crystalline domains, which are major determinants of the properties 

of polymer composites.  

To understand the structural breakdown in the solid state, the strain dependence 

of elastic storage modulus (E’) was also monitored. It can be seen from figure 

3.17b that the highest structural breakdown was observed in VA12 composites. 

Kraus model was applied to dynamic mechanical data, replacing shear storage 

modulus (G’) with elastic modulus (E’) and angular shear strain with uni-axial 

tensile strain in the equation (iii). The fitting was excellent in all the cases and it 

was found that critical strain was lowest for VA12 and was significantly higher 

for VA25 and VA40 (Table 3.3). The critical strain was about 4 times higher in 

VA25BS50 than it was in VA40BS50. As reflected from the XRD results discussed 

later, VA12 and VA25 both have much higher crystalline content than VA40. The 

lower structural breakdown in case of VA25BS50 is, therefore, suggestive of 

better dispersion and interfacial interaction [105]. These results establish that 

even in the solid state the filler disaggregation dynamics, filler dispersion and 

polymer-filler interaction greatly changed with a variation in the VA content. 
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3.3.11. Visco-elastic master curve and fractional free volume of composite 

melts in EVA/ BaSO4 composites 

 

 Time-temperature superimposition (TTS) master curves of VA12, VA25 

and VA40 and their composites were generated by monitoring shear Rheology as 

a function of angular frequency at different temperatures (Figure 3.18(a,b)). The 

reference temperature was 140oC.  Both G’ and G’’ increases with frequency for 

all the composites. The Williams–Landel–Ferry (WLF) model was used to 

analyze the time (t) - temperature (T) behavior of composites [99,106]. It can be 

described as  

          (3.18) 

Where, aT, is horizontal shift factor, C1 and C2 are constants, To is reference 

temperature. Dependence of aT and its fitting to WLF model is shown in Figure-

3.19 a. WLF model fitted well with VA12BS50 and VA25BS50; however, it could 

not describe the t-T behavior of VA40BS60 composite. The value of C1 and C2 are 

tabulated in Table 3.5 for VA12 and VA25 composites.  

C1 and C2 are related to fractional free volume (f0) and its coefficient of thermal 

expansion ( f) by following relations  

                   (3.19) 

                         (3.20) 

Where B is a constant. f0 f was 0.05 and 

0.04 in VA12BS50 and VA25BS50 composites respectively. The fractional free 

volume represents the ratio of free volume to the total volume of melt [107] and 

a considerably lower fractional free volume of VA25BS50 than that of VA12BS50 
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suggests strong polymer-filler interaction or better dispersion of BaSO4 in 

VA25BS50, corroborating well with the structural breakdown results discussed in 

the previous section. As WLF fails to represent VA40BS50 composites, apparent 

activation energy (Ea) of molecular motion was estimated by Arrhenius equation 

for all pristine polymers and their composites  

    (3.21) 

The Arrhenius equation fitted well with all the composites and pristine polymers 

(Fig. 3.19 b). The activation energy was found to be 45.3 kJ/mol, 62.4 kJ/mol 

and 63.5 kJ/mol for VA12, VA25 and VA40 respectively. It is clear that activation 

energy for molecular motion is much higher in VA25 and VA40 than that in VA12. 

Such a difference in Ea reflects a critical effect of polar interaction originating 

from VA domains. On addition of BaSO4, the apparent activation energy of 

compounds was 68.0 kJ/mol, 63.7 kJ/mol and 88.3 kJ/mol for VA12BS, VA25BS 

and VA40BS respectively. These results reflect the contribution of BaSO4 

agglomerates in hindering the molecular motion. With respect to unfilled 

systems, in VA12BS50 and VA40BS50 a substantial increase in the Ea was 

observed, whereas, in VA25BS50 there was a small change. Therefore, if the 

increase in apparent activation energy is considered, it can be concluded that the 

molecular motion is considerably restricted in all composites after BS loading, 

except for VA25. This result corroborates the complex viscosity results presented 

earlier. It may be noted that that even at a fixed loading of BaSO4, a significant 

variation in the fracture and topographic morphology of the composites was 

found with variation in VA content and BaSO4 agglomeration was more 
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prominent in VA12 and VA40 than in VA25, as exemplified from the results of 

phase imaging, morphology and roughness analyses. It is also worthy to note that 

the Kraus model was fitted well with all composites, reflecting critical role of 

filler aggregation and disaggregation dynamics over this polymer-filler 

interfacial characteristics. These results suggest that contribution of filler 

networks in either VA12 or in VA40 provide more stearic hindrances to the 

system than that was in VA25. Density (ρc) of the composites is also expected to 

provide an idea about free volume, voids, c of the 

composites was calculated experimentally and was compared with the values 

calculated theoretically using following relations describing the rule of mixture 

(upper bound) and the inverse rule of mixture (lower bound)  

  (3.22) 

 

       (3.23) 

where x is the fraction of BS, and  are the densities of BS and EVA 

respectively. All composites showed higher values than those predicted by the 

inverse rule of mixture (data not reported) and lower values than that predicted 

by the rule of mixture (Table-3.3). The difference between theoretical (rule of 

mixture) and experimental values (∆ρ), which reflects increased free volume in 

the matrix, was found to be highest in case of VA12 (162 kg/m3), whereas in case 

of VA25 and VA40 the ∆ρ was just 127 kg/m3 and 124 kg/m3 respectively. This 

observation supports the results obtained on fractional free volume obtained in 

the molten condition. It can be reasonably concluded that VA25BS50 composites 
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offer lower structural breakdown, lower fractional free volume and lower 

deviation from the density predicted by additive rules.   

3.3.12. Dynamic thermo-mechanical analysis of EVA/ BaSO4 composites 

 The dynamic mechanical properties of the composites were found to be 

affected by the vinyl content as well as by the BaSO4 loading; with an increase in 

the BS content, the storage modulus increased while the loss tangent decreased 

(Figure 3.20a). Furthermore, an increase in the VA fraction led to a significant 

decrease in the elastic modulus and increase in the loss factor. In the glassy 

region, the difference in the storage modulus between VA12 and VA25 was not 

significant; however, in the rubbery region at 30 oC, VA40 and VA25 had a 

storage modulus of 140 Pa and 70 Pa respectively. VA40 showed the most 

significant effect of temperature on the elastic modulus, which decreased from 

~1.7 kPa in the glassy region to just 8 Pa at 30oC. With the increase in filler 

content, from 50% to 75%, in the VA12 composites, there was more than 100% 

increase in storage modulus at 30 oC; whereas for the VA40, a similar increase in 

BaSO4 loading resulted only in a marginal increase of 35% in the storage 

modulus. The difference in the storage shear modulus in the molten condition 

described in the previous section and the storage tensile modulus in solid 

condition is very critical; as the former considers only molten visco-elastic 

behavior where no accounting was made for crystallinity and macromolecular 

reorganization during beta transitions. Variation in the tan  with an increase in 

the temperature has been shown in the figure 3.20b. The glass transition was 

observed at – 21 oC and is suggestive of the amorphous domain of vinyl acetate 
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segments. It was interesting to note that even at higher loading, no major shift in 

the glass transition was observed; the little variations observed in storage 

modulus with BaSO4 loading can be attributed to the chain pinning introduced by 

BaSO4. It further suggests that the VA content related differences are mostly due 

to the morphology of the composites rather than due to chemical interactions 

between VA segments and BaSO4 domains, as hypothesized in previous sections. 

This also explains the excellent fitting of the structural breakdown data to 

phenomenological quantitative Kraus model which mainly relies on filler-filler 

aggregation and disaggregation dynamics and not on polymer-filler interface 

dynamics. Based XRD, morphological, rheological data and other data reported 

in this manuscript, it can be concluded that even at the same percentage of BS 

loading, different morphological arrangements in EVA/ BaSO4 composites are 

possible which can offer distinct radiopacity and mechanical behavior (Figure 

3.21). These radiopaque composites are completely flexible, thermoplastic, non-

biodegradable and offer tunable radiation attenuation behavior.  The constituents 

in these radiopaque composites are already in biomedical applications and are 

expected to be biocompatible; however, dedicated in-vitro/ in-vivo studies might 

be needed for precisely ascertaining the cyto-compatibility profile of EVA/ 

BaSO4 composites, as deemed appropriate for the targeted application/organ.   

3.4. Summary 

 Irradiation by gamma can be effectively used to crosslink the 

composites containing large amounts of high Z fillers and such polymer 

composites have potential as flexible radiation shields for 241Am  radiation. The 
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specific gravity of the composites followed the rule of mixture closely up to 50 

wt % loading; slight deviation at higher loading was assigned to agglomeration 

within the matrix Bi2O3 reinforces the PDMS matrix was well corroborated with 

the mechanical properties. EB decreased with radiation dose as well as with filler 

loading, while Young’s modulus increased significantly and was found to 

deviate from the Nielsen’s micromechanical model. Interestingly the deviation 

was positive, suggesting formation of Bi2O3 network within PDMS. Attenuation 

of gamma 241Am at 70 wt% filler loading was observed to be 90%. Thermal 

stability of composites significantly improved with the addition of filler. The 

study establishes that radiation cross-linked matrices can be excellent choice for 

developing lead free flexible shielding. However further understanding of 

morphology-attenuation correlation and attenuation coefficients of PDMS/Bi2O3 

for gamma rays of different energies are needed to use such composites in 

advanced applications. It was also established that tailoring of vinyl content can 

ascertain high radiopacity even at higher loading of BaSO4. Such effects 

translated in better gray values than those obtained from the aluminum sheets of 

comparable thickness, while retaining markedly high elongation at break, low 

mechanical hysteresis and complete flexibility. EVA/ BaSO4 composites 

displayed a complex interplay of the morphology, the crystalinity and the 

copolymer architecture. VA content of 25% displayed unique attribute in most of 

the rheological, mechanical and dynamic thermo mechanical properties. The 

power law was followed by all composites in the structural breakdown region 

and the filler-filler structural breakdowns was found to be a key factor in non-
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linear strain behavior, which was dependent on VA content. Time-temperature 

super-imposition study also showed a difference in fractional free volume with a 

change in vinyl acetate content. These results are expected to be highly useful in 

designing radiopaque polymer composites for medical and other applications 

with predetermined physico-mechanical and radiation opacity behavior.   
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Table 3.1: Percentage deviation from Nielsen’s model at different doses 

 

Weight 

fraction 

(Bi2O3) 

(%) Deviation 

(100kGy) 

(%) Deviation 

(200 kGy) 

(%) Deviation 

(400 kGy) 

0.00 0.00 0.00 0.00 

0.05 -12.60 -12.23 -12.29 

0.10 -33.48 -2.88 0.87 

0.30 -51.09 -22.55 -7.07 

0.50 -53.30 -75.71 -44.98 

0.70 -104.96 -89.22 -100.23 
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Table 3.2: Effect of Bi2O3 on thermal degradation of PDMS 

 

Weight 

fraction 

(Bi2O3) 

Onset 

temperature ( oC) 

(step 1) 

 

Temperature ( 

oC) 

10% weight loss 

 

Onset  

temperature ( oC) 

(step 2) 

 

0.0 406.5 451.7 451.4 

0.1 419.5 476.5 464.5 

0.3 417.7 471.4 486.6 

0.7 448.1 495.3 491.2 
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Table 3.3: Small amplitude oscillatory shear and dynamic thermo-

mechanical properties of EVA copolymers and EVA/BS composites 

 

* Data from small amplitude oscillatory shear experiments   
# Data from dynamic thermomechanical analysis  

 

 

 

 

 

 

Composition *G’ at 0.2 

rad/s  

(Pa) 

*G’ at 1 

rad/s  

(Pa) 

#Glass 

transition 

 (o C) 

#Loss 

factor 

(tan ) 

VA12 2028 4313 -18.6 0.15 

VA25 1170 3516 -24.5 0.25 

VA40 165 455 -23.9 0.52 

VA12BS50 14468 24495 -21.6 0.14 

VA25BS50 4815 18029 -24.2 0.19 

VA40BS50 1246 3894 -24.0 0.53 
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Table 3.4:  Parameters of phenomenological quantitative Kraus model 

fitting to non- linear oscillatory melt shear rheology (angular shear strain) 

and to solid dynamic mechanical analysis (uniaxial tensile strain) data of 

EVA BS composites  

                Composition G’
0 

(Pa) 
 

m r2 

Oscillatory 

shear strain 

(Melt 

rheology) 

VA12BS50 42376.11 

±449.08 

20.60±1.27 0.43 

±0.02 

0.99 

VA25BS50 18330.54 

±131.68 

44.87±2.57 0.48 

±0.02 

0.99 

VA40BS50 7244.42 

±31.44 

71.20±3.50 0.46 

±0.01 

0.99 

 E’
0 

(MPa) 
 

m r2 

Oscillatory 

tensile 

strain 

(DMTA) 

VA12BS50 319.02 

±1.28 

3.80±0.10X 

10-3 

0.58 

±0.02 

0.99 

VA25BS50 104.72 

±0.45 

16.80±4.00 

X 10-3 

0.44 

±0.02 

0.99 

VA40BS50 9.77 

±0.03 

32.50 ±4.00 

X 10-3 

0.41 

±0.02 

0.99 
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Table 3.5: WLF parameters, fractional free volume and experimental and 

theoretical densities of pristine EVA copolymers and EVA/BS composites 

 

 

$Un

fille

d 

syst

ems

, 

the

oret

ical values are same as experimental values. 
# WLF fitting of the data was poor and the coefficient were considered 

unreliable. 

 C1 C2 

(K) 
f0 

(T0=140 
oC) 

af 

(K-1) 
exp 

(kg/m3) 
theo 

(kg/m3) 

VA12 9.4 234.5 21.6 0.09 933 --
$ 

VA25 13.7 318.4 31.6 0.10 948 --$ 

VA40 12.2 238.0 28.0 0.12 960 --$ 

VA12BS50 21.5 957.0 49.5 0.05 1530 1779 

VA25BS50 13.2 629.0 30.4 0.05 1572 1800 

VA40BS50 --# --# --# --# 1580 1818 
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Figure 3.1: Variation in cross-linking density of composites with 

absorbed dose (a) 100kGy (b) 200kGy (c) 400 kGy 
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Figure 3.2: Variation in density of composites with absorbed dose. 

(a)Experimental values (b) Theoretical values theoretical. Inset: 

Percentage changes in density with the loading of Bi2O3 (Weight %) 
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Figure 3.3: Variation of swelling ratio [Qi = (Swelled weight/initial 

polymer weight)]of composites with absorbed dose (a) 100 kGy (b) 200 

kGy (c) 400 kGy Inset: Kraus plot for PDMS/Bi2O3 composites 
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Figure 3.4; Variation in elongation at break of composites with 

absorbed dose (a) 100 kGy (b) 200 kGy (c) 400 kGy 
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 Figure 3.5: Variation in elastic modulus of composites with absorbed dose (a) 

100 kGy (b) 200kGy (c) 400kGy 
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 Figure 3.6: Thermo-gravimetric profiles of composites containing different 

percentages of Bi2O3 (profiles have been offset for better clarity) 
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Figure 3.7: Variation in attenuation of different composites irradiated to 

different doses. Inset: Variation in counts with Bi2O3 (Weight %) at two 

different radiation doses. 
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Figure 3.8: Scanning electron micrographs of cryogenic fracture surfaces of 

EVA/ BaSO4 composites (a) VA12BS50 (b) VA25BS50 (c) VA40BS50.

(c) 
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(c)  

  

Figure 3.9: Atomic force microscopy of the composites (a) Phase image of (i) 

VA12BS50 (ii) VA25BS50 (iii) VA40BS50 (b) topographical images of (i) 

VA12BS50 (ii) VA25BS50 (iii) VA40BS50 (c) histograms of surface roughness (i) 

VA12BS50 (ii) VA25BS50 (iii) VA40BS50 

(iii) 

(ii) (i) 
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Figure 3.10: X-ray diffractograms of (a) EVA with different VA content 12 

% (VA12), 25% (VA25) and 40% (VA40) [Inset: X-ray diffractograms of BS] 

(b) VA12BS50, VA25BS50 and VA40BS5 

10 20 30 40 50 60
0

500

1000

1500

VA40BS50

VA25BS50

VA12BS50

2  (Degree)

 

 

 

In
te

n
s
it

y
 (

a
.u

.)

(b)



134 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Figure 3.11: Radiopacity of the composites (i) actual x-ray radiographs of 

different composites, A: VA12BS75, B: VA40BS75, C: VA12BS50, D: VA25BS50, 

E: VA40BS50, F: VA12BS50 (ii) variation in gray values for composites with 

composition; dotted block presents gray values for aluminum sheets (iii) 

variation in mass attenuation coefficient variation of VA12, VA25 and VA40 

with x-ray energy (Inset: variation in the mass attenuation coefficient of BS 

with x-ray energy) 

Polymer composites (Thickness) 
 

     0.5mm     Aluminum            1.0mm  

            2.8  mm       2.1 mm              

1.4 mm               0.7 mm 

100 1000
1E-3

0.002

0.002

0.003

0.003

1 10 100

0.1

1

10

100

1000

Energy (keV)



(
c
m

2
/

g
)

BaSO
4

 

 

VA40 VA12

Energy (keV)



(
c
m

2
/
g
)

VA25

(c)

Aluminium EV12BAS50 EV25BAS50 EV40BAS50

0

20

40

60

80

100

120

140 Thickness decrease

1 mm

G
ra

y
 V

a
lu

e
 (

B
a

c
k

ro
u

n
d

 c
o

rr
e

c
te

d
)

Composition

 2.8 mm

 2.1 mm

 1.4 mm

 0.7 mm

0.5 mm

(b)

(a) 



135 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12:  Effect of VA content on mechanical properties (a) Stress-strain 

profile (Left panel VA12 composites; right panel VA40 composites) (b) 

Mechanical hysteresis in the composites during five cyclic deformations of 

5% (5-10%) strain. The arrows show mechanical hysteresis reduces with 

increase in VA content. 
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Figure 3.13: Physical and mechanical properties of the EVA/BS composite 

(a) Density (b) Elongation at break (c) Elastic modulus (d) Hardness (shore 

A). The properties are presented for different BaSO4 content (%) and for 

different VA content 
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Figure 3.14: Effect of the VA content and the filler loading on (a) 

dependence of the complex viscosity (ƞ*)  on angular frequency (ω) in the 

linear visco-elastic regime [Inset: Fold increase in complex viscosity on filler 

addition; defined as the ratio of complex viscosity of filled system (ƞ*
comp) to 

the unfilled one (ƞ*
pol)] (b) dependence of the storage modulus (G’) on the 

angular frequency in the linear visco-elastic regime (c) Cole-Cole 

representations for different EVA/ BaSO4 composites in the linear visco-

elastic regime. T=140.0 oC, γ=1%
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Figure 3.15: Storage (G’) and loss modulus (G’’) crossover for different 

EVA/ BaSO4 composites. T=140.0 oC, γ=1%
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Figure 3.16: Melt rheology of unfilled systems (a) dependence of the 

complex viscosity (ƞ*) on angular frequency (ω) in the linear viscoelastic 

regime (b) dependence of the storage modulus (G’) on the angular 

frequency in the linear viscoelastic regime (c) Cole-Cole representations for 

different EVA in the linear viscoelastic regime. T=140.0 oC, γ=1% 
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Figure 3.17: Structural breakdowns in EVA/BS composites in molten and 

solid states (a) dependence of the storage modulus on the small amplitude 

oscillatory shear strain (molten) [ω =1 rad/s, T= 140oC] (b) dependence of 

the storage modulus on the dynamic tensile strain (solid) [f=1 Hz, T=30oC]. 

Dotted lines represented best fit of the experimental data to 

phenomenological quantitative Kraus model. 
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Figure 3.18: Time temperature (t-T) superimposition curves of storage and 

loss modulus for different EVA/ BaSO4 composites. Reference temperature- 

140oC, γ=1% 
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Figure 3.19: Temperature dependence and model fitting of horizontal shift 

factors (aT) of EVA/ BaSO4 composites (a) WLF model (b) Arrhenius model  
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Figure 3.20: Dynamic thermo-mechanical changes in EVA/ BaSO4 

composites with the change in vinyl acetate content and BS loading (a) 

storage modulus versus temperature (b) loss factor (tan δ) versus 

temperature [% depicts percentage loading of BaSO4 in the respective 

composite]
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Figure 3.21: Scheme depicting interplay of crystalline domains, vinyl acetate 

groups, and BaSO4 particles distribution in the matrix.
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CHAPTER–4 

SYNTHESIS OF A FLEXIBLE POLY(CHLOROPRENE)/METHYL RED 

FILM DOSIMETER USING AN ENVIRONMENT-BENIGN SHEAR 

COMPOUNDING METHOD 

 

4.1. General Introduction  

 A detailed account of radiation attenuation and radiopacity is 

presented in Chapter-3 while this chapter mainly emphasises the 

quantification of radiation induced changes and their utilization for the 

estimation of radiation dose. There are many large scale facilities and 

research laboratories available worldwide where high energy radiation is 

extensively used [108,109,110]. For all such applications precise and easy 

measurement of radiation dose is essential to get the desired properties. 

However, most of the dosimeters available today suffer from many 

drawbacks such as expensive cost, difficulty in usage, rigid nature or 

involve use of hazardous air pollutants (HAPs) and volatile organic 

solvents (VOCs) during their synthesis [109,111-114]. To overcome these, 

there is a pressing need for developing low-cost, flexible radiation 

dosimeters synthesized through a solvent free route with reliable absorbed 

dose response.  

 Polymer film based dosimeters are widely used in radiation 

processing. Such dosimeters generally contain a transparent polymer 

matrix doped with dyes [115-119] which are either radio-chromatic (i.e. its 

max shifts with radiation treatment) or undergo bleaching due to 

radiolytic transformations in the chromophoric group present in the dye 

thereby leading to decrease in absorbance. In a recent study, Soliman et al. 

have explored Leuco crystal violet/poly (vinyl butyral) film for high 

radiation dosimetry [120] wherein a linear response in the dose range 0-20 
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kGy and a non-linear response at higher doses up to 100 kGy is reported. 

Similarly, Kattan et al. have explored the feasibility of Bromocresol purple 

dyed polyvinyl chloride (PVC) films for dosimetric studies and reported 

linear response up to 50 kGy [116].  

Methyl red (MR), an azo dye, forms one of the most extensively studied 

dyes for radiation dosimetric applications mainly due to its low cost and 

dose dependent linear bleaching [118, 121]. Ajji has explored the use of 

aqueous methyl red solution for gamma radiation dosimetry [121]. As MR 

is a pH sensitive dye, they have used both alkaline and acidic solutions to 

analyze the effect of pH on dosimetric parameters and reported a 

remarkable difference in the response of MR solution in acidic and 

alkaline conditions. Al Zahrany et al. have used polyvinyl butyral (PVB) 

dyed with MR as a radiation dosimeter [122] while Barakat et al. used MR 

doped poly(methyl methacrylate) (PMMA) for such applications 

(123,124). Although these studies have revealed very promising results, 

they involve use of solvents and complex procedures [110,114,117-

119,121-122,124-127] which are not preferred. 

 Shear/melt compounding is a routine process used for mixing 

polymers with desired ingredients. It is a solvent free process in which 

polymer mix is heated above melting point of the polymer with continuous 

shearing [109,125,127]. Such processes can be used for solvent-free 

mixing of dyes and polymers for dosimetric applications; however, in 

addition to various complexities associated with the 

degradation/radiochromic behavior of dyes in a solid-matrix, the 

dispersion and distribution of dye in polymer matrix are major challenges 

in developing dosimeters through melt compounding route [109,126]. To 

the best of our knowledge, no report is available where this process has 

been used to synthesize radiation dosimeters.   

 The present study reports the synthesis of a novel film dosimeter 

using shear compounding. The polymer matrix used is polychloroprene 

(CR) which is highly flexible in nature enables dosimetric application both 
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in multi-dimensional as well as in complex shapes and geometries 

[128,129]. Different concentration of dyes were incorporated in PC and 

their applicability as a gamma dosimeter was investigated. Efforts have 

been made to analyze the morphology post irradiation stability and 

colorimetric parameters of these systems. 

4.2. Material and methods 

  4.2.1. Dosimeter preparation  

 PC and ethylene propylene diene monomer (EPDM) were procured 

from local suppliers (Polychloroprene M-40, Mooney viscosity 48±5, 

manufactured by Denki Kagaku Kogyo Kabushiki Kaisha, Japan; EPDM 

ethylene content 55%, manufactured by DSM, The Netherlands). Methyl 

red (MR) (MW 269.3) from Aldrich was used without further purification. 

Fig. 4.1 shows the molecular structures of CR and MR.  A series of CR 

/MB mixtures were prepared by homogeneously mixing CR and MR at 

60oC in a Brabender Plasticorder (Brabender GmbH, Duisburg, Germany). 

Three five-minute mixing-and-cooling cycles were used to minimize 

dehydrochlorination and degradation of the components. The weights of 

the components were carefully chosen based on their bulk density to 

achieve the desired contributions from the constituents to the total volume, 

which ensured proper filling of the mixing chamber. The homogeneous 

mix was cut into small pieces, which were compressed into 0.1-mm-thick 

12 × 12 cm2 sheets with a compression-molding machine (150 kg/cm2 

pressure for 5 min at 60oC). In the following text, the concentrations of the 

dye are expressed in millimoles of the dye per 100 g of the resulted 

mixture.  

  4.2.2. Radiation source  

 A Co60 gamma radiation source Gamma Chamber GC-5000 (BRIT, 

India) with the dose rate of about 1.5 kGy h−1(Fricke dosimetry) was used. 

Lead attenuators made it possible to reduce the dose rate to 0.75 and 0.375 

kGyh-1. Another gamma chamber, GC-900was used to irradiate the films 
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at a dose rate of 3.5 kGy h-1. 

4.2.3. Spectrophotometer 

 The absorbance changes were measured with a Shimadzu UV-2500 

spectrophotometer at max= 515 nm. For each data point, four replicate 

measurements were made, and the average value was reported as the 

percentage change in the absorbance (RCA)  

    
( )ui i

ui

A A
RCA

A


               (4.1) 

                                                                 

Where
uiA is the absorbance of an un-irradiated film and

iA is the 

absorbance of the irradiated film. Average of two samples for each data 

points has been reported. For reproducibility studies, a large number of 

samples were irradiated to various doses (10 samples per dose), and the 

relative standard deviations of the responses (RSD) were calculated. 

  4.2.4. Colour measurements 

 Reflectance measurements were performed with a Minolta CM-

3600D spectrophotometer (Konica Minolta Sensing, Inc., Osaka, Japan). 

The reflectance in the spectrum range from 360 to 780 nm was recorded at 

the wavelength interval of 10 nm. A D65 lamp was used as the reference 

light source, and the detector was oriented at an angle of 10º with respect 

to the light source. The equipment was calibrated before use with a 

standard white tile and a black box for 100% and 0% reflectance. The data 

were analysed with the JayPak 4808 Colour Management Software 

(Version1.2; JayPak, Malaga, WA, USA). 

  4.2.5. Humidity standardization 

 The dosimeters were stored at different relative air humidities in 

closed vials containing saturated solutions of lithium chloride (11%R.H.), 
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magnesium chloride (33%R.H.), magnesium nitrate (53%R.H.), sodium 

chloride (75%R.H.), ammonium sulfate (80%R.H.), and potassium nitrate 

(94%R.H.) at 25°C. 

 

4.3. Results and discussion  

4.3.1 Effect of dye concentration and dehydrochlorination on the 

spectral features   

 Figure 4.2 shows visible spectrum of CR doped with different 

concentrations of MR. Pristine CR showed no significant absorption in the 

range 400-650 nm, whereas the polymer doped with methyl red showed 

strong absorption with λmax at 515 nm with a small shoulder appearing at 

500 nm. The absorbance increased with increase in MR concentration 

without any shift in peak position. The observed λmax for CR /MR is very 

different from those of other reported systems. For PVB/MR system, λmax 

has been reported to be around 497 nm, whereas Barakat et al., reported 

λmax at 493 nm for PMMA/MR matrix [123]. In another system, where we 

have used EPDM, the λmax was also observed at 495 nm (unpublished 

observation). The variation in the λmax of the MR in CR and other matrices 

may be due to the fact that MR being a pH sensitive dye, its absorption 

profile depends to a larger extent  on the pH (protonation of carboxylic 

group) [121]. The protonation, in presence of CR can be attributed to the 

presence of labile chlorine atom, which generates residual HCl in CR 

matrix [130]; such phenomenon, however, is not expected to play any role 

in EPDM, PMMA or PVB matrices. 
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 Gamma irradiation is expected to crosslink the chloroprene matrix 

and also induce dehydrochlorination [131]. However, in the dose range 

studied here, crosslinking of the matrix is expected to be insignificant 

while dehydrochlorination is expected to take place in a dose dependent 

fashion during irradiation [132,133]. Arakawa et al. have reported an 

almost linear increase in the HCl release upto 1000 kGy of absorbed dose. 

It is interesting to note that even after irradiating to a dose of 30 kGy, the 

λmax of the films didn’t shift much which suggests that the amount of HCl 

released to a dose of 30 kGy does not have any significant effect on the 

protonation of methyl red. This corroborates our assumption for the 

observed λmax; because in the absence of residual HCl or labile chlorine, 

the release of HCl during irradiation would have significantly altered the 

pH of the system which in turn, would influence protonation and spectral 

features of MR significantly. For CR-MR matrix irradiated to different 

absorbed doses, the λmax did not shift with increase in dose, though the 

absorbance decreased in dose dependent manner and finally disappeared at 

~48 kGy. Various studies have been reported on the bleaching behavior of 

MB in different solvents and polymer matrices [121,123,134]. The effect 

of ionizing radiation induced bleaching of azo dyes is expected to be 

irreversible as it is attributed to cleavage of azo group. Most of the studies 

on azo dyes highlight that dose range and the rate of bleaching strongly 

depend on the solvent or polymer matrix used [121,130]. 



151 

 

4.3.2. Effect of composition on dose range and sensitivity  

 Polymer matrices of different CR-MR compositions were exposed 

to different absorbed doses of gamma radiation. The relative changes 

occurring in the absorbance of the samples is presented in figure 4.3 and 

its inset showing relative change in absorbance with dose of the film 

containing 0.12 mM of MR/100 g of CR. In the blank CR and at lower 

(<0.06 mM/100g of CR) MR concentration, no consistent measurable 

change in the absorbance was observed (Table 4.1) and was therefore 

ignored. For higher concentrations of MR, the initial absorbance was very 

high thereby limiting their application in transmission mode. 

Dehydrochlorination is supposed to impart yellowing in the CR matrix due 

to conjugated double bond formation [131]. However, in the dose range 

studied no such yellowing was observed. Contrary to the reported results 

of Al Zahrany et al., [122] who used polyvinyl butyral films containing 

different concentrations of MR, we did not observe any improvement in 

the sensitivity even with the increase in dye concentration for all CR-MR 

compositions within the studied concentration range [122]. This may be 

due to the difference in the basic process followed during synthesis as well 

as due to inherent differences in the radiation chemistry of the base matrix 

[118]. To get further insight into color developed/disappeared during 

radiation treatment, color coordinates of the CR/MR dosimetric films were 

investigated.  
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  4.3.3. Effect of radiation dose on color coordinates 

 The change in color of CR-MR matrices was studied in terms of 

CIE (International Commission on Illumination) color spaces. The 

parameters used were CIE L* (Lightness), a*(Redness), b*(Yellowness) and 

overall color difference (ΔE). L* denotes the amount of light or luminance 

of the sample. The symbols a*, b* precisely denote the values in a green to 

red and a blue to yellow color scale, respectively. These color indices are 

based on opponent theory of color vision and have a huge impact on the 

perception of color. We use these indices to quantify overall perception of 

color. For the matrix containing 0.06 mM of MR/100 g of CR with 

a*=5.22, b*=1.43 and L=5.5 the value changed to 4.22, 1.35 and 4.50 

respectively on exposure to the dose of 10kGy. Both samples(un-irradiated 

and irradiated) showed high positive value of a* suggesting the presence 

of redness even in the sample irradiated to 10 kGy, though there was a 

reduction of about 20% in absorbance value. Overall perception of color 

was assessed by determining overall color difference using following 

relation 

 

*2 *2 *2E L a b       (4.2) 

 

where ΔL*, Δa* and Δb* are the differences in the value of L*, a*, and b* of 

test sample from the reference sample, respectively. ΔE at 10 kGy was 

found to be 1.26. With the same radiation dose, changes in the pristine CR 

were negligible and no color was developed. However, at higher doses 

http://en.wikipedia.org/wiki/International_Commission_on_Illumination
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(>50 kGy), yellowing and browning of films were observed suggesting 

that these films might not be suitable for dose greater than 50 kGy. It may 

however be noted that, color changes at dose greater than 50 kGy were 

intense and there was deterioration in the transparency of the films. This 

observation suggests the potential applications of CR/MR films as 

dosimetric labels for high dose applications. These results including the 

implications on dosimetric studies involving high dose labels will be 

published in detail in the next part of the study.   

  4.3.4. Reproducibility of radiation response 

 The sensitivity was evaluated from linear dose versus absorbance 

curve by determining slope and regression coefficient value. The 

coefficient of variation (CV) was defined as 

100s
CV

k
             (4.3) 

 

Where s is standard deviation and k is specific optical absorbance at 520 

nm wavelength [135]. The slope and regression coefficient for all 

compositions are presented in the Table 4.1 and % precision and CV 

values for different compositions are shown in Table 4.2. Which clearly 

reveals the suitability of CR/MR films in the field of radiation dosimetry. 

  4.3.5. Effect of dose rate 

 Dose rate is known to affect the recombination of primary radicals 

generated during radiolysis as well as change the spur chemistry. It is 

therefore, important to see whether there is any change in the response of 
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CR /MR films when exposed to gamma radiation at different dose rates. 

The effect of dose rate was investigated using different lead attenuators in 

Co-60 gamma chamber. The dose rate was varied from 0.375 kGy/hr to 

3.5 kGy/hr. Dosimetric film containing 0.06 mM MR/100g CR was 

irradiated to a fixed dose of 10 kGy at room temperature. It can be seen 

from figure 4.4a that the response of the dosimeter was independent of the 

dose.  

  4.3.6. Effect of humidity and temperature  

 To understand the effect of humidity during radiation, the vials 

were exposed to 25 kGy of radiation dose. It can be seen from inset figure 

4.4 that there is no appreciable change in the response up to 53% relative 

humidity, while there was a slight change at 75% and significant changes 

thereafter. On the other hand, no significant effect of temperature in the 

range 25-70oC was observed. Similar findings have been reported earlier 

for other polymer/dye based dosimetric systems [137-138]. It may be 

noted that the glass transition temperature of polymer used lies in sub-

room temperature range (~-50oC); therefore, macromolecular dynamics 

would not lead to any profound change particularly in the temperature 

range under study. Moreover, CR being an amorphous polymer shows 

change in the absorbance with increase in temperature due to the melting 

of crystallites which are not expected to contribute to the optical 

parameters of the films [125,138].  

  4.3.7. Effect of storage duration  
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 The dosimeter containing 0.06 mM MR/100g PC was irradiated to 

10 kGy and kept under normal laboratory light. There was no significant 

decrease in the absorbance during storage (figure 4.4). The relative 

changes in the absorbance were measured periodically over a certain 

number of days which was found to be less than 5% although there was no 

specific trend followed. This suggested that the observation was an 

experimental variation rather than bleaching of dye under the influence of 

laboratory light conditions.  

  4.3.8. Processing parameters and optical microscopy 

 Unlike solution mixing, in shear compounding [139], it is very 

difficult to achieve good distribution and dispersion of dye in a polymer 

matrix. In this study, the mixing program was designed in a way so as to 

avoid (or minimize) degradation of dye or polymer matrix due to the heat 

generated during shear compounding. Maximum torque generated during 

the mixing was 5 Nm. Optical micrographs of different films have been 

shown in figure 4.5. It can be seen that up to 0.30 mM of MR/100g of CR, 

the distribution was quite good homogeneous. This phenomenon was 

interesting in the sense that good dispersion demands good polymer-dye 

interaction. In  another system, which involves EPDM elastomer (figure 

4.5 a,b,c, d), it was found that that even at 0.06 of MR/100g of polymer, 

agglomeration could be seen and at 0.30 mM of MR/100g of polymer, 

highly inhomogeneous distribution of MR was observed. This observation 

reflects the importance of selection of suitable polymer-dye system for 
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dosimetric applications. MR being polar, has limited miscibility with 

EPDM, whereas its miscibility with polar PC is quite good, making it a 

good choice for dosimeter. Figure 4.6 shows photographs of irradiated (30 

kGy) and un-irradiated films, containing 0.06 mM MR/100g PC. It can be 

seen that such films can also be used as dosimetric labels.  

  4.4. Summary  

 Radiation effects on a dye doped polymer composite were 

elucidated. The composite showed dose dependent decoloration upto 30 

kGy. Optical micrographs suggested good dispersion of dye in the 

polymer matrix. The effect of various parameters such as variation of dose 

rate, temperature etc. was investigated and the same was found to be 

insignificant. The precision of CR/MR film dosimeters was very good and 

the percentage fluctuation was less than 5% over the entire range of dose 

studied.   It can be inferred that such systems find good potential as a 

prospective dosimeter in the field of radiation dosimetry.   

 

 

Table 4.1: Linear fitting parameters for PC/MR dosimetric films 

Composition 

mM/100g of polymer 

Slope 

(kGy-1) 

Intercept Regressio

n 

coefficien

t 

0.04 0.07 0.01 0.88 

0.06 2.18 0.00 0.98 

0.12 1.44 0.45 0.99 

0.14 1.54 -0.05 0.99 
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Table 4.2: Reproducibility of relative change in absorbance at 

different doses (0.12 mM of MR /100g PC) 

 

 

 

            

 

                                   

 

       

               

                                           

 

Methyl red                                                           Polychloroprene 

 

 

Figure 4.1: Molecular structures of Methyl red and 

Polychloroprene 

 

 

 

 

 

 

 

 

 

Dose (kGy) SD % precision Coefficient of 

variance (CV) 

10.6 0.42 3.97 28.2 

18.5 0.56 3.04 16.3 

23.4 1.12 4.79 12.8 

29.6 1.36 4.60 10.1 

MR 
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Figure 4.2 : Visible spectrum of CR doped with different 

concentrations of MR/100g CR (a) 0 mM  (b) 0.02 mM (c) 0.04 mM 

(d) 0.06 mM (e) 0.12 mM 
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Figure 4.3:  Relative change in absorbance with radiation dose for the 

film containing (a) 0.04 m M of MR/100 g of CR (b) 0.06 mM of 

MR/100 g of CR. Inset: Relative change in absorbance with radiation 

dose for the film containing 0.12 mM of MR/100 g of CR 
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Figure 4.4:  Changes in polymer films (0.06 mM of MR/100 g of CR) 

irradiated to 10 kGy. (a) Relative change in absorbance [(RCA at 0.21 

kGy/hr–RCA at specific dose rate)/ RCA at 0.21 kGy/hr] at different 

dose rates. (b) Relative change in absorbance kept under laboratory 

light conditions. Inset: Relative change in absorbance [(RCA at 11% 

humidity –RCA at specific humidity)/ RCA at 11% humidity] for 

polymer films (0.06 mM of MR/100 g of CR) irradiated to 10 kGy at 

different humidity 
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         (a)                          (b)                               (c)                             (d) 

 

Figure 4.5 Optical micrograph of polymer films made using two 

different polymer systems and two MR concentrations (a) 0.06 mM of 

MR/100g PC (b) 0.30 mM of MR/100g PC (c) 0.06 mM of MR/100g 

EPDM (d) 0.30 mM of MR/100g EPDM [The scale bar shows 100 

micrometer] 

 

  

 

 

 

 

 

 

(a)                       (b) 

 

Figure 4.6: Photograph of films loaded with 0.06 mM of MR/100g CR 

(a) unirradiated (b) irradiated to 30 kGy 
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CHAPTER–5  

Melt compounded ethylene vinyl acetate / 
magnesium sulfate composites as flexible EPR 
dosimeters: mechanical properties, dose 
response and processability 

5.1 General Introduction  

Easy and accurate assessment of radiation dose is critical in 

radiation processing and radiotherapy applications [108,140-143]. 

Previous chapter discussed the effect of radiation in a dye doped polymer 

composite with a view to exploring its suitability as a radiation dosimeter. 

For radiation dosimetery, EPR has gained prominence due to higher 

sensitivity and stability and alanine based EPR is considered as gold 

standard in dosimetric applications [144-146]. However, alanine suffers 

from its not very high sensitivity, largely because the area of alanine ESR 

signal shared by many lines of the complex spectrum.That decrese the 

intensities of ESR signal lines and, accordingly, the signal-to-noise ratio. 

That is why a quest for dosimetric material with fewer spectral lines 

continues and there is an increasing interest in exploring newer dosimetric 

material which has less complex ESR signal [147].  

Lelie et al. investigated the suitability of lithium formate hydrate in 

EPR dosimetry [148] whereas Nakagawa et al. studied radical produced in 

sucrose for dosimetric applications [149]. Sulfate radicals have been 
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explored by several authors in such applications [150-151]. Strontium 

sulfate has been studied by Rushdi et al. and was found suitable for the 

dosimetric measurements in the dose range 1-100 Gy [152]. Tani et al. 

[153] investigated the EPR signal of irradiated magnesium sulfate hepta-

hydrate. It was seen that these radiation induced ions have relatively 

simpler EPR spectrum, with good stability and broad dose range [150-

151,153].  

Most of the approaches used for synthesis of dosimeter materials 

are either in powder form or binder based [154-156]. Such technique 

involves batch process and use of toxic VOCs in the synthesis [157]. Melt 

compounding is an additive free approach that can be used in such 

applications; however, very few reports exist in literature citing the 

exploration of this technique for the synthesis of radiation dosimeters 

[158-159]. The major constraints associated with this method are the 

dispersion and processability of such composites [160]. A filler may 

agglomerate when loading exceeds a certain threshold value, which 

depends on its inherent characteristics of filler and interaction of filler 

with the polymer matrix.Also, introduction of filler may drastically change 

temperature and torque requirement for mixing, which may make the 

process technologically unfeasible [80]. 

This study reports the development of novel polymer based 

dosimeters for radiation processing applications. Mechanical, physical and 

processing properties of the composites were investigated and dosimetric 

response was analyzed. Further, efforts were made to understand water 

equivalence and reproducibility of these dosimeters. 
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5.2. Materials and method:  

 5.2.1. Material and sample preparation  

MGS and EVA (VA content 40%) were procured from Aldrich, and 

used as such. A series of EVA/MGS composites were prepared by melt 

compounding in Brabender plasticordar at 100oC. The homogeneous mix 

was cut to small pieces and compressed into sheets of size 20×20 cm2 of 

different thicknesses using compression-molding machine at 150 kg/cm2 

pressure for 5 minutes at 100oC.  

For ESR studies the sheets formed (with MGS content of 50%) 

were cut into small pieces using a household scissors. The cut mass was 

put in melt flow index tester heated up to 120oC having suitable exit 

orifice. On putting a load of 5 Kg, melt fracture free composite in form of 

smooth cylindrical thread of diameter 4mm was obtained. The thread so 

obtained was cut into pieces of length 5mm irradiated to desired doses and 

used for ESR studies. 

  5.2.2. Radiation source 

Gamma chamber GC-5000 with 60Co gamma-source, supplied by 

M/s BRIT, India was used for irradiation purpose with suitable lead 

attenuators. The gamma chamber (GC) has an irradiation volume ~5000 

ml with height=20.5 cm and diameter =17.2 cm. The irradiation shell of 

GC is made of stationery source pencils, cylindrically placed stainless 

steel (SS) pencils containing Co-60 gamma source put vertically to form 

irradiation space of cylindrical geometry. The source remains stationery 
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enveloped in lead shielding. GC is equipped with vertically moving SS 

shaft arrangement which has space (irradiation volume) to load samples. 

After sample loading shaft is moved down and the irradiation space 

perfectly sits in the cylindrical gamma source assembly for irradiation for 

desired time. The dose mapping of the gamma chamber was done using 

Fricke dosimetry. The details of Fricke dosimeter preparation and 

measurement are well documented elsewhere [161]. In order to map the 

absorbed dose in the irradiation space nine glass vials containing about 6-7 

ml of Fricke solution were fixed to a rectangular thermocole sheet (which 

could fit into the centre of irradiation chamber vertically). Three vials 

equidistant from each other were placed at upper and lower ends and three 

along the horizontal axis. This arrangement was done in order to 

determine the dose variation in the radiation chamber along vertical and 

horizontal axis. Three sets of dosimeters were irradiated for different 

duration of times and absorption due to Fe3+ions generated radiolytically 

was measured immediately after irradiation. The radiation dose at the 

centre of the gamma chamber was found to be 1.12±0.03 kGy hr−1. In 

comparison to the dose in centre significant difference in dose rate was 

observed at other 8 points chosen. However no observable difference in 

dose rate was observed in the horizontal plane of 8mm radius around the 

centre of the gamma chamber. As far as possible, samples of the developed 

dosimeter were irradiated at the centre of gamma chamber and the dose at 

the center of the gamma chamber was assumed to be the dose delivered to 
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the samples. For present study for each dose 5 samples of almost same 

dimensions were irradiated in such a way that all samples were in same 

horizontal plane around central axis during irradiation.  

  5.2.3. Physico-mechanical properties  

For tensile strength measurements at least five dumbbell shaped 

specimens were cut out from nano-composite sheets using a sharp edged 

steel die of standard dimensions. The thickness of the samples were 

determined to the nearest of 0.1 mm. The tensile strength and elongation at 

break were measured using a universal testing machine supplied by M/s 

HEMETEK, Mumbai, INDIA at crosshead speed of 100 mm/min at room 

temperature. Density of the samples was determined by displacement 

method as per the ASTM D792-08.  

  5.2.4. ESR studies  

For ESR studies samples were irradiated in sealed microfuge 

polypropylene tubes to desired doses and at least five samples were 

irradiated for each dose. ESR signal was recorded within 2-3 hours of 

irradiation. In between the irradiation and signal measurement microfuge 

tubes were kept as such under room condition (Temp 24-26oC).  

The ESR spectra was recorded using a Bruker EMX series 

spectrometer (EMM-1843) operating at X-band frequency (9.5 GHz) 

with100 KHz field modulation having amplitude low enough to get 

distortion free line shape. The microwave power was adjusted so as to 

obtain unsaturated first order derivative ESR spectra. DPPH was used as 
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g-marker. For dosimetric studies, identical set of parameters were used: 

the central field: 3360 G, microwave power 0.586 mW; microwave 

frequency: 9.37 GHz; modulation width 500 G and time constant 20.48 

ms. 

5.3 Results and discussion  

  5.3.1. Mechanical properties, melt flow index and density  

The elongation at break, tensile strength and elastic modulus of 

composites containing different loading of MgSo4 (MGS) is shown in 

figure 5.1. It is evident that elastic modulus increased significantly, 

whereas tensile strength and elongation at break decreases.  Up to 40 wt% 

loading, the rise in elastic modulus was around 100%; however at 80 % 

loading, the elastic modulus increased about 2100% suggesting a 

significant reinforcement of the matrix. Elongation at break, however, 

decreased significantly at 80% loading; it was around 600% at 40 wt% 

loading and just 4% at 80% loading.    

Melt flow is a good indicator of processability [162]. Though, EVA 

used in this work is thermoplastic in nature, addition of MGS is expected 

to affect its flow behavior by affecting melt viscosity [110].  Figure 5.2 

shows melt flow index of composites containing different loading of 

MGS. It can be seen that there is a significant reduction in melt flow 

index.  The nano-composites containing more than 50% of MGS had 

extremely low melt flow index and therefore was deemed unsuitable. 

There was 10%, 18% and 50% reduction in melt flow index at the 

concentration of 10%, 20% and 40% MGS. However with further 10% 

increase in MGS content, the MFI decreased to almost 80% of the initial 

value.  Since, for dosimetric applications, the content of MGS should be as 

high as possible, 50 wt% MGS composites were used.  Variation in 

density along with increase in MGS content is shown in figure 5.3. The 



168 

 

density increased sharply after 40% loading of MGS.  The density of the 

polymer composites can be predicted in terms of weight fractions of the 

component and their intrinsic densities, as depicted by following equation   

 

        (5.1) 

where  is the theoretically determined density of the composite 

whereas
,
 are the densities of the MGS and the EVA 

respectively;  is the weight fraction of the MGS[123,163]. Dotted 

line in figure 5.3 depicts the values predicted by the above equation. It can 

be seen that the experimental values matched will with the calculated 

values over the entire composition, suggesting good interaction between 

components and absence of void formation [82-83]. It must be mentioned 

here that, at higher loadings (≥ 50 wt %) slight negative deviation was 

observed in the density which can be attributed to the agglomeration of 

MGS with increase in its volume fraction.    

  5.3.2. ESR signal and power dependence 

The ESR spectra of irradiated and un-irradiated composites are 

shown in figure 5.4.  It can be seen that the un-irradiated composite did 

not have any signal as against the irradiated samples that showed good 

signal in a dose dependent fashion.  The signal observed was isotropic 

with a g value of 2.0036 and a peak-to-peak width of 0.4 mT.  With an 

increase in the radiation dose, there was no change in the peak position 

suggesting no new radical centers are created with an increase in the dose. 

The signal was assigned to sulfite radical (SO3
-) on irradiation, a vacancy 

of oxygen is created in SO4- tetrahedron leading to the formation of SO3
-.. 

The unpaired electron occupies sp3 hybridized orbital centered on the 

sulfur atom. This assessment matches well the recent study carried out by 

Tani et. al  on the dosimetric relevance of hydrated magnesium for the 
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estimation of age of formation of icy material on Europa’s surface [153].  

Intriguingly however, the observed signal is slightly different from the 

perfectly signal-line spectrum reported by Morton et. al [151]. One 

possible reason for this disagreement could be the fact that, Morton et al. 

have used anhydrous magnesium sulfate; however in the present case there 

is a less but unavoidable possibility of moisture absorption during 

processing viz compounding. It must be emphasized that symmetry of 

magnesium sulfate varies with the degree of hydration, for example it 

changes from orthorhombic to monoclinic with the loss of just one water 

molecule. The dose dependence of the signal is discussed in the 

subsequent sections.  

The effect of microwave power on the peak-to peak height (HPP) of 

the dosimeter is shown in figure 5.5.  The figure presents variation in the 

signal intensity with the square root of microwave power.   The signal 

intensity increases   with increase in power almost linearly up to 0.58 mW 

and saturates thereafter.  Microwave power of 0.58 mW was therefore 

used for all studies.    

5.3.3. Linearity, fading and reproducibility   

The effect of radiation dose on HPP is shown in figure 5.6 a and b. 

MGS signal has been reported to saturate around 10 kGy, therefore the 

gamma irradiation dose range of investigation was  limited from 3 Gy to 4 

kGy. The optimization and validation of the dosimeter for low dose and 

high dose measurements will be a part of another study. The dose-signal 

response of the dosimeter was found to be linear between 18 Gy to 4 kGy, 

and the response between 3 Gy to 18 Gy was not dose dependent 

(sublinear). The lower limit of dose determination found in this study is 

higher reported by Morton et. al [151], which is not surprising because our 

dosimeter contains only 50 wt%, MGS. Nevertheless, the materials 

appears to be suitable for dose measurements in the range from 18 Gy to 4 
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kGy which can be useful in various radiation processing applications, 

especially in food processing.  

Fading characteristics of the dosimeter are shown in figure 5.7.  

The loss in the signal (Hpp) w.r.t reduction in signal intensity was 

monitored for a period of around 140 days. There was just 20% of fading 

in 32 days which further increased to around 40% over a period of about 

140 days.  To check the reproducibility of the dosimeter, ten dosimeters 

were irradiated at a fixed dose of 4 kGy. The relative standard error in the 

dose measurement was found to be 6 % at a 95 % confidence level. A 

more detailed analysis of the same dosimeter left intact in the cavity was 

0.7%, the RSD of 5 measurements of the signal of the same dosimeter 

with rotation of the sample tube in 750 of intervals was 1.3% and the RSD 

of the signals of the same dosimeter taken out and put back into immobile 

sample tube was 0.7%. The results indicate that such dosimeters have 

good reproducibility and fading characteristics, though fading 

characteristics are not as good as reported in alanine dosimeters.  

  5.3.4. Water equivalency  

In the dosimetric assessment, it is important that the dosimeter has 

water equivalency in the targeted energy range [145, 164].  The mass 

energy absorption coefficient (µen/ρ) of both the phases in the composite 

i.e. MGS and EVA were calculated and compared with µen/ρ of water [145, 

150, 164]. It can be seen from figure 5.8 that (µen/ρ) decrease with 

increase in radiation energy and there was a good overlap between (µen/ρ) 

of EVA and of water over the entire energy range. Figure 5.9 shows (µen/ρ) 

for MGS and water; unlike EVA, there was a significant difference in 

(µen/ρ) of MGS and of water, in the energy less than 100 KeV. This might 

be attributed to the presence of relatively higher atomic number elements 

in MGS. Nonetheless after  100 keV energy, there was perfect overlap 

between water and MGS as well, suggesting that such dosimeters can be 
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considered water equivalent for used for 60Co and 137Cs processing and 

might not be suitable for low energy applications (<100 KeV). 

  5.3. Summary  

Melt compounded EVA/MGS composites were developed using 

met compounding and their application in radiation dosimetry was 

demonstrated. Mechanical properties greatly influenced with the addition 

of MGS in EVA matrix, indicating improvement in the elastic modulus 

and decrease in the elongation at break.  Composites greater than 50 wt % 

of MGS did not show flow behavior during melt flow measurement and 

the specific gravity of the composites increased with an increase in MGS 

content.  The dosimeter displayed linear response between 20 Gy and 4 

kGy. The response was reproducible with around 20% fading in 32 days 

period.  The composite was water equivalent for the energy greater than 

100 KeV. These results underscore the suitability of melt compounded 

EVA/MGS composites for radiation processing applications.  
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Figure 5.1: Variation in the mechanical properties with increase in 

MGS weight percentage (a) Tensile strength   (b) Elastic modulus (c) 

Elongation at break 
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Figure 5.4: ESR spectra of un-irradiated and irradiated composites 
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CHAPTER-6 

 Europium doped Barium sulphate as a 
perspective dosimeter: Studies based on ESR, 
TSL and PL techniques 

6.1 Introduction  

 Radiation induced radicals are often very stable in crystalline solid 

materials. These radicals can be detected and quantified by means of ESR. 

The signal intensity is proportional to the concentration of paramagnetic 

species (at least up to kGy doses) and is therefore also proportional to the 

absorbed dose received due to ionizing radiations.The ESR dosimetry has 

been applied to a number of fields including radiation therapy, radiation 

processing, quality assurance, radiation dose reconstruction, the 

identification of irradiated food and archeological dating (Desrosiers and 

Schauer,2001) [165-170]. ESR technique is used as tool for getting crucial 

information like identification of free, radiation induced-radicals formed 

and their role in thermally stimulated luminescence processes [171-172]. 

The main advantage of this method is the linearity of dose response over 

more than three orders of magnitude which is often present in high 

radiation field (10 Gy-100 kGy). Polycrystalline samples alanine and 

methyl alanine has been used for ESR dosimetry for almost two decades, 

but suffers from low sensitivity for applications in radiation therapy. 

Lithium formate monohydrate and potassium dithionates are another 

proposed materials used for ESR dosimetry. It is two to six times more 

sensitive than alanine and they exhibit simple ESR spectrum consisting of 

few ESR lines. It may be noted that though there is extensive work carried 

out on organic systems not many reports exits in the literature on the use 

inorganic compounds. Important criteria for selecting systems for ESR 

dosimetry are (a) tissue equivalence with regard to attenuation and 

scattering of ionizing radiation; (b) stability of radicals with time; (c) 
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linearity of signal over long range  of dose; and (d) large slope for the dose 

response curve (for very low dose large increase in the intensity of free 

radicals). The first criteria excludes materials containing heavy elements 

while the two latter must be verified experimentally.  

 The aim of the present investigation is to enhance the ESR dosimeter 

sensitivity, where the first order derivative ESR spectrum of the organic 

radicals ecomes increasingly difficult to evaluate for dosimetry. 

MgSO4:Eu appears to be an excellent candidate from the spectrometric 

point of view. On irradiation with 60Co rays the stable radicals SO4
- and 

SO3
- are produced, whose ESR signal intensities increase linearly with 

dose up to about 103 Gy. The spectrum of SO4
- and SO3

- is a single line 

(not ok, change) at g = 2.0048 and g = 2.0036 respectively and line width 

of 0.5 mT, which are stable at temperatures up to at least 120°C. Using the 

conventional peak-to-peak method of dosimeter readout, the MgSO4 

dosimeter is somewhat more sensitive than the traditional alanine 

dosimeter of the same mass.  

Radiotherapy and radiation processing demand proper dosimetry systems. 

Indeed, dosimetry is a central component of any quality assurance 

program for an irradiation facility. As a consequence, there is a demand 

for new dosimetry systems with improved performances. 

Thermoluminescence dosimetry (TLD) is widely employed for personal 

and environmental dosimetry but, seldom, for applications at higher doses. 

Ionizing radiation may induce paramagnetic centers in TSL materials 

which can be detected by ESR spectroscopy [173-175] This is the case for 

CaSO4:Dy phosphor, which was proposed as a dosimetric material for 

ESR dose assessment, mainly for radiation processing applications.  

Many industrial applications of radiations, covering a large range of dose 

from few grays to over 106 - 107 Gy, are now well established. A number 

of conventional high range dosimeters are adequate for radiation 

processing measurement purposes up to about 105Gy (see, for instance, 

alanine/EPR system) (ASTM, 1995). In the present study, BaSO4 
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(undoped and Eu doped) was prepared and evaluated for its TL and ESR 

dosimetric properties, while photoluminescence studies were done to 

monitor oxidation state/ emission of Eu dopant ions. 

6.2. Experimental 

6.2.1. Sample preparation 

Polycrystalline BaSO4:Eu sample was prepared by the chemical co-

precipitation method with 0.2 mol % Europium nitrate Eu(NO3)2 as the 

dopant taking in to account the following reaction: 

Ba(NO3)2+(NH4)2SO4 + 0:2 mol% Eu(NO3)3 4:Eu+ 2NH4NO3 

Analytical reagent (AR) grade barium nitrate Ba(NO3)2 was dissolved in 

doubly distilled water. Europium nitrate Eu(NO3)3, 0.2 mo l% of AR grade 

was then added to the solution. To control the size of particles to be 

produced on precipitation, ethanol was then added to the solution with 

constant stirring. Further, ammonium sulfate was added drop wise to the 

solution until the precipitation was complete. The mixture was centrifuged 

each time so that the precipitate settled at the bottom of the tube and a 

clear liquid was seen at the top. The liquid on the top was then decanted 

and the precipitate was washed repeatedly in distilled water and dried at 

90 C for two hours. The polycrystalline powder thus obtained was further 

annealed at annealed for 3 hours, at 550 C, 750 C, 900 C under inert 

argon atmosphere in a quartz boat in a tube furnace and quenched by 

taking the boat out of the furnace and placing it on a metal block. 

Similarly un-doped samples were prepared without addition of addition of 

Eu(NO3)3.  

6.2.2 Sample Characterization 

The phase purity of the prepared sample was investigated by powder X-

ray diffraction (XRD) method using a Phillips instrument (PW1071) 

operating with Cu K radiation (=1.5405 A) fitted with graphite crystal 

mono chromator. The scan rate was kept at 0.05 A.o/sec in the scattering 
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angle range (2) of 10-55. Time Resolved Photo Luminescence 

Spectroscopy (TRPLS) investigations were done on an Edinburgh FLS-

900 unit with CD-920 controller. The unit is equipped with a micro second 

xenon flash lamp as the excitation source and M 300 mono-chromator. 

TSL studies were carried out on an indigenously built unit. Glow curves 

were obtained at variable heating rates. 

60Co- GC 900 (dose rate - 17 Gy/min) and GC 220 (dose rate - 5.30 

Gy/min) were used for gamma irradiation. The dose values were 

calibrated using a secondary standard system Fricke dosimetry as per the 

International Atomic Energy Agency's (IAEA) code of practice with a 

combined uncertainty of 0.45% for air kerma (Kair). The synthetic samples 

were sealed in small polythene capsules, 50 mg each, to be irradiate at 

room temperature with 60Co gamma radiation to doses ranging from 5 Gy 

to 1 kGy before recording first derivative EPR spectra. ESR spectra were 

measured with on X-band spectrometer (EMX series spectrometer; EMM 

1843) at room temperature using a standard rectangular cavity (4102 ST) 

operating at 9.60 GHz with a 100 kHz modulation frequency. The ESR 

parameters were chosen to provide the maximum signal-to-noise ratio for 

non-distorted signals. The microwave power and modulation amplitude 

were 2 mW and 1 G respectively. The response time constant was 40 ms 

with the field-sweeping rate of 100 G/164 s. The intensity of each sample 

was measured 10 times as the peak-to-peak height and average values of 

these measurements of first derivative ESR spectra were plotted. The 

standard deviation was about 0.5 % from the mean value. Standard 

samples of DPPH were used to calibrate the g-factor of the ESR signal.  

6.3. Results and discussion 

6.3.1. XRD results 

XRD pattern of BaSO4 sample prepared by annealing at different 

temperatures is given in Fig. 6.1. The XRD pattern suggested the 

formation of single-phase compound as XRD peaks due to impurity 

phases were found to be absent. The XRD pattern of BaSO4 belongs to 
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orthorhombic space group and its lattice parameters were a = 8.875 Å, b = 

5.450 Å, c = 7.152 Å with α = β = γ = 90° and it four formula units per 

unit cell. The XRD patterns of un-doped BaSO4 and BaSO4:Eu samples 

were in good agreement with the reported data The (h k l) values of each 

peak for europium doped BaSO4 sample are given in the XRD pattern as 

shown in Fig. 6.1. BaSO4 mineral consists of divalent cation Ba2+ and a 

divalent tetrahedral molecular anion, SO4
2-. It has an orthorhombic crystal 

form. In the unit cell, the SO4
2- and Ba2+ ions lie on the mirror planes and 

Ba2+ ions link the SO4 
2- ions in such a way that each Ba2+ ion is 

coordinated with twelve oxygen . Studies have shown the presence of Ba 

and SO4 vacancies in the BaSO4 lattice and concentration of these 

vacancies can be very high.  

6.3.2.   Thermally Stimulated Luminescence (TL) Studies  

Figure. 6.2 shows the TL glow curve for gamma irradiated BaSO4:Eu 

sample at 100 Gy  (heating rate of 5 K/s) which can be  been de-

convoluted into two peaks. The irradiated sample was found to have a 

simple glow curve structure with prominent glow peaks at 450 K and 500 

K. The area under the curve was used to determine the TL intensities. 

Moreover the intensities of the glow peaks were found to increase with 

increasing dose up to 500 Gy in gamma irradiated BaSO4:Eu sample 

prepared by co-precipitation method which has also been reported by 

Annalakshmi et al [176]. As the sample shows a wide linear TSL response 

even at high doses, it can be employed as a dosimeter for measuring 

relatively high range doses. This observation suggests that the number of 

trapping centers or luminescent centers increases with dose. TSL of 

gamma irradiated BaSO4: Eu samples annealed at 750C recorded at 

heating rate of 2 K/sec had shown intense peak around 465 K with 

shoulder at 443 K.  
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6.3.3 Photo Luminescence (PL) studies 

Photoluminescence spectroscopy is a powerful technique to probe the 

electronic structure, detection and characterization of defect, 

recombination mechanism and band gap determination. The PL spectra of 

europium doped BaSO4 samples (Fig-6. 3) using excitation wave length of 

261 and 298 nm. The emission spectrum consists of an intense peak at 384 

nm, which is the characteristic emission of Eu2+ ions. Apart from this, two 

weak peaks at higher wave lengths that is at 590 and 615 were observed. 

The main emission peak at 384 nm may be ascribed to the transitions 

between the lowest band of the 4f65d configuration and the ground state 

8S7/2 of the 4f7 configuration of Eu2+ ion. The strong violet-blue emission 

exhibited by the Eu2+ ions can further be exploited for display 

applications. It is well known that the wavelength position of the emission 

band of Eu2+ strongly depends on the host lattice. In the crystal structure 

of BaSO4, it can be interpreted that each Ba2+ atom is coordinated with 

twelve oxygen atoms. Moreover, Eu2+ ions are expected to occupy the 

Ba2+ lattice sites. The weak emissions at 590 and 615 nm wave lengths 

were attributed to 5D0→ 7F1, 2 transitions of Eu3+.   It was seen that the 

intensity of Eu3+ emission decreased in samples annealed at 750C with 

concomitant increase in intensity at 384 nm suggesting more of Eu2+ 

incorporation at Ba2+ site. On further annealing, samples further at 900C, 

intensity of Eu2+ decreased marginally. But the Eu2+/Eu3+ luminescence 

intensity ratio was higher in the samples annealed in argon atmosphere at 

higher temperatures. The gamma irradiated samples did not show 

significant changes in PL intensity of Eu2+. No change in the PL spectra 

was seen on gamma ray irradiation indicating that there is no Eu2+ 3+ 

valence conversion occurring during gamma irradiation.  

6.3.4 Electron Spin Resonance (ESR) studies:  

ESR spectra of gamma irradiated BaSO4 samples were recorded at room 

temperature. The ESR spectra for un-doped BaSO4 and BaSO4:Eu samples 
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were identical in their features. The ESR spectra appear to be arising from 

at least two free radicals. This fact was further supported by microwave 

power variation behavior and thermal annealing studies. It was seen that 

one of the free radical showed a line-shape characteristic of a species 

having nearly axially symmetric g-tensor. The observed principal g values 

are g =2.0406 and g  =2.0084 which were attributed to SO4
- radical. The 

second free radical exhibiting an isotropic g factor, giso=2.0028 was 

identified as SO3
- on the basis of reported g values.  

In present investigations, we have annealed un-doped BaSO4 and 

BaSO4:Eu at higher temperatures (550 C, 750 C, 800 C and 900 C). 

These samples (100 mg each) were irradiated to 500 Gy and their spectra 

were recorded at room temperature. The plots of ESR signal intensities for 

SO4
- and SO3

- radicals Vs annealing temperature is depicted in figure 

6.5(A) and 6.5(B). From these plots it was concluded that  

(1) Intensity of SO3
- radical increased drastically for un-doped BaSO4 and 

BaSO4:Eu samples annealed up to 750 C, on increasing the annealing 

temperature further there was gradual reduction in the intensity of  SO3
- 

radical  was observed and also the rate of increase in the intensity of SO3
- 

radical is more for BaSO4:Eu sample  

(2) increase in the intensity of  SO4
- radical  was observed as annealing 

temperature was increased from 550  C  to 900 C (increase is nearly 10 

times for europium doped sample and 4 times for un-doped sample). 

Further, in both samples, SO3
– signal was relatively sharp and therefore, 

un-doped BaSO4 and BaSO4:Eu samples were annealed at 750 C were 

investigated further for the dosimetric studies.  

The appropriate setting of  microwave power is necessary for the ESR 

measurement so as to obtained better signal to  noise ratio and also less 

distorted signals for these radicals. Usually microwave power is kept 

below the saturation level of the radicals used for dosimetric 

measurements. ESR spectra were recorded at different microwave power 
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levels to confirm formation of more than one radical and also their 

saturation behavior. Figure. 6.6(A) and Figure. 6.6(B) depict the 

microwave power dependence of signal intensities of SO3
- and SO4

- 

radicals in un-doped BaSO4 and BaSO4:Eu samples. The signal intensities 

of SO3
- and SO4

- radicals increases as a function of power upto 4.0 mW, 

and gets saturates with further increases in microwave power. Thus the 

optimum microwave power is 4.0 mW. It may be noted that increase in 

ESR signal intensity of SO3
- radical is much drastic in case of BaSO4:Eu 

sample compared to un-doped BaSO4 sample.  

Fig. 6.4 presents a comparison between the dose response of irradiated un-

doped BaSO4 and BaSO4:Eu to different gamma doses. The changes in the 

peak-to-peak height of SO3- and SO4
- radical were found to be linear in 

the range 2 – 1000 Gy. Beyond 1 KGy of gamma radiation, both samples 

saturate in ESR signal intensity [in contrast to alanine, which has dose – 

signal linearity in response extended to 100 KGy]. It is found that the 

slope of the dose response curve is almost same for both samples viz., un-

doped BaSO4 and BaSO4: Eu, (Figure 6.7). 

 The dose – signal behaviour suggest that the sensitivity is almost same for 

both these samples. The linearity of the ESR response of this sample as a 

function of dose up to 1 KGy suggests that it will be a good material for 

low dose measurements. Particularly, if one considers the possible areas of 

use of this material, it will be very suitable for detecting small exposures 

of radiation associated with radiation therapy applications. 

6.4. Summary 

BaSO4 and BaSO4:Eu, samples in powder form, has been found to be 

responsive for ESR dosimetry. In BaSO4 samples for SO4
- signal (g = 

2.0014) the linearity in dose – signal response is observed in the 10 – 1000 

Gy dose range, while in case of BaSO4:Eu samples, the linearity in dose – 

signal response is observed for SO3
- signal (g = 2.003) in the 10 – 1000 Gy 

dose range. It could find usage as dosimetric material in the intermediate 

dose range applications, as well BaSO4 samples in pellet form could lead 
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to dose response at lower threshold dose. The dose response of SO3
- 

radical (g = 2.003) was found to be poor for microwave power above 3.9 

mW. 
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Fig. 6.1: XRD pattern of polycrystalline sample of BaSO4:Eu annealed at 

different temperatures 
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Figure 6. 2: TL glow curve for gamma irradiated BaSO4: Eu 
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Figure 6. 4-ESR Spectra of Un irradiated Un doped and Europium doped 

BaSO4 
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Figure 6.5(A):  Changes in radical intensity of BaSO4:Eu with temperature    
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Figure.6.5 (B): Changes in radical intensity of un-doped BaSO4 with 

temperature 
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Fig.6.6 (A) Power dependence - Un-doped BaSO4 
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Figure 6.6 (B) Power dependence – Eu doped BaSO4 
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Figure 6.7 Comparison between the dose responses of irradiated un-doped 

BaSO4 and BaSO4: Eu to different gamma doses 

 

 

 

    

 

 

 

 

 

 

 



196 

 

 

 

 

 

Conclusions and future scope 

                In   summary,  this   thesis   deals mainly with the synthesis and 

characterization of polymer composite materials of organic and inorganic 

compounds, evaluation of their physical properties and their suitability for 

application as radiation shield/ in radiation dosimetry using ESR 

technique. In addition, a couple of inorganic materials such as BaSO4 and 

glass have also been studied for their ESR dosimetric applications. The 

advantages of ESR dosimetry for high gamma dose evaluation has been 

highlighted. 

     The introductory chapter gives a detailed account on radiation 

interaction with matter through photoelectric and Compton interactions of 

electrons and pair production, quantification of radiation dose in terms of 

radiation induced defects/effects in matter, different essentials of  

dosimetric systems. Moreover, the techniques currently used for 

dosimetric evaluation such as calorimetry, Fricke dosimetry, FBX 

dosimetry, TL dosimetry and ESR dosimetry are described.  The principle 

of ESR technique from fundamentals has been dealt with in detail. 

Further, an exhaustive literature survey on work related to ESR dosimetry 

during the past two decades and the motivation of the present work on 

preparation of cost effective polymer based ESR dosimeters have been 

provided. 
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    Chapter 2 deals basically with the techniques used for characterization 

of polymer composite materials and evaluation of their mechanical and 

thermal properties, quantification of radiation induced radicals and 

estimation of irradiated material. Mechanical properties, X-ray studies, 

thermal properties and cross linking density measurements provide 

important information about the effect of high energy radiation on the  

basis of induced effects.  

   In chapter 3, the effective use of gamma irradiation for cross linking the 

composites containing large amounts of high Z fillers, namely   poly-di-

methyl-siloxane (PDMS) / bismuth oxide (Bi2O3) and PDMS-BaSO4 

composites, have been discussed. The potential of such polymer 

composites as flexible radiation shields for 241Am γ radiation has been 

highlighted. The specific gravity of the PDMS-Bi2O3 composites followed 

the rule of mixture closely up to 50 wt % loading; slight deviation at 

higher loading was assigned to agglomeration within the matrix, Bi2O3 

reinforcing the PDMS matrix, was well corroborated with the mechanical 

properties. Elongation Break (EB) decreased with radiation dose as well as 

with filler loading, while Young’s modulus increased significantly and 

was found to deviate from the Nielsen’s micromechanical model. 

Interestingly, the deviation was positive suggesting formation of Bi2O3 

network within PDMS. Attenuation of gamma 241Am at 70 wt% filler 

loading was observed to be 90%. Thermal stability of composites 

significantly improved with the addition of filler. Radiation cross-linked 
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matrices were found to be excellent choices for developing lead free 

flexible shielding. It was established that tailoring of vinyl content can 

ascertain high radiopacity even at higher loading of BaSO4. Such effects 

translated in better gray values than those obtained from the aluminum 

sheets of comparable thickness, while retaining markedly high elongation 

at break, low mechanical hysteresis and complete flexibility. Ethylene 

vinyl acetate (EVA)/ BaSO4 composites displayed a complex interplay of 

the morphology, the crystallinity and the copolymer architecture. VA 

content of 25% displayed unique attribute in most of the rheological, 

mechanical and dynamic thermo mechanical properties. The power law 

was followed by all composites in the structural breakdown region and the 

filler-filler structural breakdowns was found to be a key factor in non-

linear strain behavior, which was dependent on VA content. Time-

temperature super-imposition study showed a difference in fractional free 

volume with a change in vinyl acetate content. These results will be 

extremely useful in designing radiopaque polymer composites for medical 

and other applications with predetermined physico-mechanical and 

radiation opacity behavior.   

   In Chapter 4, radiation effects on a dye doped polymer composite, 

poly(chloroprene) (PC), a highly flexible polymer, doped with methyl red. 

This was prepared by shear compounding method. The composite showed 

dose dependent decoloration upto 30 kGy. Optical micrographs suggested 

good dispersion of dye in the polymer matrix. There was no significant 
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effect of dose rate, temperature. The precision of PC/MR film dosimeters 

was very good and the percentage fluctuation was less than 5% at all doses 

studied.   Such systems have potential applications in routine high range 

(kGy) radiation dosimetry.   

    In Chapter 5, the evaluation of mechanical/physical properties of 

EVA/MGS (magnesium sulphate) composites prepared via melt 

compounding and their application in radiation dosimetry have been 

described. Mechanical properties of the composites were greatly 

influenced by the addition of MGS in EVA matrix, indicating 

improvement in the elastic modulus and decrease in elongation at break.  

Composites greater than 50 wt % of MGS did not show flow behavior 

during melt flow measurement and the specific gravity of the composites 

increased with the increase in MGS content.  The dosimeter displayed 

linear response between 20Gy and 4kGy. The response was reproducible 

with around 20% fading in 32 days period.  The composite was water 

equivalent for the energy greater than 100 keV. These results underscores 

suitability of melt compounded EVA/MGS composites for radiation 

processing applications.  

    In Chapter 6, the application of two inorganic materials, BaSO4 and a 

commercial glass powder for ESR dosimetry have been described. BaSO4 

and BaSO4: Eu, samples in powder form, were found to be responsive for 

ESR dosimetry. The sensitivity of both samples were found to be nearly 

the same. In irradiated BaSO4 samples, for SO4
- signal (g = 2.0014) the 
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linearity in dose – signal response is observed in the 10 – 1000 Gy dose 

range, while in case of BaSO4:Eu samples, the linearity in dose – signal 

response is observed for SO3
- signal (g = 2.003) in the 10 – 1000 Gy dose 

range. It could find use as dosimetric material in the intermediate dose 

range applications; BaSO4 samples in pellet form could lead to dose 

response at lower threshold dose.  

Scope for future studies 

1. Further understanding of morphology-attenuation correlation and 

attenuation coefficients of PDMS/Bi2O3 for gamma rays of different 

energies are needed to use such composites in advanced applications such 

as mixed radiation field (gamma + neutrons) dosimetry and radiation 

shielding. 

2. Designing more radiopaque polymer composites for medical and other 

applications with predetermined physico-mechanical and radiation opacity 

behavior.   

3. The glass powder samples will be further investigated by ESR for 

identification of the radiation induced radicals and application as possible 

accidental dosimeters. 
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