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CHAPTER 1 

INTRODUCTION 

1.1. IMPORTANCE OF RADIATION IN THE FIELD OF 

MATERIAL SCIENCE 

Many fields - such as microelectronics and mechanics, biology 

and medicine, surface and membrane technology, magneto-optics and 

low temperature physics - require a high degree of geometric control 

on a microscopic scale. Ion irradiation offers a possibility to modify the 

properties of the materials in a controlled way on microscopic scale. 

Ionising radiations have a definite range of penetration, a high local 

confinement of deposited energy and can be generated conveniently in 

great quantity. The created damage zones can be stored indefinitely in 

many insulators and can be used to initiate a phase transformation 

process that modifies the material along the latent track. One ion 

STiffices to induce - physically and chemically - a submicroscopic 

change in the target material and thereby can render it susceptible to 

the development process [1]. 

A lot of work in this field of ion beam treatment has been carried 

out to investigate the interaction of charged particles with matter. The 



application of ion beams nowadays range from the use of low energy 

ions in the field of surface technology to the application of relativistic 

heavy ions in radiation therapy. 

1.2. P O L Y M E R S 

Polymer is a generic name given to a vast number of materials of 

high molecular weight. Depending on their origin they can be grouped 

as natural and synthetic polymers. Owing to the presence of carbon in 

their backbone structure they can be classified as organic and 

inorganic polymers. They can be divided into thermoplastic and 

thermosetting polymers due to their response to apphcation of heat. 

According to its ultimate form and use, a polymer can be classified as 

plastic, elastomer, fibre or Hquid resin [2]. 

While the chemical structure of a macromolecule depends on the 

chemical nature of the monomeric units, the geometrical structure 

depends on the spatial arrangement of the monomeric units with 

respect to each other. Polymers exist only as solid or liqmd but never 

as gas as they decompose before reaching their boiUng point [3]. 

Because of their low cost, easy processibiHty, low weight, high 

corrosion resistance, high electric resistance, durabihty, etc., polymers 

are fast replacing metals and alloys in many appUcations and are 



extensively used nowadays in the field of industries, science and 

technologies, particularly in space and nuclear technology. 

The appUcation of ionising radiations to polymeric materials has 

grown due to the fact that the physical and chemical properties of the 

polymers can be modified by smtable and controlled irradiation. 

Interest also evolved in the pecuhar nature of the ion-polymer 

interactions. This field of polymer modification and characterisation 

by ion beam treatment has become a very challenging field owing to 

the vast technological imphcations. 

1.3 E F F E C T S OF ION IRRADIATION ON P O L Y M E R S 

The irradiation of energetic ions affects the physico-chemical 

properties of the polymeric materials. The primary phenomena 

associated with the interaction of radiation with the polymers are 

chain scission, chain aggregation, molecular emission and formation of 

double bonds [4]. Various gaseous molecular species are released 

during irradiation. The most prominent emission is of Hydrogen, 

followed by less abundant heavier molecular species which are scission 

products from the pendant side groups and chain-end segments. 

Cross-hnking occurs when two free dangHng ions or radical pairs 

on neighbouring chains unite. Double and triple bonds are formed 



when two neighbouring radicals in the same chain unite. Cross-Unking 

enhances the modulus and hardness of the polymer. In partially 

crystalline polymers, it imparts a non-melting behaviour and above 

the crystaUine melting point the cross-Unked polymer exhibits rubber 

elasticity. 

Radiation degradation is a random chain-scission process, which 

reduces the molecular weight of the polymer, thus, plasticising the 

material. All these effects depend on the composition, density, 

moleciilar weight of the polymer, temperature and time of irradiation, 

mass, energy, charge and fluence of the ion beam. 

The energy deposition by the traversing ions triggers a wide 

range of compUcated processes and may cause permanent changes in 

the spatially hmited regions known as latent tracks [5]. The track of a 

highly ionising particle in a polymer consists of a core in which 

intensive destruction occurs and a halo where the cross-linking of 

macromolecules predominate. The process of creation of cross-hnked 

region around the track core can be described by the following scheme 

[6]: 

i) Generation of a number of hydrogen atoms and ions in the core, 

ii) Their diffusion to the surrounding space and interaction with 

macromolecules initiating the formation of interior radicals. 



iii) Recombination of radicals. 

The ultimate changes in the polymer depend on the competition 

between the processes as well as the effects of delta electrons. 

Chemical etching is the technique for amplification of these 

latent tracks. This technique is based on preferential attack of the 

chemical solution to the region along the particle trajectory [7], The 

sensitivity of polymeric track detectors is known to be affected by 

various factors such as purity of the monomer, the molecular structure 

of the polymers, polymerisation conditions, environmental conditions 

during irradiations and etching. 

Ion irradiation leads to modification in most of the poljrmeric 

properties like optical, thermal, mechanical and electrical properties. 

• T h e solubihty and molecular weight distribution are also affected by 

ion bombardment [8]. 

• Ion irradiation at high fluence leads to carbonisation of the polymer 

and the properties of the modified polymer resembles those of 

amorphous carbon [9,10]. 

• Optical properties of ion beam irradiated polymers have been 

characterised [11] and modification induced in the optical properties 

of the polymer due to energy deposition by the impinging ion beam 

have been reported [12,13]. 

5 



• The effect of irradiation on the chemical structure of the polymer 

resulting in modification in the electrical properties of polystyrene, 

poljdmide, polystersulphane have been studied [14]. Doping effects 

introduced by ion irradiation lead to modification in electrical 

conductivity of the polymers [15]. 

• Ion irradiation on ferroelectric polymer leads to a phase transition 

[16]. 

• The hardness, surface smoothness and wear resistance of the 

polymers can be improved by multiple ion beam treatment [17]. 

• Ion bombardment leads to a change in the refractive index of the 

polymer due to formation of a relatively high concentration of 

unsaturated bonds aU along the irradiated polymer layer [18,19]. 

•A decrease in melting point and enthalpy of polymers has been 

observed by ion irradiation [20]. 

• Track registration properties such as the etch-rates, detection 

efficiency, sensitivity of the detectors, etc. can be highly influenced 

by ion irradiation [21-23]. 



1.4. IMPACT OF PROTON IRRADIATION ON POLYMERS 

Three important phenomena that come into picture due to 

passage of a charged heavy particle through matter are: 

(i) At siifficiently high velocities, the ion is stripped of all of its 

electrons and the energy loss is essentially through electronic 

excitation and ionisation of the stopping material, 

(ii) At velocities comparable to the velocities of its K-shell electrons, 

the heavy ion starts to pick up electrons from the stopping material. 

The mechanism of energy loss is still essentially all electronic, 

(iii) At velocities comparable to those of the valence electrons of the 

stopping material, the mechanism of energy loss becomes one of 

elastic coUisions between the heavy ion and the atoms of the 

stopping material. 

Proton is a kind of hght ion and the stopping power in sohds is 

small so that the probabiHty of causing observable defect is small [24]. 

Literature survey indicates that a lot of work is going on to induce 

modification in polymeric materials using proton beam irradiation. 

• Durrani et al. [25] gave massive doses (~10i^ cm-2) of 3 MeV protons 

to glass detectors both before and after their exposure to ^^^Ci fission 

fi-agments and Fe ions. In both the cases, and particularly for the 

post-proton irradiations (Exposure to ^sz^f fission fi*agments and Fe 



ions followed by proton irradiation), a significant diminution of the 

etched track diameters for heavily charged particles was observed. 

The reduction in diameters was accompanied by a fall in 

registration efficiency of the heavy particles. 

• For proton irradiated CR-39, the sensitivity increases with increase 

in proton energy, reaching a maximum at about 0.5 to 0.8 MeV and 

then decreases with further increase in proton energy. This finding 

enhances the applicabiHty of CR-39 in neutron dosimetry [26]. 

• The chemical registration of 1 to 2 MeV protons in CN-85 detectors 

were studied and it has been found that CN-85 has very high 

response to low energy protons. At each energy, there was a 

Hnearity between the track diameter and etching time and the slope 

of the line decreased with increase in particle energy. The 

registration efficiency for proton decreased with increase in their 

energy [27]. 

• For Polyallyldiglycol carbonate irradiated to 200 keV proton beam 

the refiractive index was found to be an increasing function of the 

dose [19]. 

•A number of attempts have been made to improve the detection 

efficiency of CR-39 for protons. A co-polymer labeled USF-3 was 

developed by adding a small amount of anti-oxidant to CR-39, which 



covild record tracks of protons up to the energy of 16 MeV [28]. 

Another co-polymer of CR-39 with 3wt% of NIPAAM (N-

isopropylacrylamide) showed a still higher sensitivity by recording 

normally incident protons up to 20 MeV energy [29]. Again another 

co-polymer CR-39/NIPAAM/Naugard445, composed in weight ratio 

of 99/1/0.01 is found to be highly sensitive to low LET (hnear energy 

transfer) particles in the region below lOkeV/jxm of LET2ooeV and 

able to record normally incident particles of LET2ooev down to ~1.5 

keV/^m, recording protons up to energy 27 MeV [30]. 

• The thermal anneaHng of proton tracks of 4 to 6 MeV at 

temperatures ranging from 150 to 240°C in CR-39 polymeric 

detectors have been studied and the activation energy for the 

annealing process was found to be 0.2 ± 0.02 eV. This work is of 

considerable importance in neutron dosimetry [31]. 

1.5. THE PRESENT WORK 

In this work, an attempt to characterise the effiects of proton 

irradiation on the physico-chemical properties of some polymeric 

materials using various experimental techniques has been made. It is 

hoped that the findings in this work would be of important relevance 

to material science and applications of polymers. 
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Dose dependent modifications in optical, structural, 

topographical and thermal properties of eight different polymers by 

four different doses of 62 MeV proton irradiation has been quantified 

by various characterisation techniques. The work is further extended 

to the study of extra surface damage due to the deposition of 

additional amounts of energy by fullerene destruction in one of these 

polymers. Also, the effect of proton irradiation through thin metal foils 

has been studied in one of the polymers. In this dissertation an 

account of the work has been presented in the subsequent chapters as 

follows: 

CHAPTER 2 gives a detailed account of structures, properties 

and utiUties of all the eight polymers used (Makrofol-N, Triafol-TN, 

Polyethylene terephthalate, Triafol-BN, Polypropylene, Polyimide, 

Polytetrafluoro ethylene and Polyallyldiglycol carbonate). A brief 

description of the work already done on these polymers has also been 

reported. A detailed description of the different characterisation 

techniques, the principles and conditions of operations and the various 

parameters that can be studied through these techniques are also 

given. 

CHAPTER 3 describes the irradiation parameters and 

conditions for ion (proton and ^ssi) irradiation. A detail information 
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about the doses used is also given. The experimental set up and 

conditions of the different characterisation techniques used in the 

present work to analyse the irradiated polymers are also discussed. 

In CHAPTER 4, the results obtained from different technical 

studies showing the dose dependent modifications induced in the 

polymers by proton irradiation has been discussed in terms of track 

registration property, activation energy for etching, optical 

band-gap, infra-red absorbance, surface roughness, thermal 

decomposition behaviour, melting, crystallisation and free 

radical formation. 

The effect of proton irradiation on fullerene, its destruction and 

the effect of the huge amount of energy released during the 

destruction process on the track registration property of the polymer 

Polyallyldiglycol carbonate (PADC) has been described. The effect of 

proton irradiation through some metal targets on the modification of 

track registration property has also been discussed. 

CHAPTER 5 describes the important conclusions derived from 

the present investigation and the future perspectives. The proton-

induced modifications as well as the utility of the modified polymers 

have been discussed in detail. A brief account is also given on the 

further investigations in this field and extension of the present work. 

11 
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CHAPTER 2 

POLYMER SPECIFICATIONS & THEIR 

CHARACTERISATION TECHNIQUES 

This chapter comprises of two sections. In the first section, the 

structures and utilities of the polymers used in the present work have 

been described briefly. In the second section, the theoretical concepts 

of the experimental techniques used to characterise the irradiated 

polymers are described. 

2.1. POLYMER SPECIFICATIONS 

In the present investigation eight different polymeric materials 

were used viz. Makrofol-N, PADC (Homalite), Triafol-TN, Triafol-

BN, Polypropylene, Polytetrafluoro ethylene. Polyethylene 

terephthalate and Polyimide. Table 2.1 gives a brief description 

about the properties of the polymers used. The structure and utihties 

of the polymers are given below. 
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2.1.1. MAKROFOL-N (MFN) 

The structure of Makrofol-N is given below. 

These are the polyesters of phenols and carbonic acid, produced 

by Bayer AG, FRG. Its chemical name is Bis-phenol-A-polycarbonate, 

commonly known as Lexan. The polymer is transparent and has high 

compact strength. It is resistant to water and many organic 

compounds. Thermal stability of Makrofol-N is more due to the 

presence of aromatic groups in the backbone and melts at around 

265°C. It is used in manufacturing micro-filters, safety goggles, safety 

shields, telephone parts, machinery housings, buUet proof materials, 

etc. In polycarbonates (Makrofol-KG) irradiated by 125 MeV xenon 

ions, the etching rate of the ion tracks was found to decrease in the 

presence of atomic hydrogen [32]. Edmonds and Durrani [33] noticed 

the disappearance of ESR signals above 200-250°C in gamma 

irradiated polycarbonate (Lexan). The structural changes produced in 

polycarbonate (Lexan) track detectors were found to be a function of 

irradiated gamma dose [34]. 
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2.1.2. TRIAFOL-TN (TTN) 

Triafol-TN is a cellulose ester known as cellulose triacetate. 

First, Cellulose acetate of varying degree of substitution is prepared by 

treating it with acetic acid, acetic anhydride and a mineral acid 

catalyst. Mild hydrolysis of the product gives completely acetylated 

cellulose i.e. cellulose triacetate. Its structure is given below. 

O C O C H 3 

n 

H OCOCH3 

It is a transparent and soft thermoplastic polymer. It is used in 

manufacturing fibres, non-flammable safety cinematographic films, 

moulded articles, etc. Sinha et al. have found that gamma irradiation 

up to lO^Gy on TTN produces no change in the properties of TTN, but 

at lO^Gy the thermal stabihty decreased, the etch rate increased and 

TTN became brittle and turned to powder form [35]. UV radiation on 

TTN leads to formation of conjugated double bonds which in turn gives 

rise to electron excitation levels in the visible spectral range and 

produce discolouration and reduction in light transmission [36]. 
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2.1.3. POLYETHYLENE TEREPHTHALATE (PET) 

PET is one of the most popular and commercially available 

polymers marketed under the trade name of Terylene or Terene. The 

structure of PET is given below. 

This polyester has a high melting point («265°C) due to presence 

of the aromatic ring in the polymeric structure. It is resistant to heat 

and moisture. It is virtually unattacked by many chemicals. It has a 

very good mechanical strength up to 175°C. It is soft, transparent and 

a thermoplastic polymer. It is used in garment manufacture, magnetic 

recording tapes, aluminised sheets, etc. In addition to chain 

scissioning, cross-Unking, molecular emission and formation of double 

bonds which occurs by low LET radiations in PET, formation of an 

alkyne group is an additional effect in PET by swift heavy ions [37]. 

Heavy ion irradiation in keV - MeV range on PET results in hydrogen 

loss and decrease of optical band-gap. Heavy ion irradiation on PET 

leads to the production of hydroxyterephthalates and 

dihydroxyterephthalates in the polymer backbone as radiolysis 
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products and molecular orientation in the ion tracks [38]. Heavy ion 

irradiation leads to main chain scission in the aliphatic part of the 

main chain rather than destruction of benzene ring and thus leading 

to amorphisation of the polymer [39]. 

2.1.4. TRIAFOL-BN (TBN) 

The structure is the same as Triafol-TN with 26%-29% acetyl 

and 17%-48% butyl groups. It is an important cellulose plastic known 

as cellulose acetate-butyrate. It is prepared by the esterification of 

cellulose with the mixture of acetic anhydride and butyric anhydride. 

It is a hard thermoplastic polymer having high impact strength, good 

dimensional stability and excellent compatibiMty with plasticisers. It 

has a much lower moisture absorption capacity as compared to Triafol-

TN. It finds its appHcations in automobile components, safety goggles, 

etc. Sinha et al. have found that gamma irradiation up to a dose of 10^ 

Gy on TBN produces no change in the polymer properties, but at 10^ 

Gy TBN becomes brittle, the colour of the polymer fades due to 

destruction of purple dye, the thermal stabihty decreases and the etch-

rate increases [35]. 
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2.1.5. POLYPROPYLENE (PP) 

PP is the lightest known industrial polymer. It exists in three 

forms: isotactic, syndiotactic or atactic. The isotactic polymer is highly 

crystalline and melts at 208°C. The polymer molecules are essentially 

hnear and have configurations of 3i helical structure. Its structure is 

given below. 

H H 

C—C 

H CH. D 

It is a transparent, soft and thermoplastic polymer. Being highly 

crystalline, it exhibits high stiffness, hardness and tensile strength. It 

has a very high strength-to-weight ratio. It is insoluble at room 

temperature in many of the known solvents, but can be dissolved in 

aromatic and chlorinated hydrocarbons above its melting temperature. 

It is resistant to many chemicals such as acids, alkalis and oils. It has 

excellent mechanical and dielectric properties. It is used in 

reMgerators, radios, televisions, package films, pipes, storage tanks, 

seat covers, monofilaments, ropes, sterilised moulded articles, etc. In 

PP irradiated by ^^^U, a weaker influence is observed of the irradiation 

temperature on the track etch-rate of PP with high content of 
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antioxidant in the polymer [40]. In PP irradiated by 125 MeV xenon 

ions, a fading of ion tracks in the presence of atomic hydrogen was 

observed [41]. 

2.1.6. POLYIMIDE (PI) 

Polyimide is yellow in colour, transparent, soft, thermoplastic 

polymer. It has a high tensile strength, excellent thermal stabiMty, 

good dielectric properties and excellent mechanical strength. The 

presence of imide groups and aromatic rings in the backbone results in 

heat resistance and stabihty of PI to ionising radiations. The structure 

of the polymer is given below. 

It can withstand a temperature of 425°C without undergoing 

any degradation. Ion beam irradiation on Polyimides leads to 

modifications in their electronic properties by production of graphitic 

nanoparticles, thus, converting it to a conducting polymer. Creation of 

free static volume by ion irradiation in PI leads to modification in 

diffusion property [42], It is used in the insulation coating of 
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electromagnetic wirings, surface coatings in supersonic aircraft, 

backings and windows in many nuclear physics experiments, 

microfilters, IC fabrication, passivations and multilayer 

interconnections in microelectronics, etc. [43]. Loss of imide structures 

by pyrolysis with depletion of oxygen and nitrogen containing groups, 

leads to a modification in the electrical properties of Polyimide from 

initial insulating (p = 10̂ ^ Qcm), to semiconducting (p < 10^ Qcm) at 

700 °C, to metallic (p = IO-2 Qcm) at 900 °C. When Polyimide is heated 

between 800°C to 850°C, the increase in conductivity has been 

reported, due to formation of dense heterocyclic carbon ring networks 

in the polymer [44]. Electrical conductivity in PI has also been 

reported on increasing the dose of Argon ion [45]. Ion beam irradiation 

in PI leads to the formation of alkynes and cyanates [39]. Increase in 

hardness and wear resistance has been found in ion irradiated PI [17]. 

2.1.7. POLYTETRAFLUORO ETHYLENE (PTFE) 

PTFE also known as Teflon is one of the most stable polymers. It 

may be visualised as polyethylene with aU its hydrogen atoms 

substituted by Fluorine. 
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F F 

F F n 

The monomer is a gas at room temperature with boiling point of 

-76°C. PTFE molecule has a highly regular structure with a 

configuration leading to a 1 Se helix. It is also a linear polymer with 

practically no branching. This is because branching requires the 

breakage of the strong C-C bond, which is quite unlikely under the 

polymerisation conditions. It is smooth, transparent and a 

thermoplastic polymer. It can withstand temperatures up to 400°C, 

without undergoing degradation. Its high thermal stability can be 

attributed to the very high dissociation energy (452 kj.mol-i) of the C-

F bonds. Besides, the highly electronegative nature of Fluorine 

protects the C-C bond in Teflon from an external attack. PTFE is 

highly crystalline and has a very low dielectric constant. It has a very 

high mechanical strength (from -100°C to +350°C). It does not dissolve 

in any of the strong acids and is resistant to corrosive alkalis and 

known organic solvents. It finds extensive applications in domestic 

and industrial appHances, pump valves, pipes, homogeneous and 
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chemically resistance articles, non-lubricated bearings, belts, filter 

cloth, etc. 

Ion irradiation in PTFE leads to scission of bonds, formation of 

stable radicals and cross-linking [46]. Irradiation in presence of oxygen 

leads to rapid deterioration of PTFE. Electron irradiation leads to 

dissociation of C-C and C-F bonds, formation of oligomers and a 

decrease in thermal resistance [47]. 

2.1.8. POLYALLYLDIGLYCOL CARBONATE (PADC) 

PADC is a highly cross-hnked polymer produced by 

polymerisation of a liquid monomer diethyleneglycol bis(aUyl 

carbonate). PADC is manufactured by HomaUte Corporation and is 

popularly known as Columbia Resin-39 (CR-39). The structure of 

PADC is given below. 

-(CH2—CI65- — f € H - C H 2 ^ 

CH2—O—C—O—C2H^-0—C2Hr-0—C—O—CH2 

0 

It is a transparent and thermosetting polymer having good 

uniformity. It is hard, amorphous, homogeneous and isotropic in 

nature. Its light weight, flexibility and excellent radiation sensitivity 

makes it a useful Solid State Nuclear Track Detector. It is used for 

observation of heavy nuclei in cosmic radiation, neutron dosimetry, 
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measurement of Uranium content, aeroplane and marine windows, 

opthalmic lens, industrial gas mask lens, biological test chambers, X-

ray equipment and accessories, computer tape reels, watch crystals, 

etc. Ion irradiation of PADC leads to modification in the refractive 

index. Refractive index was found to be an increasing fiinction of dose 

in case of gamma rays and 200 keV proton beams [19]. A modification 

in track registration properties of PADC on gamma irradiation has 

been observed [48-55]. 
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2.2. CHARACTERISATION TECHNIQUES OF 

IRRADIATED POLYMERS 

In this section, the different techniques used in the present 

investigation to characterise the irradiated polymers are described 

briefly. 

2.2.1. TRACK STUDY 

The track technique is based on the principle that the passage of 

a positively charged particle through an electrical insulator knocks out 

the orbital electrons of the atoms lying in and around its trajectory. 

This results in the formation of positive ions, which repel one another 

thereby creating a narrow cylindrical zone (3-10 nm in diameter) 

under high strain. The charged particles penetrating the organic 

polymer break the long molecular chains by ionisation and excitation. 

Latent tracks or narrow paths of intense damage on an atomic scale 

are created, which can be developed and fixed into optically observable 

permanent tracks by chemical etching. The parameters determined in 

this study are described as foUows. 

(a) Bulk etch-rate (VG) 

The VG is defined as the rate at which the undamaged portion of 

the detector is dissolved by the etchant under a given etching 
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condition. There are three different methods to determine the bulk 

etch-rate. 

• Track diameter method: The etch-rate along the track is faster than 

that along the surface making the shape of the tracks conical. The 

bulk etch-rate can be given as the rate of increase of track diameter 

with the etching time. Thus the bulk etch-rate in jxm/h is given by 

VG = (D / 2t) (tanG + secG) (2.1) 

where, d is the diameter of the track in jim, t is the etching time in 

hours and 9 is the cone angle. 

For cone angle less than 5°, the term (tanG + secG) may be 

approximated to unity and VG = (D / 2t) (2.2) 

• Thickness method: The bulk etch-rate is calculated from the rate of 

decrease of thickness of the detector with etching time. It is given 

by: VG=(Xi-Xf) /2 t (2.3) 

where, Xi is the initial thickness of the detector and Xf is the final 

thickness after etching time t. 

• Gravimetric method: This method is based on the measurement of 

the weight lost by a sample foil of known area after etching for a 

given time period at a particular etching temperature. If m grams 
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is the weight lost by the detector of density 'p' (g/cm^) and surface 

area 's' (cm )̂ after etching time 't' then 

VG=Am/2sptxl04 (2.4) 

(b) True track-length 

The true track length includes the observed track length (under 

microscope) and some correction factors. It is given by Dwivedi and 

Mukherji [56], 

L = a / coscp) + ( VG t / sintp) - VG ( t - to) (2.5) 

where, 1 is the projected track length on the surface plane, 

cp is the angle of irradiation, 

VG tc / sincp is the bulk etching correction, 

tc is the complete etching time for complete revelation of track, 

VG is the bulk etch-rate, 

VG (t - tc) is the over etching correction. 

(c) Track etch-rate (VT) 

Track etch-rate is defined as the rate of increase of track length 

with etching time. Assuming that over a small portion of the track, VT 

remains constant, the track etch-rate can be determined by measuring 

the smaU increase in track length AL (fim) in a short interval of 

etching time At (hours) from the equation: 
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VT = AL / At (^m/h) (2.6) 

(d) Activation energy for etching (Ea) 

Activation energy for etching is defined as the minimum energy 

provided by the etchant which is required to activate the molecules of 

the detector. It is given by, 

Ea = (-2.303) kT aog VG - log A) (2.7) 

where, Ea is the activation energy for bulk etching (kJ.mol-^), 

k is the Boltzman's constant, 

T is the etching temperature in absolute units, 

VG is the bulk etch-rate, 

A is a constant. 

If m is the numerical value of the slope of the plot of log VG versus 1/T, 

then the above equation is reduced to [57] 

Ea= 19.165 m (2.8) 

2.2.2. X-RAY DIFFRACTION STUDY (XRD) 

X-rays can be used for chemical analysis in three different ways: 

• The first method uses the fact that the X-rays emitted by an excited 

element have a wavelength characteristic of that element and the 

intensity proportional to the number of excited atoms. The 

excitation can be caused by direct bombardment of the target 

material with electrons (direct emission analysis and electron probe 
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microanalysis) or by irradiation of material with X-rays of shorter 

wavelength (fluorescent analysis). 

• The second method utilises the differing absorption of X-rays by 

different materials (absorption analysis). 

• The third method involves the diffraction of X-rays by crystals 

having geometrically periodic arrangement of atoms separated by 

distance comparable to X-ray wavelengths (diffraction analysis). 

This method is widely used for qualitative identification of 

crystaUine phases. The condition for diffraction of a beam of X-rays 

from a crystal is governed by the Bragg equation: 

2dsine = nk (2.9) 

where, d is the interplanar spacing, X, is the wavelength of X-rays 

used and 9 is the angle of incidence of the X-rays. 

2.2.3. UV-VIS ABSORPTION SPECTROSCOPY 

Absorption methods involve determination of the reduction in 

power suffered by a beam of radiation as a consequence of passing 

through the absorbing medium. When an electromagnetic radiation in 

UV-Vis region (200 - 800 nm) falls on the target material, a part of the 

incident radiation is absorbed by the atoms leading to the transition of 

the orbital shell electrons. The amount of energy absorbed at each 

wavelength of UV-Vis region, is measured by a spectrophotometer. 
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The ratio of radiant power transmitted by the sample (P) to the 

radiant power incident on it is the transmittance, i.e., 

T = P/Po (2.10) 

Information about the change in the optical band-gap (Eg) is attainable 

from the shift of the absorption edge of the UV-Vis spectra. It can be 

correlated by the Tauc's expression [58]: 

C02S2(A,) = (^C0-Eg)2 (2.11) 

where, 82 (A,) is the optical absorbance at wavelength A, and co is the 

frequency. The values of Ve2/A- are to be plotted against l/A to find out 

the gap-wavelength (kg) from the intersection of the extrapolated curve 

with the abscissa. The band-gap is then derived by the equation, 

Eg=hc/Ag (2.12) 

Further, the compounds having double- or triple-bonds and 

phenolate or quinonic structures favour cluster formation under 

suitable ion irradiation. 

2.2.4. FOURIER TRANSFORM INFRA-RED (FT-IR) 

SPECTROSCOPY 

Infra red spectroscopy is one of the most powerful analytical 

technique which offers the possibility of chemical identification. It 

involves the twisting, bending, rotating and vibrational motions of 
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atoms in a molecule. Upon interaction with the IR radiation, some 

portion of the incident radiation is absorbed at particular wavelengths. 

The multiplicity of vibration occuring simultaneously produces a 

highly complex absorption spectrum, which is uniquely characteristic 

of the functional groups comprising the molecule and of the overall 

configuration of the atoms as well. 

For IR absorption to occur, two major conditions must be fulfilled. 

• The energy of radiation must coincide with the energy difference 

between the excited and the ground state of the molecule. The 

radiant energy will then be absorbed by the molecule, increasing its 

natural vibration. 

• The vibration must entail a change in the electrical dipole moment. 

The infi-a-red spectra of a compound is essentially the 

superposition of absorption bands of specific functional groups. No two 

compounds will have same infra red spectra (except optical isomers). 

Thus, infra-red spectra is regarded as the fingerprint of a molecule. 

The higher frequency portion of the infira red spectra (4000-1300 cm-i) 

is called the functional group region which shows the absorption 

arising from stretching vibrations and are useful for identification of 

the functional groups. The absorption pattern in the region 1400-650 

cm-i is unique for a particular compound and hence called the 
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fingerprint region. Both the stretching and bending modes of vibration 

give rise to absorption in this region. 

2.2.5. ELECTRON SPIN RESONANCE (ESR) SPECTROSCOPY 

Electron spin resonance, also called Electron Para Magnetic 

Resonance (EPR) and electron magnetic resonance (EMR) 

spectroscopy is based upon the spUtting of magnetic energy levels 

produced by the action of a static magnetic field on an unpaired 

electron contained in an ion, a molecule or an atom. ESR spectrum 

results due to transitions between these magnetic energy levels by 

absorbing radiations of microwave fi^equency. The frequency capable of 

causing these transitions between the magnetic energy levels is a 

function of magnetic field strength. The main interest of ESR 

spectroscopy Hes in the detection of paramagnetism. This technique is 

useful in studying the transition metal complexes and identification of 

free radicals. 

2.2.6. THERMOGRAVIMETRIC ANALYSIS (TGA) 

Thermogravimetric analysis provides the analyst with a 

quantitative measurement of any weight change associated with a 

transition. It can directly record the loss in weight with time and 

temperature. These weight changes are due to rupture and/or 

formation of various physical and chemical bonds at elevated 
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temperatures that lead to the evolution of volatile products or 

formation of heavier reaction products. Thermograms are 

characteristic for a given compound or a system because of the unique 

sequence of physico-chemical reactions which occur over definite 

temperature ranges and at rates that are a function of the molecular 

structure. 

2.2.7. DIFFERENTIAL SCANNING CALORIMETRY (DSC) 

In differential scanning calorimetry, the sample and the 

reference material are both subjected to a closely controlled program 

temperature. In case of a transition in the sample, thermal energy is 

added to or subtracted from the sample or reference containers in 

order to maintain a constant temperature. Since this energy input is 

precisely equivalent in magnitude to the energy absorbed or evolved in 

the particular transition, a recording of this balancing energy yields a 

direct calorimetric measurement of the transition energy. The 

parameters derived from DSC studies are: 

• The melting point (denoted by endotherm in DSC tehrmograms) of a 

polymer is more properly termed as the melting range, since single 

specimen consists of more than one molecular weight and more than 

one crystal size. It is characterised by abrupt change in specific 
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volume (first order transition), disappearance of opacity and 

polymer orientation. 

2.2.8. SCANNING ELECTRON MICROSCOPY (SEM) 

Scanning electron microscopy opens up a world of 3-dimensional 

structures. Samples to be scanned are given a conductive coating, 

which provides a low resistance path to the electrons and conducts 

beam-induced heat away from the specimen. Samples are bombarded 

by a well-coUimated and highly focused electron beam produced by 

thermionic emission from a tungsten filament. The emitted electrons 

fi:om the target are collected by a detector, which converts them into 

an electrical signal. This signal contains a variety of informations 

about a single point on the sample surface. The beam is systematically 

moved point-by-point and the collection of whole data forms an image, 

which can then be magnified as desired. 

2.2.9. ATOMIC FORCE MICROSCOPY (AFM) 

AFM is used to investigate the topographical properties of the 

samples. The cantilever of AFM, made of Silicon nitride, is used to 

sense the force between the tip and the surface. It is capable of 

measuring or imaging the electromagnetic forces between the surfaces 

on a length scale of lO-̂ ^ to 10"̂  m. The most commonly measured 

forces include van der Wall's forces, electrostatic and magnetic forces, 
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friction and adhesion. The probe is brought into continuous or 

intermittent contact with the sample and raster scanned with the help 

of piezoelectric scanners to obtain topographic images. 3-dimensional 

images are formed by plotting the local height versus horizontal probe 

tip position. 

34 





CHAPTER 3 

EXPERIMENTAL TECHNIQUES 

In the present investigation eight different polymers viz. PADC, 

PP, PET, PTFE, PI, MFN, TTN and TBN have been used. A detailed 

description of these polymers including their structure, composition, 

density and utilities is given in Chapter 2. 

3.1. THICKNESS MEASUREMENT 

The thickness of these polymers were measured by a sensitive 

Heidenhain device. The gauze (CT-60) measuring length of the device 

had a glass scale with DIADUR line grating (grating with pitch 1.0 

|j.m). The glass scale had a rigid connection to the plunger. The scale 

grating was photo-electrically scanned. The measuring gauze was 

connected to a digital VRZ-210 display unit. The thickness of the 

samples was measured at 10-15 different places chosen at random. 

These were found to be 200 fxm, 8 |-im, 50 jim, 13 jim, 100 |j.m, 200 |j.m, 

100 ^m and 1500 [im for PTFE, PP, PI, PET, MFN, TBN, TTN and 

PADC respectively as shown in Table 2.1. The accuracy in thickness 

measurement by this device was ± 0.1 /im. 
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3.2. TARGET PREPARATION 

Four pieces of PADC and fourty pieces of each of PTFE, PI, PP, 

PET, MEN, TTN and TBN of size (1x1) cm^ were cut from 

commercially available sheets. These were washed thoroughly by soap 

solution and deionised water. The cleaned samples were then dried 

inside a vacuum desiccator. 

Four polymer stacks were prepared each having one piece of 

PADC and 10 foils each of PTFE, PI, PP, PET, MEN, TTN and TBN, 

covered at both ends by radiation sensitive Polyvinylacetate (PVA). 

PVA was used to check the uniformity of the impinging beam by its 

colour change. All the four target stacks were prepared in the same 

sequence (Fig. 3.2.1). The four target stacks were marked as Si, S2, S3 

and S4 for proton irradiation. 

62MeV 
protons 

MEN TTN PET TBN PP PI PTFE CR-39 

Fig.3.2.1. Arrangement of polymers in Stacks SI, S2, S3, S4. 
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Another stack of 4 PADC foils sandwiching 1mm thickness of 

Fullerene layer between 2nd and 3rd foils as shown in Fig. 3.2.2. 

{PADC / PADC / Ceo / PADC / PADC} with Polyvinylacetate at both 

ends was prepared and referred to as S5. 

PADC 

1 

PADC^I PADC 

2 H 3 
PADC 

4 

FULLERENE 
LAYER 

Fig.3.2.2. Arrangement of Fullerene layer in Stack S5. 

Again two other stacks of PADC samples, one sandwiching 

aluminium foils (IS^im) and the other sandwiching gold foils (3^m) 

were prepared (in the sequence shown in Fig. 3.2.3) and were referred 

to as S6 and S7 respectively. The details of the irradiation of different 

stacks are given in Table 3.2.1. 
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METAL 
FOIL 

Fig.3.2.3. Partial arrangement of Stack S6 and S7. 

Table 3.2.1. Irradiation doses and details of additional irradiation of 

different target stacks. 

TARGET 

STACKS 

SI 

S2 

S3 

S4 

S5 

S6 

S7 

PROTON 

DOSE (kGy) 

10 

30 

60 

80 

10 

10 

10 

FLUENCE 

( c m 2 ) 

4.3 X 1012 

1.3x1013 

2 .6x1013 

3.4 x 1013 

4.3 x 1012 

4.3 x 1012 

4.3 x 1012 

ADDITIONAL 

IRRADIATION 

252Cf 

252Cf 

252Cf 

252Cf 

2520f 

28Si 

28Si 

3.3. PROTON IRRADIATION 

The target stacks were irradiated by different doses of 62 MeV 

protons from the heavy ion accelerator of the Ion Beam Laboratory 
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"ISL" at the Hahn Meitner Institute (HMI), Berlin. Irradiations were 

done in the presence of air. The coUimated proton beam was allowed to 

faU perpendicularly onto each target stack. As the beam size was 3mm 

X 1cm, the target stack was adjusted in such a way that the proton 

beam passed through the centre of the stack, which was indicated by 

decolourisation of the methylene blue dopant of the PVA foils at that 

particular area. The irradiated target stacks were allowed to cool for 

about 24 hours to allow the induced radioactivity to fall below the safe 

limits of handhng. The samples were then separated, marked and 

preserved in plastic boxes. 

3.4. CHARACTERISATION OF POLYMER STACKS (SI, S2, 

S3 AND S4) 

The characterisation of the pristine and the irradiated samples 

of the stacks Si, S2, S3 and S4 were done by different spectroscopic 

techniques (UV-Vis spectroscopy, Fourier Transform IR spectroscopy, 

Electron spin resonance spectroscopy), thermal techniques 

(Thermogravimetric Analysis, Differential Scanning Calorimetry), 

Structural analysis technique (X-ray diffraction). Chemical analysis 

(Track technique) and Topographical analysis (Scanning Electron 
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Microscopy and Atomic Force Microscopy). The instrumental set up 

and the experimental conditions are described below. 

i) UV-Vis Spectroscopy 

UV-Vis spectroscopy for the pristine and the first foil of each 

polymer from each stack were done by Beckman DU-650 

spectrophotometer. All the spectra were taken with the pristine as 

reference. The scanning speed of the apparatus was 1200 nm/min in 

the wavelength range of 200 nm to 800 nm. The wave-length range of 

absorption edges were found to be within 200-345 nm for PTFE, 400-

550 nm for PI, 300-325 nm for PET, 200-255 nm for PP, 275-310 nm 

for MFN, 280-320 nm for TTN, 290-400 nm for TBN and 325-375 nm 

for PADC. The optical band-gap was calculated using eqn. (2.11) and 

(2.12) of Chapter 2. The maximum probable error in determining the 

energy band-gap can be attributed to ± 0.1 eV. 

ii) Fourier Transform Infra-red Spectroscopy (FT-IR) 

The FT-IR spectra of the pristine as well as the first foil of each 

polymer of each stack were recorded in transmission mode using 

Fourier transforming instrument (model NICOLET, IMPACT 410) 

keeping air as reference. The measurements were done in the 

wavenumber range of 4000 to 400 cm-̂  and the transmittance (or 

absorbance) spectra of the polymers were obtained (transmittance % 
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or absorbance as a function of wavenumber). The variation of 

transmittance(%) for the pristine and irradiated polymers were 

compared and the peak analysis was done to study the disappearance 

of some existing bands, emergence of new ones and the structural 

changes which includes the alteration in position and intensity of the 

characteristic bands with an accuracy better than ± 1% to ± 3%, 

The errors, while recording the spectra, might be due to stray 

radiation, zero setting of the instrument, noncontinuous sample, 

atmospheric absorption, sht width, scan speed, etc. 

Hi) Electron Spin Resonance Spectroscopy 

A Varian (E-109, X-band) spectrometer with 100 kHz field 

modulation was used for the ESR spectral analysis. The samples were 

cut into (0.5x0.5) cm ,̂ placed in a quartz tube and the spectra were 

recorded at room temperature. The frequency used for this instrument 

was 9.6 GHz. The instrumental setup was: 

Field set: 3382 Gauss, Scan range: 1000 Gauss, Time constant: 0.25 

sec, Scan time: 4 minutes, Modulation amplitude: 0.5, Receiver gain: 

6.3x10^, Microwave power: 2 mW. 

iv) Thermo^ravimetric Analysis (TGA) 

TGA was done for the pristine and the irradiated polymer using 

a simple automatic Perkin Elmer Delta series Thermal Analysis 
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system. The samples were cut into very small pieces, crimped in small 

aluminium pans and weighed in a micro balance. The micro balance 

operates as a high gain electromechanical system, which permits the 

measurement of weight changes as small as 0.1 ̂ g. The standard 

fiirnace in the instrument is a platinum wound microfurnace, which 

functions both as a heater and a resistance thermometer, detecting its 

own temperature and supplying power to heat the sample. The 

samples were heated up to 600°C-800°C at a pre-determined rate of 

20°C/min. The 3700 data station attached to the instrument controls 

the scanning rate and keeps a record of the weight loss continuously 

and simultaneously. The thermograms, a plot of weight percent 

(ordinate) as a function of temperature (abscissa) were obtained 

indicating the decomposition manner of the samples. This weight loss 

in a sample due to constant supply of heat energy at a pre-determined 

rate can be attributed to the chemical reactions, decomposition, 

solvent and water evolution, oxidation etc. The error in recording the 

TGA thermogram was ± 2°C. 

v) Differential Scannins Calorimetry (DSC) 

DSC analysis of the pristine and the irradiated polymers were 

done using a Perkin Elmer Delta-series Thermal analysis system. The 

samples were cut into small pieces, hermetically sealed in aluminium 
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pans and weighed in thermobalance as above in TGA. Heat power was 

adjusted to maintain a constant temperature in the sample and the 

reference. Nitrogen was used as the flushing gas for the 

measurements. The thermograms were obtained with heat flow in the 

sample (ordinate) as a function of temperature (abscissa). The scan 

rate was maintained at 20°C/min. In the instrument, the temperature-

measuring probe is connected to the sample pan, so the thermal peaks 

pointing upwards represent the endothermal reactions and those 

pointing downwards represent the exothermic reactions undergone by 

the sample due to application of heat. The error in recording the DSC 

thermogram was ± 2°C. 

vi) X-rav Diffraction (XRD) 

XRD patterns of the pristine and the irradiated polymers were 

recorded using the Cu - Ka ( A, = 1.54 A ) radiation with 8.04 keV 

energy from Rigaku 0 - 20 X-ray spectrometer at Inter University 

Consortium, Indore, India. A rotating anode source and a Sodium 

Iodide scintillation detector was used in the system. The samples were 

fixed in the sample holder and placed in the XRD chamber, having 

entrance slit dimension of 0.2 mm. The value of 20 ranged from 3° to 

90° and the step size was 0.04 mm. 
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vii) Atomic Force Microscopy (AFM) 

The Atomic Force Microscopy of the pristine and the irradiated 

samples were done at Inter University Consortium, Indore, India 

using a Digital instrument, Nanoscope E, in contact mode. The 

pristine and irradiated samples were cleaned, glued down to the 

sample puck using cyanoacrylate glue (superglue). The sample puck 

was placed on the top of the scanner tube. The instrument consists of a 

microscopic force sensor (cantilever) made of silicon nitride that is 

used to sense the force between the sample and the tip while scanning 

the sample surface. The laser spot is positioned on to the cantilever. 

The photodiode is then positioned to maximise the signal and the spot 

is fine-adjusted on to the very tip of the cantilever. The deflection of 

the cantilever as well as the local height of the sample was recorded 

during the course of scanning. Three-dimensional images of the 

surface scanned were then obtained. Further, the surface roughness of 

the samples was measured at 10-15 different places on the sample 

surface at random and the mean was taken as the surface roughness 

of the sample. 

viii) Track etch method 

The irradiated polymers PET, PI, TTN, TBN and MFN along 

with their pristine were further exposed to 252Cf having a half-life of 
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2.65 years with an activity of 5.7x10^ fission/minute, at an angle of 90° 

for 30 minutes. The samples were fixed in the sample holder, kept at a 

distance of 1cm from the source and then irradiated inside a desiccator 

in the presence of air. The samples were washed in soap solution to 

remove all greasy substances and contamination from the sample 

surfaces. These samples were then dried between the layers of the soft 

filter paper (Whatman 42) and later in a vacuum desiccator. The 

irradiated polymers were chemically etched to convert the latent 

tracks into optically visible tracks. The etchant for the polymers as 

well as the etching temperatures used are tabulated in Table 3.4.1. 

The fission-fragment track diameters were measured by the 

Leitz optical microscope at 625x magnification at regular intervals of 

etching time till they are completely etched. The bulk etch-rate (VG) 

were determined by the track diameter method as discussed in 

Chapter 2. The bulk etch-rate (VG) was then derived from the slope of 

the plot of the etching time versus the track diameter curve as shown 

in equation (2.2) of Chapter 2. The activation energy for bulk etching 

was determined (by using equation (2.7) and (2.8) of Chapter 2) for 

PET, PI, TTN, TBN and MFN by plotting log VG against the reciprocal 

of the etching temperature. The track diameters were measured to an 
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accuracy of ±1.12vim and the errors associated with etch-rate 

measurements lay between 0.3 to 0.6p,m/h. 

Table 3.4.1. Etchants and the etching temperatures of the polymers 

used. 

POLYMERS 

Polyethylene terephthalate 

Polyimide 

Triafol-BN 

Triafol-TN 

Makrofol-N 

Polyallyldiglycol carbonate 

ETCHANT 

6N NaOH 

NaOCl 

6N NaOH 

3N NaOH 

6N NaOH 

6N NaOH 

ETCHING 

TEMPERATURE (°C) 

50, 55, 60, 65, 70 

50, 55, 60, 65 

60, 65, 70, 75 

60, 65, 70, 75 

55, 60, 65, 70, 75 

55 

3.5. POLYMER CHARACTERISATION OF FULLERENE 

EMBEDDED STACK (S5) 

Out of four pieces the first three pieces of PADC samples of the 

stack S5 (Fig.3.2.2) were analysed in different ways as described 

below. 

• The first piece of PADC was divided into two parts. The first part 

was etched in 6 N NaOH at 55°C for different etching times upto 
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330 minutes and was observed under Scanning Electron Microscope 

(SEM). 

Scanning Electron Microscopy: S ĴM of the etched samples was done 

at Regional Sophisticated Instrumentation Centre, N.E.H.U., 

Shillong, India. The etched samples were gold plated to make the 

polymer surface conducting and was then cooled for some time. This 

was done by Ion Sputter JFC-1100 for 15 minutes under vacuum at 

10mA and IkV conditions. Scanning was done by the JSM-35 CF 

Scanning Electron Microscope at a magnification of 3000x, under 

complete vacuum conditions. The surface damages were analysed 

fi'om the photo-micrographs of the samples. 

• The second part was exposed to ^^acf for 15 minutes and was etched 

in similar conditions for different etching times ranging from 60 

minutes to 300 minutes. The fission track diameters was measured 

by the Leitz optical microscope at 625x magnification. 

• In the second piece of PADC, the back surface was coated with 

fiiUerene and then both the surfaces (back and front) were 

irradiated to proton. This sample was etched in 6N NaOH at 55°C 

up to 300 minutes. SEM of the two surfaces was done in the same 

way as mentioned above. The two surfaces were compared using 
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SEM micrographs to observe the surface modification caused by 

fullerene destruction. 

• In the third piece of PADC, the front surface was coated with 

fullerene and the back surface was left blank. Both the surfaces 

were irradiated by proton. The samples were etched under similar 

etching conditions for 120 minutes. The samples were analysed by 

scanning electron microscopy following the same procedure. 

The samples for the optical microscopy were first irradiated by 

252Cf for 15 minutes and then etched up to 300 minutes followed by 

the measurement of the fission track diameters using the Leitz 

Optical microscope at a magnification of 625x. 

3.6. POLYMER CHARACTERISATION OF METAL FOIL 

EMBEDDED STACKS (S6 AND S7) 

(i) Irradiation by 140 MeV^»Si 

The surfaces adjacent to the gold and the aluminium foils of the 

first pieces of PADC of stacks S6 and S7 and also another piece of 

pristine PADC were again irradiated by 140 MeV ^^Si ions at an angle 

of 45°, depositing particles of the order of lO^̂  ions/sec in the 20° port 

of the General Purpose Scattering Chamber (GPSC) at Nuclear 
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Science Centre, New Delhi, India. After irradiation, the samples were 

allowed to cool and then stored in plastic boxes. 

(ii) Chemical Treatment 

These irradiated samples were washed thoroughly in luke-warm 

water and etched in 6N NaOH at SS^C. Succesive etchings were done 

for 3 hours till the tracks were completely etched. The etched samples 

were washed in running water and dried in filter paper inside a 

vacuum dessicator. 

(Hi) Measurement of track parameters 

The surfaces were scanned by the Leitz optical microscope at a 

magnification of 62 5x to measure the track lengths and track 

diameters. The bulk etch-rates were calculated from the slope of the 

plot between ^sSi track diameters versus etching time. The maximum 

etchable track lengths were calculated fi^om the projected values of 

track lengths, which were measured after every successive etching. 

(iv) Scanning Electron Microscopy (SEM) 

SEM was done for the etched samples at lOOOx magnifications 

by the JSM-35 CF Scanning Electron Microscope after gold coating the 

samples for 15 minutes in the Ion Sputter JFC-1100. 

Photomicrographs were taken to study the surface damage. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

In this chapter, the results derived from all the experiments 

described earlier in chapter 3 are presented. This chapter is divided 

into eight parts to explain the results of eight polymers separately and 

exclusively. 

4.1. MAKROFOL-N (MFN) 

The pristine and the irradiated polymers at four different doses 

were characterised through track studies, spectroscopic and thermal 

techniques. 

4.1.1. Track Studies 

The track study was done after proper chemical treatment of the 

pristine and irradiated samples. The track diameters of the fission 

fragments were measured and plotted against the corresponding 

etching times to determine the bulk etch-rate (VG). The log of VG was 

plotted against the reciprocal of different etching temperatures 

(Fig.4.1.1) to calculate the activation energy (Ea) of etching. The 

values calculated are given in Table 4.1.1. VG was found to be the 

same for the lower two doses (lOkGy, 30kGy) which was about 15-25% 
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higher than that of the pristine. The VG increased by about 50-75% for 

the higher doses (60kGy and 80kGy). The activation energy (Ea) for 

etching was found to be decreasing with increase in dose (Fig.4.1.1), 

signifying the degradation of the polymer with proton irradiation. 

0.8 

0 

2 0 . 6 " 

^ • Pristine 

S 0.2 •• • Irradiated (30 kGy) 

• Irradiated (80 kGy) 
1 h 

Makrofol-N 

2.87 
f 

2.92 2.97 3.02 

( l / I ) X 10^ (K^) 

Fig.4.1.1. The plot of log VG versus the inverse of etching 

temperature of pristine and proton irradiated MFN at 

two different doses (30 and 80 kGy). 
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Table 4.1.1. The bulk etch-rate (VG) at different etching temperatures 

(Tetch) and the activation energy of etching (Ea) of the 

pristine and the MFN irradiated to 62 MeV protons (10, 

30, 60, 80 kGy). 

VG 

(^m/h) 

Tetch rC) 

55 

60 

65 

70 

75 

Ea (kJ.mol 1) 

0 

1.2 

1.7 

2.4 

3.2 

-

62.0 

Dose (kG: 
10 
-

2.1 

2.7 

3.6 

4.7 

52.1 

30 
-

2.2 

2.7 

3.6 

4.7 

52.1 

V) 
60 

-

2.7 

3.3 

4.2 

5.2 

42.8 

80 
-

3.0 

3.6 

4.7 

5.5 

39.3 

4.1.2. Spectral Analysis 

Three spectroscopic techniques (UV-Visible, Fourier Transform 

Infra-red and Electron spin resonance) were used to characterise the 

pristine as well as the irradiated MFN films. 

(i) UV-Visible Spectroscopy 

The spectra are obtained fi:om UV-Vis spectroscopy to observe 

the shift of the absorption edges fi'om UV to visible side and to 

calculate the wavelength-gaps (Â ) and the energy band-gaps (Eg) 

using the equations given in chapter 2. The energy band-gap (Eg) for 
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the pristine MFN was found to be 4.1±0.1 eV which remained 

unchanged up to a dose of 30 kGy and then reduced to 4.0±0.1 eV at 

the higher two doses (60, 80 kGy) of proton irradiation. 

(ii) Fourier Transform Infra-red Spectroscopy 

The spectra of the pristine and the irradiated MFN samples are 

shown in Fig.4.1.2 and the wavenumbers for the characteristic peaks 

along with their interpretations are given in Table 4.1.2. 

Makrofol-N 

2500 2000 1500 

Wavenumbers (cm-i) 

1000 

Fig.4.1.2. FT-IR spectra of pristine and proton irradiated MFN (80 

kGy) in the range of 3000-750 cm-i. 
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The IR spectra of the pristine and irradiated MFN shows that 

even at the highest dose of proton irradiation there was no new band 

formation, rather the transmittance of most of the bands decreased 

showing that degradation is the dominant phenomena resulting from 

proton irradiation. This is in accordance with the IR results obtained 

by 250 keV proton irradiation on MFN reported by Gagnadre et al. 

[59]. 

Table 4.1.2. Identification of absorption bands in MFN corresponding 

to their wavenumbers (1/A-). 

Peak 
A 

B 

C 

D 

E 

F 

G 

H 

I 

1/X (cm 1) 
2968 

1776 

1600 

1500 

1391 

1191 

1107 

831 

760 

Identification 
CH3 stretching vibrations 

C=0 vibrations 

C=C phenyl ring stretching 

vibration 

Symmetric in-plane bending 

of CH3 group 

Anti-symmetric stretching of 

C-O-C hnks 

C-H out-of-plane bending vibrations 

C-H & C-C vibrations 
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The peak positions remained almost fixed denoting less impact 

of proton irradiation on corresponding groups. A little variation in 

peak positions might be from contribution of Fermi and Coriollis type 

of interactions [60]. 

(Hi) Electron Spin Resonance Spectroscopy 

Formation of free radicals, as expected from heavy ion 

irradiation, could not be traced from the ESR spectral analysis of the 

irradiated MFN. Since the irradiated samples were kept at room 

temperature for a few months after irradiation, any free radicals 

formed, if at all, would have been annihilated during that time. 

4.1.3. Thermal Studies 

Thermogravimetric analysis and Differential scanning 

calorimetry were done to characterise the pristine and the irradiated 

polymers. 

(i) Thermogravimetric analysis 

The decomposition behaviour of the polymers was examined by 

this technique. Fig.4.1.3 represents the thermograms of the polymers. 

The results oht^^^d £̂ r̂  shown in Table 4.1.3. The pristine MFN 

remained stable up to 172°C and decomposed completely at 518°C 

without leaving any residue. But the stability of the irradiated 
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polymers was reduced to a maximum of about 24% at the highest 

irradiation dose. The slow decomposition zone, in all the cases, was 

accompanied by a weight loss of about 10%. The fast decomposition 

zone was accompanied by a weight loss of about 90% for the pristine 

and 65-70% for irradiated samples. The irradiated polymers 

underwent a degradation leading to the formation of residue of about 

15-25% of the total weight of the polymer, whose decomposition 

temperatures also decreased from 701°C to 634°C with the increase in 

dose. This indicated that more residue was formed at the lower doses 

of the proton irradiation. The decomposition of the polymer in other 

zones (i.e. stable, slow and fast decomposition zones) was also an 

inverse function of the dose of the proton beam. 

100 

-(J 

•a 
I 

75 

50 -• 

25 -• 

0 

30 

Makrofol-N 

- - Pristine 
—— Irradiated 

180 630 

Fig 

330 480 
Temperature (°C) 

4.1.3. TGA thermograms of the pristine and the proton 

irradiated MFN (80 kGy). 
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Table 4.1.3. Thermal decomposition temperatures at different zones 

for the pristine and the MFN samples irradiated to 

different doses (10, 30, 60, 80 kGy). 

Dose 
(kGy) 

0 

10 

30 

60 

80 

Stable 
zone 
(°C) 

30-172 

30-160 

30-157 

30-130 

30-130 

Slow 
decomposition 

zone (°C) 
172-416 

160-410 

157-410 

130-390 

130-388 

Fast 
decomposition 

zone (°C) 
416-518 

410-515 

410-511 

390-490 

388-490 

Residual 
decomposition 

zone CC) 
-

515-701 

511-701 

490-660 

490-634 

(ii) Differential scanning calorimetry 

The thermograms are shown in Fig. 4.1.4. The exotherms 

indicating the temperature of crystallisation (Tc) were not clear for the 

pristine and for the polymers irradiated at lower doses (up to 30 kGy). 

It appeared at 188°C for the MFN irradiated to 60 kGy and at 180°C 

for the one irradiated to 80 kGy (A). The melting temperature 

(denoted by endotherm) for the pristine MFN was found to be at 260°C 

(Bo), which remained almost constant up to the dose of 30 kGy and 

then reduced to 200°C (Bi) for the sample irradiated to 60 kGy and 80 

kGy of 62 MeV protons. This may be attributed to the degradation 

caused by irradiation, which corroborates the results of track study. 
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1.4, DSC thermograms of the pristine and the proton 

irradiated MFN (80 kGy). 

4.2. TRIAFOL-TN (TTN) 

The pristine and the irradiated polymers at four different doses 

were characterised through track studies, spectroscopic and thermal 

techniques. 

4.2.1. Track Studies 

The fission fragment track diameters were measured and 

plotted against the corresponding etching times to determine the bulk 

etch-rate (VG). The log of VG was plotted against the reciprocal of 
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different etching temperatures (Fig.4.2.1) to calculate the activation 

energy (Ea) of etching. The values calculated are given in Table 4.2.1. 

The bulk etch-rate (VG) and the activation energy (Ea) remained 

almost the same for the pristine and the irradiated polymers. The 

parallel lines in Fig.4.2.1 revealed that the Ea was not modified under 

different doses of proton irradiation. However, the polymer irradiated 

to the highest dose of proton (80 kGy) was etched faster than other 

polymers and became brittle, rough and it crumpled after 1 hour of 

etching time. 

Table 4.2.1. The bulk etch-rate (VG) at different etching temperatures 

(Tetch) and the activation energy of etching (Ea) for the 

pristine TTN and the TTN irradiated to 62 MeV proton 

(10, 30, 60, 80 kGy). 

VG 

Tetch ( °C) 

60 

65 

70 

75 

Ea (kJ.moli) 

0 

1.7 

2.3 

3.1 

4.0 

53.4 

Dose (kGy) 

10 

1.8 

2.3 

3.2 

4.2 

53.4 

30 

1.8 

2.3 

3.2 

4.2 

53.4 

60 

1.8 

2.4 

3.2 

4.2 

53.4 

80 

1.9 

2.5 

3.3 

4.3 

53.0 
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Fig.4.2.1. The plot of log VG versus the inverse of etching 

temperature of pristine and proton irradiated TTN at two 

different doses (30 and 80 kGy). 

4.2.2. Spectral Analysis 

Spectral studies were done using three different techniques viz. 

UV-Visible, Fourier Transform Infra-red and Electron spin resonance, 

to identify any structural characteristic changes due to proton 

irradiation. 

(i) UV-Visible spectroscopy 

The spectra are shown in Fig.4.2.2. The absorbance values were 

used to obtain the tauc's plot for calculating the optical band-gap. The 

absorption edge of the irradiated TTN (80 kGy) shifted from UV 
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towards the visible side, thus, leading to a decrease in the band-gap 

due to proton bombardment. The energy band-gap (Eg) for the pristine 

was found to be 3.8 ± 0.1 eV which remained unchanged up to the dose 

of 60 kGy and then reduced to 3.5 ± 0.1 eV at the highest dose of 

irradiation (80 kGy). 
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Fig.4.2.2. UV-Vis spectra of pristine and irradiated TTN (80 kGy). 

(ii) Fourier Transform Infra-red spectroscopy (FT-IR) 

The FT-IR spectra are shown in Fig. 4.2.3. The identification of 

the absorbance peaks is presented in Table 4.2.2. No significant 

change in the vibrational frequencies was observed, which imphed 

that inter-chain separation is not affected much by proton irradiation. 

Most of the peak positions were found to be unshifted. Only the 
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absorbance or trans mittance value of particular functional groups 

changed. This might be due to the result of decrease in concentration 

of the pre-existing bonds or groups. It was observed that the peak 

position at around 1187 cm-i (F) due to stretching vibration of the 

main chain became intense for the sample irradiated to 80 kGy of 62 

MeV proton. 

Triafol-TN 

Irradiated 

3500 3000 2500 2000 
Wkvemmiiers (cm )̂ 

1500 

Fig.4.2.3. FT-IR spectra of the pristine TTN and the proton 

irradiated TTN (80 kGy) in the range of 3700-lOOOcni i. 
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Table 4.2.2. The identification of the absorption bands in TTN 

corresponding to their wavenumbers (1/X). 

Peak 

A 

B 

C 

D 

E 

F 

G 

1/A,(cmi) 

3530 

2951 

1723 

1386 

1276 

1187 

1080 

Identification [61] 

COOH (or OH) 

C-H stretching 

C=0 stretching from ester 

CH2-0 scissors 

C-O-C stretching fi:"om ester 

Stretching vibration of the main chain 

C-O-C stretching from ester 

(Hi) Electron Spin Resonance Spectroscopy 

Formation of free radicals, as expected firom heavy ion 

irradiation, could not be traced from the ESR spectral analysis of the 

irradiated TTN. Since the irradiated samples were kept at room 

temperature for a few months after irradiation, any free radicals 

formed could have been annihilated during that time. 

4.2.3. Thermal Studies 

The response of the pristine and the irradiated TTN samples 

was verified by two techniques, viz. (i) Thermogravimetric analysis 

and (ii) Differential Scanning Calorimetry. 
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(i) Thermogravimetric analysis 

Fig.4.2.4 represents the theremograms and the results are 

shown in Table 4.2.3. 

Table 4.2.3. Thermal decomposition temperatures at different zones 

for the pristine and the TTN samples irradiated to 

different doses (10, 30, 60, 80 kGy). 

Dose 
(kGy) 

0 

10 

30 

60 

80 

Stable 
zone 
(°C) 

-

-

-

30-169 

30-170 

Slow 
decomposition 

zone (°C) 
30-300 

30-297 

30-297 

169-295 

170-304 

Fast 
decomposition 

zone (°C) 
300-410 

297-409 

297-405 

295-400 

304-400 

Residual 
decomposition 

zone (°C) 
410-515 

409-515 

405-518 

400-600 

400-625 

It can be seen from the table that, the lower doses (up to 30 kGy) 

could not produce any significant change in decomposition behaviour 

of the polymer. The pristine and the irradiated samples at two lower 

doses (10, 30 kGy) underwent slow decomposition up to around 300°C 

without having a stable zone. It might be due to decomposition of the 

dye. At the higher two doses (60, 80 kGy), the polymer remained 

stable up to around 170°C, where the dye was already evaporated due 
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to ion irradiation then underwent a slow decomposition up to around 

300°C as is in case of the rest of the TTN films. 
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Triafol-TN 
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Fig.4 

230 430 

Temperature (°C) 

,2.4. TGA thermograins of pristine and proton irradiated TTN 

(80 kGy). 

The slow decomposition zone in all the cases involved a weight 

loss of about 5-12%. The fast decomposition zone accompanied by a 

weight loss of about 80% continued up to 410°C (for pristine) but 

reduced to 400°C for the sample irradiated by highest dose (80 kGy). 

The temperature of residual decomposition increased from 515°C (for 

pristine) to 625°C (80 kGy) associated with a weight loss of 7-11%. 

(ii) Differential Scanning Calorimetry 

The derived results from the thermogram (Fig, 4.2.5) are 

tabulated in Table 4.2.4. The exothermal peak (crystaUisation) 
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appeared at 279°C (A) for the pristine TTN, which shifted towards 

lower temperature with increase in proton dose and vanished for the 

sample irradiated to the highest dose (80 kGy). All the samples melted 

at around 315°C (B) (within the instrumental error of ±2°C). 
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Fig.4.2.5. DSC thermograms of the pristine and the proton 

irradiated TTN (80 kGy). 

Table 4.2.4. The temperature of crystallisation (Tc) (exothermal 

transition) and melting (Tm) (endothermal transition) 

in pristine and proton irradiated TTN at different 

doses (10, 30, 60, 80 kGy). 

Doses (kGy) 

Tc (°C) 

T^ CO 

0 

279 

316 

10 

265 

315 

30 

265 

318 

60 

260 

314 

80 

-

315 
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4.3. POLYETHYLENE TEREPHTHALATE (PET) 

The proton irradiated PET samples were characterised by track 

studies, surface studies, X-ray diffraction analysis, spectroscopic and 

thermal techniques. 

4.3.1. Track Studies 

The fission fragment track diameters were plotted against 

different etching times to determine the bulk etch-rate (VG) of pristine 

PET and that irradiated to different doses of proton. The log VG was 

plotted against the reciprocal of different etching temperatures 

(Fig. 4.3.1) to calculate the activation energy (Ea) of etching. 

> 

0.3 

^•^'" •Pristine 
A Irradiated (30 kG )̂ 
X Irradiated (80 kG )̂ 

1 h 

2.90 

+ 
3.10 2.95 3.00 3.05 

(VT) X10^ (K:^) 

Fig.4.3.1. The plot of log VG versus the inverse of etching 

temperature of pristine and proton irradiated PET at 

two different doses (30 and 80 kGy). 
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The values obtained are given in Table 4.3.1. The VG was found 

to be increasing thereby decreasing the activation energy (Ea) of 

etching with the increase in proton dose. VG increased by about 5-15%, 

15-25%, 33-40% and 50-60% for PET irradiated to 10 kGy, 30 kGy, 60 

kGy and 80 kGy doses of proton respectively than that of the pristine. 

Table 4.3.1. The bulk etch-rate (VG) at different etching temperatures 

(Tetch) and the activation energy of etching (Ea) for 

pristine and proton irradiated PET at different doses (10, 

30, 60, 80 kGy). 

VG 

(lan/h) 

Tetch (°C) 

50 

55 

60 

65 

70 

Ea (kJ.moli) 

0 
-

2.9 

3.6 

4.0 

5.0 

33.1 

Dose (kOj 
10 
-

3.4 

3.8 

4.6 

5.6 

31.8 

30 
-

3.6 

4.2 

4.9 

5.9 

31.4 

0 
60 
3.4 

4.0 

4.8 

5.6 

-

31.0 

80 
3.9 

4.6 

5.4 

6.5 

-

30.6 

The proton irradiation made the polymer easily etchable. The 

PET irradiated to highest dose (80 kGy) became hard before dissolving 

slowly at higher etching temperatures (60°C, 65°C). After etching, the 

portion of the polymer where the ions passed slowly became opaque 
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and rough as it often happens with heavy ion surface treatment. This 

indicates a growth of anti-reflectivity in the polymer. The track study 

here suggested a degradation of the polymer due to irradiation of 

energetic protons. 

4.3.2. Surface Studies 

Atomic force microscopy was done to study the surface of the 

pristine and the irradiated PET to the highest dose (80 kGy) of 62 

MeV proton. The AFM images showing the surface topography are 

presented in Fig.4.3.2. The surface roughness (Rq), averaged over 20 

different fields over the polymer surface, were found to be 4.9 ± 0.5 nm 

for the pristine and 5.1 ± 0.5 nm for the irradiated one. The proton 

irradiation at the highest dose enhanced the surface roughness of the 

polymer slightly by about 4%. 

4.3.3. X-ray Diffraction Analysis 

The XRD spectra of the pristine and proton irradiated PET (80 

kGy) are shown in Fig. 4.3.3 and the parameters assigned with the 

peaks are given in Table 4.3.2. The result shows that the intensity of 

the main peak (C) at 20=26.26° for the pristine increased and shifted 

to 29=25.92° after irradiation with the highest dose (80 kGy) of proton. 
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DM 
X 200.000 HM/div 
Z 20.000 HM/diu 

Fig.4.3.2.(i). AFM image of the Pris t ine PET. 

X 200.QOO HM/diw 
Z 30.000 DM/diw 

Fig.4.3.2.(ii) AFM image of the i r radia ted PET (80 kGy) 
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This change can be attributed to the differences in density of the 

pristine and irradiated zones arising out of the restoration of the 

crystal structure due to the increasing strain on the irradiated PET. 

Three new peaks (A, B, D) emerged at 20 = 9.45°, 13.18" and 28.63° 

after irradiation, which might be due to the newly formed fine polymer 

crystallites in the amorphous zone of PET, not present in the pristine 

polymer. 
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Fig.4.3.3. XRD spectra of the pristine and the proton irradiated PET 

(80 kGy). 
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Since the diffraction pattern depends upon the internal 

structure of the polymer, the observed changes in the X-ray diffraction 

spectra represent the growth in orderliness of the original lameUa 

(crystaUine) structure of PET, thus, leading to a considerable increase 

in its crystaUinity after proton irradiation at the dose of 80 kGy. 

Table 4.3.2. Position (20), Intensity (I) and fuU width half maximum 

(FWHM) of the XRD peaks of the pristine (P) and proton 

irradiated PET (80 kGy). 

Peak 

*A 

*B 

C 

*D 

26 (degree) 

P 

-

-

26.26 

-

80kGy 

9.46 

13.18 

25.92 

28.63 

Irel 

P 

-

-

100 

-

80kGy 

11 

18 

100 

14 

I (CPS) 

p 

-

-

7825 

-

80kGy 

967 

909 

7303 

1247 

FWHM (degrees) 

P 

-

-

0.50 

-

80kGy 

0.13 

3.40 

0.70 

1.20 

New peaks formed after irradiation. 

4.3.4. Spectral Analysis 

Three spectroscopic techniques, viz. (i) UV-Visible (ii) Fourier 

Transform Infra-red and (iii) Electron spin resonance are used to 

characterise the pristine and the irradiated PET samples. 
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(i) UV-Visible Spectroscopy 

UV-Vis spectroscopy was done to observe the shift of the 

absorption edges from UV to visible side and to calculate the 

wavelength-gap (kg) and the energy band-gap (Eg) from the equation 

2.11 and 2.12 given in chapter 2. The energy band-gap for the pristine 

PET was found to be 3.9 ±0 .1 eV, which remained unchanged even 

after the highest does (80 kGy) of proton irradiation. Though there 

was a possibility of cluster formation due to the presence of the 

aromatic group in the backbone structure of the polymer, yet the 

energy deposition could not possibly be sufficient to initialise the 

process. Rather, the phenolic group, which is resistive to radiation, 

has delocalised the excitation energy. 

(ii) Fourier Transform Infrared Spectroscopy 

The spectra of the pristine and irradiated PET (80 kGy) are 

shown in Fig.4.3.4. Here, the change in most of the characteristic peak 

positions denotes the deformation of the structure. The simultaneous 

change of all IR lines indicate that the irradiation-affected regions are 

distributed randomly aU over the polymer molecules. The absorption 

bands obtained from the spectra are interpreted in Table 4.3.3. No 

new band was observed at 3294 cm ^ which was basically assigned to 
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the alkyne group. This was in contrast with the result obtained by 

Steckenreiter et al. [32] regarding the alkyne group formation after 

heavy ion irradiation. However, for the highest dose, the increase in 

absorbance at 730 cm-̂  implied the possible recrystallisation after 

proton irradiation but the increase in absorbance at 873 cm-̂  implied 

some amorphisation of the newly formed crystals. 

Table 4.3.3. The identification of the absorption bands in PET 

corresponding to their wavenumbers (1/A,). 

Peak 

A 

B 

C 

D 

E 

F 

G 

H 

I 

l/A,(cm-i) 

2975 

1723 

1373 

1273 

1203 

1123 

1013 

862 

732 

Identification [61, 32] 

CH stretching of CH2 group 

C=0 stretching vibration 

C-C stretching of phenyl ring, Vibration band 

of para substituted benzene rings 

C-O-C stretching of ester 

CH deformation of phenyl ring. Vibration band 

of para substituted benzene rings 

Ring deformation of phenyl ring, Bending 

vibration of CH2 group 
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This kind of simultaneous behaviour was possible when the 

pristine polymer was partly crystalline. Increase in absorbance of the 

band at 1471 cm-i indicated a loss of crystallinity of the polymer. 

D 

PET 

2500 2000 1500 

Wavemumbers (cnr̂ ) 

1000 

Fig.4.3.4. FT-IR spectra of the pristine and the proton irradiated 

PET (80 kGy) in the range of 3000-650 cm i. 
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Amorphisation process was further enhanced because of the 

irradiation of the polymer in presence of air. Increase in absorbance of 

para- substituted benzene ring bands at the highest dose indicated the 

stability of the aromatic unit. Similarly, there are instances when the 

polymer underwent degradation without affecting the whole structure 

of the polymer. 

(in) Electron Spin Resonance Spectroscopy 

Formation of free radicals, as expected from heavy ion 

irradiation, could not be traced from the ESR spectral analysis of the 

irradiated PET. Since the irradiated samples were kept at room 

temperature for a few months after irradiation, the free radicals 

formed, if any, would have been annihilated during that time. 

4.3.5. Thermal Studies 

The thermal response of the polymers was studied by following 

two techniques viz. Thermogravimetric analysis and Differential 

scanning calorimetry. 

(i) Thermogravimetric analysis 

The decomposition behaviour of the pristine and the irradiated 

polymers were studied by this technique. The thermograms are shown 

in Fig.4.3.5 and the temperatures for different zones are given in 

76 



Table 4.3.4. As depicted from the figure, the stable zone disappeared 

for the irradiated polymers, which was up to 165°C for the pristine 

PET. The irradiation made the polymer to undergo a slow 

decomposition from the moment of application of heat. This slow 

decomposition zone continued up to 410''C involving only about 10% of 

weight loss for the pristine, whereas a weight of about 20-25% was lost 

in case of the irradiated ones at a lower temperature (346-390°C). 
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T e m p e r a t u r e (°C) 

Fig.4.3.5. TGA thermograms of the pristine and the proton 

irradiated PET (80 kGy). 

Similarly, the fast decomposition zone went up to 530**C 

involving a weight loss of about 90% for the pristine and up to 460-
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475°C for the irradiated polymers associated with a weight loss of 

about 75-80%. From the data, it is observed that the decomposition 

nature of the polymer depended upon the dose of the proton beam 

irradiation, i.e., the more the dose, the less the thermal stabihty. This 

denotes a degradation of the polymer matrix under proton beam 

irradiation making it to decompose earlier than the pristine PET. 

Table 4.3.4. Thermal decomposition temperatures at different zones 

for the pristine and the PET samples irradiated to 

different doses (10, 30, 60, 80 kGy). 

Dose 

(kGy) 

0 

10 

30 

60 

80 

Stable 

zone(°C) 

30-165 

-

-

-

-

Slow decomposition 

zone(°C) 

165-410 

30-390 

30-390 

30-377 

30-346 

Fast decomposition 

zoneCC) 

410-530 

390-475 

390-475 

377-465 

346-460 

(ii) Differential scanning calorimetry (DSC) 

The DSC thermograms of the pristine and the proton irradiated 

PET is shown in Fig. 4.3.6. The error in temperature recording was 

±2°C. It was observed that the exotherms denoting the temperature of 

crystallisation (Tc) appeared at around 208°C (Ao in pristine, Ai in 
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irradiated) in all the cases. But the endotherms denoting the melting 

temperatures (Tm) underwent a change after proton irradiation. The 

endotherm is sharp for the pristine PET appearing at about 229''C 

(Bo), but continuous endothermal distortions were found in all the 

irradiated PET samples, spreading over a temperature range (up to 

450"^, the starting point of which was around 224''C (Bi). 
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Fig.4.3.6. DSC thermograms of the pristine and the proton 

irradiated PET (80 kGy). 

4.4. TRIAFOL-BN (TBN) 

The pristine and the irradiated polymers at four different doses 

are characterised by track studies, spectroscopic and thermal 

techniques. 
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4.4.1. Track Studies 

The track diameters were measured and plotted against the 

corresponding etching times to determine the bulk etch-rate (VG). The 

log of VG was plotted against the reciprocal of different etching 

temperatures (Fig.4.4.1) to calculate activation energy (Ea) of etching. 

0.57 

-0.23 

Triafol-BN 

• I r radiated (30 kGy) 
X I r radiated (80 kGy) 

1 h-
2.87 2.91 2.95 2.99 

(1/T) X 10-^ (K^) 
Fig.4.4.1. The plot of log VG versus the inverse of etching 

temperature of pristine and proton irradiated TBN at 

two different doses (30 and 80 kGy). 

The measured values of VG are given in Table 4.4.1. There is no 

significant increase in VG up to the dose of 30 kGy. It increased by 

about 30% for the polymer irradiated to 60 kGy and by about 50% for 

the one irradiated at 80 kGy of 62 MeV proton. The parallel lines in 
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Fig.4.4.1 show that, the activation energy for bulk etching was not 

modified under different doses of proton irradiation even though the 

etch-rates were increasing. 

Table 4.4.1. The bulk etch-rate (VG) at different etching temperatures 

(Tetch) and the activation energy of etching (Ea) of the 

pristine TBN and the TBN irradiated to 62 MeV proton 

(10, 30, 60, 80 kGy). 

VG 

Tetch ( °C) 

60 

65 

70 

75 

Ea (kJ.moli) 

0 
0.6 

0.9 

1.5 

2.3 

81.1 

Dose (kG3 
10 
0.7 

1.0 

1.7 

2.5 

81.3 

30 
0.7 

1.0 

1.7 

2.6 

81.3 

^) 

60 
0.8 

1.2 

1.9 

2.9 

81.2 

80 
1.0 

1.5 

2.2 

3.6 

81.2 

4.4.2. Spectral Analysis 

Spectral studies were done using three different techniques viz. 

UV-Visible, Fourier Transform Infra-red and Electron Spin 

Resonance, to identify any structural characteristic changes due to 

proton irradiation. 
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(i) UV-Vis Spectroscopy 

The spectra are shown in Fig.4.4.2. The absorbance values were 

used to obtain the tauc's plot for calculating the optical band-gap. The 

absorption edge of the irradiated TBN (80 kGy) shifted from the 

visible side towards the UV side, thus, leading to an increase in the 

band-gap due to proton bombardment. The energy band-gap (Eg) for 

the pristine TBN was found to be 2.1 ± 0.1 eV, which increased to 2.8 ± 

0,1 eV after irradiation and did not vary further with increase in dose. 

2.5 

2.0 - -

0.0 

Triafol-BN 
% 

- - - Prist ine 
Irradiated 

+ + + 
290.0 330.0 370.0 410.0 

W a v e l e n g t h (nm) 
Fig-4.4.2. UV-Vls spectra of the pristine TBN and the proton 

irradiated TBN (80 kGy). 

The energy band-gap (Eg) thus increased by about 33% after 

irradiation, which is in contrast with the results obtained for other 
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polymers. The increase in energy band-gap (by about 33%) suggests an 

enhanced insulating nature of the irradiated polymers. 

(ii) Fourier transform Infrared spectroscopy 

The FT-IR spectra are given in Fig. 4.4.3 and the identification 

of the absorption bands along with their wavenumbers are listed in 

Table 4.4.2. No significant change in the vibrational fi^quencies was 

observed, which implied that inter-chain separation is not affected 

much by proton irradiation. Most of the peak positions were found to 

be unshifted. It was observed that the peak position at around 1139 

cm-̂  (F) due to stretching vibration of the main chain became intense 

for the sample irradiated to 80 kGy of 62 MeV proton. 

Table 4.4.2. The identification of the absorption bands in TBN 

corresponding to their wavenumbers (l/A)-

Peak 

A 

B 

C 

D 

E 

' 

la(cm-i) 

3517 

2909 

1716 

1318 

1290 

1139 

Identification [61] 1 

COOH (or OH) 

C-H stretching 

R-C=0 (ketone of ester) 

-C-O-C- (ether bonding) 

Stretching vibration of the main chain 
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A decrease in transmittance percentage was also observed. This 

was probably due to the chain-scissioning leading to degradation in 

the irradiated TBN samples. The change in absorbance or 

transmittance values of particular functional group may also be 

attributed to the decrease in concentration of the pre-existing bonds or 

groups. This study further clarified the increase in optical band-gap as 

obtained from the UV-Vis spectroscopy. 

Triafol-BN 

3500 3000 2500 2000 

Wavenumbers(cin-i) 

1500 

Fig.4.4.3. FT-IR spectra of pristine TBN and proton irradiated TBN 

(80 kGy) in the range of 3700-1000 cm i. 
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(iii) Electron Spin Resonance Spectroscopy 

Formation of free radicals, as expected from heavy ion 

irradiation, could not be traced from the ESR spectral analysis of the 

irradiated TBN. Since the irradiated samples were kept at room 

temperature for a few months after irradiation, the free radicals 

formed, if any would have been annihilated during that time. 

4.4.3. Thermal Studies 

Thermogravimetric analysis and Differential scanning 

calorimetry were done to characterise the pristine and the irradiated 

TBN films. 

(i) Thermogravimetric analysis 

The decomposition behaviour of the polymers was examined by 

this technique. Fig. 4.4.4 represents the thermograms of the polymers. 

The results obtained are shown in Table 4.4.3. As soon as the heat was 

apphed, the pristine TBN started decomposing slowly up to 322°C. It 

might be due to decomposition of the dye. The irradiated samples 

remained generally stable up to 180°C and then underwent slow 

decomposition up to 322°C for the samples irradiated at 10, 30, 60 

kGy and up to 290°C for the one irradiated to the highest dose (80 

kGy). A weight loss of about 10% was associated with the slow 
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decomposition zone. The fast decomposition zone (up to 425*0 for the 

pristine) accompanied by a weight loss of about 80% reduced up to 

about 405°C (for irradiated samples). 
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Fig.4.4.4. TGA thermograms of the pristine TBN and the proton 

irradiated TBN (80 kGy). 

This suggested that the proton irradiation had reduced the 

thermal resistance of the polymer, even though the activation energy 

of etching was not affected. The temperature for the residual 

decomposition (about 5-10%) however increased from 593''C (pristine) 

to about 624°C (80 kGy). 
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Table 4.4.3. Thermal decomposition temperatures at different zones 

for the pristine and the TBN samples irradiated to 

different doses (10, 30, 60, 80 kGy). 

Dose 

(kGy) 

0 

10 

30 

60 

80 

Stable 

zone 

(°C) 

-

30-180 

30-180 

30-180 

30-180 

Slow 

decomposition 

zone (°C) 

30-322 

180-322 

180-322 

180-322 

180-290 

Fast 

decomposition 

zone C O 

322-425 

322-405 

322-405 

322-407 

290-406 

Residual 

decomposition 

zone (°C) 

425-593 

405-616 

405-620 

407-620 

406-624 

(ii) Differential scanning calorimetry 

The DSC thermograms are characterised by the 

appearance of one endotherm peak denoting melting temperature of 

the samples. The melting temperature, as evident from the 

thermogram (Fig.4.4.5), for the pristine was found to be 334°C, which 

reduced to about 321°C for the irradiated polymers denoting bond 

cleavage in the molecule, which corroborated the results of TGA and 

the spectral studies. 
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Fig.4.4.5. DSC thermograms of the pristine TBN and the proton 

irradiated TBN (80 kGy). 

4.5. POLYPROPYLENE (PP) 

The pristine and the irradiated polymers were characterised by 

surface studies, X-ray diffraction analysis, spectroscopic techniques 

and thermal techniques. 

4.5.1. Surface Studies 

The Atomic force microscopy was done to study the surface of 

the pristine PP and the PP irradiated to the highest dose (80 kGy) of 

62 MeV proton. The micrographs are shown in Fig,4.5.1. 
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X lOO.OOO HM/div 
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Fig.4.5.1(i). AFM image of the pris t ine PP. 

HM 
X 100.000 nM/aiw 
2 25.000 nM/div 

Fig.4.5.1(ii). AFM image of the i r radia ted PP (80 kGy). 
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The surface roughness (Rq), averaged over 20 different fields 

over the polymer surface, was found to be 7.2 ± 0.4 nm for the pristine 

and 5.0 ± 0.6 nm for the irradiated PP (80 kGy). The 80 kGy dose of 62 

MeV proton irradiation reduced the surface roughness of PP by about 

31% at nanoscopic level, which was in contrast with the results of the 

proton irradiated PET. This might be due to the production of defects 

and chemical modifications in the bulk and material ejection at the 

surface as is expected when the insulators are irradiated to energetic 

ions [62]. 

4.5.2. X-ray Diffraction Analysis 

The XRD spectra of the pristine and the irradiated PP (80 kGy) 

are shown in Fig.4.5.2 and the various parameters assigned with the 

peaks are given in Table 4.5.1. The result showed that intensity of the 

main peak (C) at 20 = 18° for the pristine was enhanced and shifted to 

20 = 16.9° after irradiation with the highest dose (80 kGy) of proton. 

The other peaks (B, D, F, G) suffered less shift in position with 

increased intensities. This change can be attributed to the differences 

in densities of the pristine and irradiated zones arising out of the cross 

- Unking of the degraded molecules in the crystal structure due to the 

increasing strain on the irradiated PP. 
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Fig.4.5.2. XRD spectra of pristine and proton irradiated PP (80 kGy). 

Some new peaks (A, E, H, I) emerged after irradiation, which 

could have been due to the newly formed fine polymer crystallites in 

the amorphous zone of PP, Nevertheless, the observed changes in the 

X-ray diffi-action spectra represented the restoration and increase in 

regularity of the original lamella (crystalline) structure of PP leading 

to an increase in crystallinity due to proton irradiation. 
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Table 4.5.1. Position (20), Intensity (I) and full width half maximum 

(FWHM) of the XRD peaks of pristine (P) and proton 

irradiated PP (80 kGy). 

Peak 

A 

B 

C 

D 

E 

F 

G 

H 

I 

29 (degree) 

P 
-

14.18 

17.03 

18.61 

-

25.63 

28.65 

-

-

SOkGy 
9.45 

14.04 

16.88 

18.50 

23.59 

25.56 

28.62 

31.65 

35.73 

Irel 

P 
-

32 

100 

12 

-

13 

2 

-

-

SOkGy 
15 

34 

100 

14 

9 

17 

14 

5 

7 

I (OPS) 

P 
-

1658 

5225 

643 

-

684 

147 

-

-

SOkGy 
1135 

2634 

7731 

1048 

702 

1299 

1077 

399 

571 

FWHM (degree) 

P 
-

0.93 

0.87 

1.29 

-

0.49 

0.92 

-

-

SOkGy 
0.16 

0.73 

0.63 

1.25 

2.44 

1.12 

0.27 

4.40 

0.24 

4.5.3. Spectral Analysis 

UV-Visible, Fourier Transform Infra-red and Electron Spin 

Resonance spectroscopy were done to identify any structural 

characteristic changes in PP due to proton irradiation. 

(i) UV-Vis Spectroscopy 

The UV-Vis spectra (Fig.4.4.3) showed a slight shift of the 

absorption edge for the polymer irradiated to highest dose (80 kGy) 
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leading to a small decrease in optical band-gap (Eg). The value of Eg for 

the pristine was 5.2 ± 0.1 eV, which remained constant for the proton 

irradiated PP up to a dose of 60 kGy, but only for the PP irradiated to 

a dose of 80 kGy, it was reduced to 4.9 ± O.leV. 
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Fig.4.5.3. UV-Vis spectra of the pristine and the proton irradiated 

PP (80 kGy). 

(ii) Fourier transform Infra-red Spectroscopy 

The FT-IR spectra of the pristine and the proton irradiated PP 

(80 kGy) are shown in Fig. 4.5.4 and the identification of the structural 

characteristic peaks [60] at the corresponding wavenumbers are given 

in Table 4.5.2. 
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Table 4.5.2. Identification of absorption bands in PP corresponding to 

their wavenumbers (1/A.). 

Peak 

A 

B 

C 

D 

E 

F 

G 

H 

I 

lA. (cm-i) 

2956 

2918 

2875 

2840 

2361 

1456 

1375 

1165 

996 

Identification 

CH3 asymmetric stretching vibration 

CH2 asymmetric stretching vibration 

CH3 symmetric stretching vibration 

CO2 fi-om air? [61] 

CH3 asymmetric scissor 

CHs symmetric scissors 

3/1 Helix structure 

(isotacticity of the polymer) 

The peak positions in the pristine and the irradiated PP 

samples remained almost constant indicating that the 3/1 hehx 

structure of the polymer was not destroyed after proton irradiation. 

Hence, the isotactic nature of the polymer was not disturbed by proton 

bombardment. A little alternation in these peak positions might be 

due to the effect of the Fermi's or CorrrioHs type of interactions. A 

slight increase in absorbance of the characteristic peaks (C, D) has 

been observed at 2875 cm-̂  and 2840 cm-̂ , which arose due to the CHs 

94 



symmetric stretch. An increase in absorbance at all the wavenumbers 

demonstrated the change in the crystallinity matrix and corroborating 

the results obtained from XRD analysis. 

Pristine 

2500 2000 1500 

Wavenumbers (cnr^) 

Fig.4.5.4. FT-IR spectra of pristine PP and proton irradiated PP (80 

kGy) in the range of 3000-950 cm-i. 
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(Hi) Electron Spin Resonance Spectroscopy 

Formation of free radicals could not be traced from the ESR 

spectral analysis of the irradiated PP. Since the irradiated samples 

were kept at room temperature for a few months after irradiation, free 

radicals formed, if any, would have been annihilated during that time. 

4.5.4. Thermal Studies 

Thermogravimetric analysis and Differential scanning 

calorimetry were done to characterise pristine and irradiated PP. 

(i) Thermogravimetric analysis 

The TGA thermograms for the pristine and proton irradiated PP (80 

kGy) are shown in Fig.4.5.5. The temperatures corresponding to 

different decomposition zones are given in Table 4.5.3. The stable zone 

was found to increase from 102°C (pristine) to 145°C (at highest dose). 

This increase was Hnear (roughly) with the dose of the proton 

irradiation. In slow decomposition zone, only 6% of the total weight of 

the pristine PP was lost within the temperature range 102-266*'C. In 

the slow decomposition zone of the irradiated PP samples, the weight 

loss was about 10% for the lower two doses and about 20% for the 

higher two doses. The terminating temperature of the fast 
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decomposition zone was found to be increasing from 374°C in pristine 

to 414°C in the PP irradiated to highest dose (80 kGy). 
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Fig.4.5.5. TGA thermograms of the pristine and the proton 

irradiated PP (80 kGy). 

This overall increase in thermal stability of the polymer was 

attributed to the cross-hnking effect caused by proton irradiation 

enhancing the crystaUinity of the material. This dose dependent 

modification of the thermal property endorsed the findings of the XRD 

and FT-IR studies described earlier (section 4.5.2., 4.5.3.). 
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Table 4.5.3 Thermal decomposition temperatures at different zones for 

the pristine and the PP samples irradiated to different 

doses (10, 30, 60, 80 kGy). 

Dose 

(kGy) 

0 

10 

30 

60 

80 

Stable 

zone (°C) 

30-102 

30-120 

30-126 

30-138 

30-145 

Slow decomposition 

zone (°C) 

102-266 

120-280 

126-280 

138-282 

145-289 

Fast decomposition 

zone (°C) 

266-374 

280-388 

280-389 

282-393 

289-414 

(ii) Differential scanning calorimetry 

The DSC thermograms showing the exothermic and 

endothermic transitions in the pristine and the irradiated PP (80 kGy) 

are shown in Fig.4.5.6. The exothermic peaks exhibiting the 

temperature of crystallisation (Tc) were observed at 203°C (Ao) in the 

pristine PP. This exothermic peak suffered a shift in its position for 

the irradiated PP samples and is observed at around 175°C (Ai) for 

the proton irradiated PP samples. Similarly, the endothermic peak 

(Bo) denoting the melting temperatures (Tm) was observed at 212''C for 

the pristine PP. 
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Fig.4.5.6. DSC thermograms of pristine and proton irradiated PP (80 

kGy). 

This melting temperature increased for the proton irradiated PP 

samples and was observed at 232°C (Bi) for the proton irradiated PP 

samples. The increase in melting temperature indicated the 

improvement in thermal behaviour of PP. This increase in Tm can be 

related to increase in crystaUinity of the polymer as observed from the 

XRD spectral analysis. This effect can be explained in terms of 

thermal degradation as foUows: The prolonged heating causes a 

random breaking of bonds and, sometimes, the detachment of low-

molecular products. This is due to the reaction of side groups without 

any appreciable change in the initial molecular weight. The detached 
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molecular segments can migrate and cause disordered cross-linking of 

the macromolecules as well as the formation of branched and cross-

linked structures. The initial deposition of energy by irradiation has 

favoured the segmental vibration thereby lowering the Tc values 

where as the increase in Tm can be attributed to the cross-hnking 

effect thereby enhancing the thermal stabiHty of the polymer [63]. 

4.6. POLYIMIDE (PI) 

The pristine and the proton irradiated PI films at four different 

doses were characterised by track studies, surface studies, 

spectroscopic and thermal techniques as follows. 

4.6.1. Track Studies 

The track diameters were plotted against the corresponding 

etching times from the slope of which the bulk etch-rate (VG) was 

calculated. The log of VG was plotted against the reciprocal of different 

etching temperatures (Fig.4.6.1) to calculate the activation energy (Ea) 

of etching. The values calculated are given in Table 4.6.1. The bulk 

etch response of PI irradiated to lower doses (10, 30 kGy) was same, 

which increased slowly for the higher doses. The VG increased by 

about 20-30% for the PI irradiated to the highest dose. 
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Table 4.6.1. The bulk etch-rate (VG) at different etching temperatures 

(Tetch) and the activation energy of etching (Ea) of the 

pristine PI and the proton irradiated PI at different doses 

(10, 30, 60, 80 kGy). 

VG 

(^m/h) 

Tetch (°C) 

60 

65 

70 

75 

Ea (kJ.moli) 

0 

1.3 

1.9 

2.5 

3.4 

60.6 

Dose (kGy) 

10 

1.4 

2.0 

2.6 

3.6 

59.4 

30 

1.4 

2.0 

2.6 

3.6 

59.4 

60 

1.5 

2.1 

2.8 

3.8 

59.0 

80 

1.7 

2.3 

3.1 

4.3 

59.1 

0.8 

> 

O 

0.6 - • 

0.4 - • 

0 

0 

PI 

2 -|- * Prist ine 
A Ir radia ted (80 kGy) 
X I r radia ted (80 kGy) 

1 + 
2.87 2.99 2.91 2.95 

(1/T) X 10 * (K" )̂ 

Fig.4.6.1. The plot of log VG versus the inverse of etching 

temperature of pristine and proton irradiated Bi^jpit*^^ 

difiFerent doses (30 and 80 kGy). 
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But the activation energy for etching (Ea) remained almost 

constant, as can be seen from Fig.4.6.1. This shows that the proton 

irradiation made the polymer easily etchable but the response of bulk 

material to etching rate at different temperatures remained invariant. 

4.6.2. Surface Studies 

The topographical analysis of the PI samples was done by 

Atomic force microscopy (AFM). Fig.4.6.2 represents the AFM 

micrographs of the pristine and the proton irradiated (80 kGy) PI. The 

surface roughness (Rq) averaged over 20 different fields were found to 

be 8.0 ± 0.3 nm for the pristine and 3.9 ± 0.5 nm for the irradiated one. 

This reduction of surface roughness by about 52% meant that, the 

proton irradiation had made the surface smooth at the nanoscopic 

level. This might be due to the production of defects and chemical 

modification in the bulk and material ejection at the surface as it 

expected when the insulators are irradiated to energetic ions [62]. 

This could also be due to a kind of splash mechanism that occurred 

due to the sweUing of the nearby surface in atomic scale around the 

impinging ions. 
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Fig.4.6.2(i) AFM image of the pris t ine PI. 
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Fig.4.6.2ao AFM image of the i r radia ted PICBO l<iCry)-
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4.6.3. Spectral Analysis 

UV-Visible, Fourier Transform Infra-red and Electron Spin 

Resonance spectroscopy were performed to identify any structural 

characteristic changes in PI due to proton irradiation. 

(i) UV-Vis Spectroscopy 

The UV-Vis spectra of the pristine and the irradiated PI 

samples showed no considerable shifting in the absorbance edges. The 

optical band-gap in the pristine PI was calculated to be 2.2 ± 0.1 eV 

which remained constant even after proton irradiation at the highest 

dose (80 kGy). The aromatic groups present in the backbone structure 

of the polymer were responsible to delocahse the excitation energy 

making it radiation resistive. This corroborates the findings of the 

track study. 

(ii) Fourier transform infrared spectroscopy 

The FT-IR spectra (Fig. 4.6.3) showed no significant shift in the 

peak positions. Only the absorbance or transmittance value of 

particular groups was altered. The identification of some absorption 

bands is given in Table 4.6.2. The increase in absorbance of the bands 

corresponding to phenyl groups, i.e., 939-602 cm-̂  (C-H deformation), 

1609 cm-̂  and 1506 cm-* (C-C stretching) was observed, which 
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indicated some degradation of the polymer due to the proton 

irradiation. 

3000 2500 2000 1500 

Wavenumbers (cnri) 
1000 

Fig.4.6.3. FT-IR spectra of pristine PI and proton irradiated PI (80 

kGy) in the range of 3550-550 cnar^. 

It could occur even though aromatic groups present in the 

repeating units of polymer acted as stabilising elements against 

radiation induced degradation due to delocaUsation of excitation 

energy in the aromatic units [61]. The characteristic absorbance bands 

corresponding to alkyne group and unsaturated carbon-nitrogen bonds 

were not observed even after irradiation by the highest dose. The 
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irradiation in the presence of air might have contributed to the 

degradation mechanism in the irradiated polymer. 

Table 4.6.2. Identification of absorption bands in PI corresponding to 

their wavenumbers (1/X,). 

Peak 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

K 

L 

M 

N 

1/^ (cm-i) 

3490 

3079 

1762 

1717 

1609 

1506 

1381 

1258 

1111 

1019 

939 

827 

724 

602 

Identification 

N-H (normally weak) 

C-H (ring hydrogen) 

Aromatic anhydride (C=0) 

C-C stretching of Phenyl ring, 

Skeletal plane vibration 

C-N vibration of aromatic tertiary amines 

Vibration of aromatic ether group 

C-C-C stretching (ether) 

C-H deformation of phenyl ring 

(iii) Electron Spin Resonance Spectroscopy 

Formation of free radicals could not be traced from the ESR 

spectral analysis of the irradiated PI. Since the irradiated samples 
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were kept at room temperature for a few months after irradiation, free 

radicals formed, if any, would have been annihilated during that time. 

4.6.4. Thermal Studies 

Thermogravimetric analysis and Differential scanning 

calorimetry were done to characterise the pristine and the irradiated 

PI samples. 

(i) Thermogravimetric analysis 

The decomposition behaviour of the polymers was examined by 

this technique. The thermal stabihty of PI is known to be very high. 

The thermogram given in Fig.4.6.4 revealed that the stable zone for 

the pristine PI was up to 409°C, which slightly increased with 

increase in dose (up to 417°C for 80 kGy). There was no change in the 

slow decomposition zone. It was accompanied by a weight loss of about 

10% of the total weight. But the terminating temperature for the fast 

decomposition zone was found to be increasing with the increase in 

dose as shown in the Table 4.6.3. This denotes that the proton 

irradiation had modified this polymer to be more thermally resistive. 

Moreover, the one irradiated to highest dose became so stable that it 

did not undergo complete decomposition within the recording 

temperature (800°C) leaving behind about 26% of the total weight 
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undecomposed. Due to instrumental limitation, the complete 

decomposition temperature for this sample could not be determined. 
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Fig.4.6.4. TGA thermograms of the pristine and the proton 

irradiated PI (80 kGy). 

Table 4,6.3. Thermal decomposition temperatures at different zones 

for the pristine and the PI samples irradiated to different 

doses (10, 30, 60, 80 kGy). 

Dose 

(kGy) 

0 

10 

30 

60 

80 

Stable 

zone (°C) 

50-409 

50-413 

50-415 

50-415 

50-417 

Slow decomposition 

zone C O 

409-620 

413-620 

415-620 

415-620 

417-620 

Fast decomposition 

zone CC) 

620-750 

620-755 

620-780 

620-780 

620-* 

The complete decomposition temperature is beyond 800°C. 

108 



(ii) Differential scanning calorimetry (DSC) 

The DSC thermograms of the pristine and proton irradiated PI 

(80 kGy) are shown in Fig.4.6.5. The exothermic transition 

(crystallisation) in the pristine PI occurred at around 298°C (Ao), 

followed by an endothermic peak at 316°C (Bo) denoting the melting 

temperature of the pristine PI. For the PI irradiated by the highest 

dose (80 kGy) the transition from exothermic to endothermic started 

at around 316°C (Ai) reveahng the melting peak at about 324°C (Bi). 

A gradual increase in melting point of PI with increase in proton dose 

was recorded (Table 4.6.4.). 
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Fig.4.6.5. 
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DSC thermograms of the pristine and the proton 

irradiated PI (80 kGy). 
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Table 4.6.4. The temperature of crystallisation (Tc) (exothermic 

transition) and melting (Tm) (endothermal transition) in 

pristine PI and proton irradiated PI at different doses 

(10, 30, 60, 80 kGy). 

Dose (kGy) 

Tc (°C) 

Tn. (°C) 

0 

298 

316 

10 

307 

319 

30 

307 

320 

60 

309 

322 

80 

316 

324 

4.7. POLYTETRAFLUORO ETHYLENE (PTFE) 

The pristine PTFE and the proton irradiated ones were 

characterised by the following techniques. (1) Surface studies (Atomic 

Force Microscopy), (2) X-ray diffraction studies, (3) Spectral analysis 

(UV-Visible, Fourier Transform Infra-red, Electron spin resonance 

Spectroscopy) and (4) Thermal studies (Thermogravimetric analysis, 

Differential Scanning Calorimetry). 

4.7.1. Surface Studies 

The Atomic force microscopy was done to study the surfaces of 

the pristine and the PTFE irradiated at highest dose of proton (80 

kGy). The micrographs are shown in Fig. 4.7.1. On comparing their 

surfaces, a decrease in surface roughness was found in case of the 

irradiated one. 
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Fig.4.7.1(i) AFM image of the pr is t ine PTFE. 
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Fig.4.7.1(ii) AFM image of the i r radia ted PTFE (80 kGy). 
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Quantitatively, the roughness was found to be 19.4 ± 0.4 nm for 

the pristine and 9.2 ± 0.4 nm for the irradiated one. This considerable 

(53%) decrease in roughness could be explained as follows. This might 

be due to the production of defects and chemical modification in the 

bulk and material ejection at the surface as it expected when the 

insulators are irradiated to energetic ions [62]. 

4.7.2. X-ray Diffraction Analysis 

The structures of the pristine (P) and the PTFE irradiated at 

the highest dose (80 kGy) were analysed by X-ray diffraction studies. 

The XRD spectra are shown in Fig.4.7.2 and the various parameters 

assigned with the peaks are given in Table 4.7.1. The result showed 

that intensity of the main peak (A) at 29=21.79" for the pristine was 

reduced and shifted to 29=17.9° for the PTFE irradiated to the highest 

dose (80 kGy) of proton. The intensity of the other two peaks (B and C) 

was also decreased after irradiation. The decrease in the main peak 

intensity and the intensities of the other peaks denoted some 

destruction of the orderUness of the original crystal structure due to 

proton irradiation. 
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Fig.4.7.2. XRD spectra of the pristine and the proton irradiated 

PTFE (80 kGy). 

Table 4.7.1. Position (29), Intensity (I) and full width half maximum 

(FWHM) of the XRD peaks of the pristine (P) and 

irradiated PTFE (80 kGy). 

Peak 

A 

B 

C 

D 

E 

26 (degree) 

P 

21.79 

36.00 

42.00 

-

-

80kGy 

17.9 

36.99 

42.00 

72.57 

75.54 

Irel 

P 

100 

8 

4 

-

-

80kGy 

100 

23 

7 

15 

5 

I (CPS) 

P 

28166 

3103 

3896 

-

-

80kGy 

9796 

2281 

2747 

1421 

460 

FWHM (degree) 

P 

2.60 

0.40 

2.90 

-

-

80kGy 

2.00 

0.30 

0.29 

0.30 

0.30 
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Some new peaks (D and E) also emerged at 20 = 72.57° and 

75.54° after irradiation (80 kGy). But these were of very low intensity, 

however at higher doses, these effects may be more pronounced. 

4.7.3. Spectral Analysis 

UV-Visible, Fourier Transform Infra-red and Electron Spin 

Resonance spectroscopy were performed to analyse any structural 

characteristic changes in PTFE due to proton irradiation. 

(i) UV-Vis Spectroscopy 

A shift of the absorption edge from UV towards visible side was 

observed in the UV-Vis spectra of PTFE with increase in proton dose. 

Fig.4.7.3 shows the UV-Vis spectra of the pristine and the PTFE 

irradiated to the highest proton dose (80 kGy). The optical band-gap 

(Eg) of PTFE was reduced from 1.1 ± 0.1 eV in pristine to about 0.8 ± 

0.1 eV in PTFE irradiated to 80 kGy of proton (Table 4.7.2). 

Table 4.7.2. Wavelength-gap (Xg) and Optical band-gap (Eg) for the 

pristine and the proton irradiated PTFE at different 

doses (10, 30, 60, 80 kGy). 

Dose (kGy) 

Xg (nm) 

Eg(eV) 

0 

1141.5 

1.1 

10 

1383.6 

0.9 

30 

1370.7 

0.9 

60 

1424.5 

0.9 

80 

1468.2 

0.8 
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Irradiated 

200.0 300.0 400.0 500.0 

Wavelength (nm) 
Fig.4.7.3. UV-Vis spectra of the pristine and proton irradiated PTFE 

(80 kGy). 

(ii) Fourier transform Infra-red Spectroscopy 

The FT-IR spectra of the pristine and the proton irradiated (80 

kGy) PTFE are shown in Fig.4.7.4. The absorbance peaks from 1000 

cm-i to 1300 cm-̂  (C) are contributions of the C-F stretching vibration 

[60]. Some new peaks emerged in case of the irradiated PTFE 

samples. The new peak at 1885 cm-̂  (A) is originated from the 

carbonyl fluoride group (-COF) and that at 1795 cm-i (B) is assigned to 

CF=CF2 terminal double bond vibration [47, 64]. Here, the structure of 

the polymer (given in chapter 2, section 2.1.7) might be visualised as 

polyethylene with all its hydrogen atoms substituted by fluorine, 
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where C-F coupling was less covalent than C-C coupling due to more 

electronegativity of fluorine. This made the C-C bond relatively less 

probable towards cleavage. 
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Fig.4.7.4. FT-IR spectra of the pristine and the proton irradiated 

PTFE (80 kGy) in the range of 1900-900cm i. 

(Hi) Electron spin resonance spectroscopy 

The ESR spectrophotometer recorded a signal of free radical 

formation for the polymer irradiated to the highest dose. The spectra 

are shown in Fig.4.7.5. 
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PTFE 

/^WV^^/\pV'-^A/^ 
Prist ine 

Irradiated 

50 Grauss 

Fig.4.7.5. ESR spectra of the pristine and the proton irradiated 

PTFE (80 kGy) showing the free radical signal. 

The width of the signal formed was around 50 Gauss, which was 

usually attributed to o-bond. Since, the irradiation was done in the 

presence of oxygen, so a number of radiolysis products were formed 

(CF4 and C2Fe in small amounts, high proportion of COF2). These 

products were formed by random spUtting of C-C bonds and C-F bonds 

to give radicals. Oxygen would add to organic radicals to give peroxy-

radicals, which could react together to form alkoxy radicals as shown 

below [65]. 
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—CF2—CF2* + 0 2 -> — C F ^ — C F 2 0 2 ' 

2 —CF2—CF2O2 • ^ 2 — C F 2 C F 2 O ' + O2 

Dissociation of alkoxy radicals produces carbonyl fluoride and a 

new organic radical by one -CF2- unit as follows-

—CF2—CF2O • ̂  — C F 2 • + COF2 

Formation of free radicals could not be traced from the ESR 

spectral analysis for the pristine and the irradiated PTFE at three 

lower doses (10 kGy, 30 kGy and 60 kGy) except for the highest dose 

(80 kGy). Since the irradiated samples were kept at room temperature 

for a few months after irradiation, the free radicals formed could have 

been annihilated during that time. The PTFE irradiated to 80 kGy 

dose of proton formed a relatively stable radical, which was detected 

by the instrument. This revealed that, the proton irradiation (80 kGy) 

in the polymer PTFE led to chain-scission resulting in the formation of 

free radicals. Increase in conductivity of PTFE irradiated by 80 kGy of 

proton as revealed by UV-Vis spectroscopy was possibly due to the 

formation of this free radical. 
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4.7.4. Thermal Studies 

Thermogravimetric analysis and Differential scanning 

calorimetry were done to characterise the pristine and the irradiated 

PTFE films. 

(i) Thermogravimetric analysis 

The TGA thermograms of the pristine and the irradiated PTFE 

(80 kGy) are shown in Fig.4.7.6. The thermal stability was found to be 

decreasing with increase in proton dose. The temperature values for 

different decomposition zones are listed in Table 4,7.3. 
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Temperature (°C) 
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Fig.4.7.6. TGA thermograms of the pristine and the proton 

irradiated PTFE (80 kGy). 
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The stable zone of decomposition was reduced from 264°C in the 

pristine to 125°C for the PTFE irradiated to 80 kGy of proton. 

Similarly, the slow decomposition zone (of about 5% weight loss) as 

well as the fast decomposition zone decreased with increase in proton 

dose. 

Table 4.7.3. Thermal decomposition temperatures at different zones 

for the pristine and the PTFE samples irradiated to 

different doses (10, 30, 60, 80 kGy). 

Dose 

(kGy) 

0 

10 

30 

60 

80 

Stable 

zoneCC) 

30-264 

30-257 

30-244 

30-157 

30-125 

Slow decomposition 

zone (°C) 

264-470 

257-442 

244-439 

157-425 

125-418 

Fast decomposition 

zone CC) 

470-639 

442-631 

439-625 

425-613 

418-607 

(ii) Differential scanning calorimetry 

DSC analysis revealed a decrease in melting temperature of 

PTFE with increase in dose of proton irradiation. The DSC 

thermograms of the pristine and the proton irradiated PTFE (80 kGy) 

are shown in Fig.4.7.7. 
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,7.7. DSC thermograms of the pristine PTFE and the proton 

irradiated PTFE (80 kGy). 

In the pristine PTFE, endothermic distortions started at around 

208°C and continued up to 330°C (Ao), at which a transition from 

exothermic to endothermic occurred. The melting endotherm was 

observed at 334°C (Bo). For the irradiated samples, endothermic 

distortions started at around 205°C and continued up to 327°C (Ai), at 

which a transition from exothermic to endothermic occurred. The 

melting temperatures gradually decreased with increase in dose and 

were found to be 330°C, 328°C, 324°C and 321°C (Bi) for the samples 

irradiated by 10, 30, 60 and 80 kGy respectively. This finding is in 
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accordance with the other studies and supports the fact that PTFE 

underwent chain-scission by proton irradiation. 

4.8. POLYALLYLDIGLYCOL CARBONATE (PADC) 

The proton irradiated PADC samples of Si, S2, S3 and S4 

stacks were characterised by track studies, surface studies, 

spectroscopic and thermal techniques as described below (section 

4,8.1). The fission track development and the effect of fuUerene 

destruction on PADC samples of 85 stack were studied by track 

technique and are described in section 4.8.2. Effect of proton 

irradiation through metal foils on heavy-ion track registration 

property of PADC samples of S6 and 87 stacks is discussed in section 

4.8.3. 

4.8.1. Analysis of PADC samples of SI, 82, S3 and S4 stacks 

(a) Track Studies 

The damaged trails in the polymer caused by fission fi^agments 

were fixed through suitable chemical treatment, leading to the 

development of optically visible microscopic tracks. The bulk etch-rate 

(VG) was calculated by track diameter method using the equations as 

described in chapter 3. There were no weU-defined tracks for the 

highly energetic proton ions on their passage through the target 
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material, which could be developed and fixed through chemical 

etching. However, pre-proton irradiated PADC was effective in 

registering the tracks of other heavy ions. Further the higher the dose 

of proton irradiation, the greater is the energy deposition in the 

material and hence the fission tracks in PADC were etched at a faster 

rate. Fig.4.8.1 shows the increase in fission firagment track diameters 

with etching time in the pristine and the irradiated PADC samples. 
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Fig.4.8.1. Plot of fission track diameters versus etching time for the 

pristine and the PADC samples irradiated by 30kGy and 

80kGy of 62 MeV proton. 
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The VG was found to be 1.0 \imJh for the pristine PADC which 

increased to 1.3, 1.5, 1.7 and 1.9 p^m/h for the PADC samples 

irradiated at lOkGy, 30kGy, 60kGy and 80kGy of 62 MeV proton 

respectively. The proton irradiation has made the polymer very 

sensitive to bulk etching response. 

(b) Surface Studies 

Atomic force microscopy (AFM) was done in ambient 

atmosphere to obtain the surface image of the pristine and the proton 

irradiated PADC (80kGy). Fig. 4.8.2 represents the AFM micrographs 

of the samples. The surface roughness (Rq), averaged over 20 different 

fields was found to be 5 ± 0.4 nm for the pristine and 4.4 ± 0.4 nm for 

the irradiated sample. This reduction of surface roughness by about 

12% indicates that the surface becomes smooth after irradiation. This 

might be due to the production of defects and chemical modification in 

the bulk and material ejection at the surface as it expected when the 

insulators are irradiated to energetic ions [62]. Thus, if the energetic 

ions hit the target material in a regularly distributed manner aU over 

its surface, then the smoothness of the surface would increase at the 

nanoscopic level. 
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Fig.4.8.2 (i). AFM image of the prist ine PADC. 
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Fig.4.8.2 (H). AFM image of the i r radia ted PADC (80 kGy). 
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(c) Spectral Analysis 

The pristine as well as the irradiated PADC samples were 

characterised by three spectroscopic techniques, viz. (i) UV-Visible (ii) 

Fourier Transform Infra-red and (iii) Electron spin resonance to check 

the alternation in band gap, structural changes and free radical 

formation respectively due to proton irradiation at various doses. 

(i) UV-Visible Spectroscopy 

The absorption edges in the UV-Vis spectra of the pristine and 

proton irradiated PADC samples do not suffer any considerable shift, 

thereby maintaining the constancy of the band-gap (Eg). Using the 

equations 2.11 and 2.12 as described earlier in chapter 2, the 

wavelength-gaps (Xg) and the energy band-gaps (Eg) are derived for 

the pristine and the proton irradiated PADC samples at four different 

doses. The Eg was found to be 3.5 ± 0.1 eV for the pristine PADC, 

which remained unchanged even for the PADC sample irradiated at 

the highest dose (80 kGy) of 62 MeV proton. 

(ii) Fourier Transform Infrared Spectroscopy 

FT-IR spectra of the pristine and proton irradiated PADC 

samples at different doses were recorded as shown in Fig.4.8.3. It can 

be seen from the spectra that there is a considerable change in the 
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positions of the absorption bands. Most of the peaks vanished 

completely after irradiation. 
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Fig.4.8.3. FT-IR spectra of the pristine PADC and proton irradiated 

PADC (80kGy) in the range of 1800-750 cm i. 

The absorption bands, as obtained from the spectrum of pristine 

PADC, are identified as: (A) 1751 cm-i (vC=0), (B) 1276 cm-i (vC-0), 

(C) 1193 cm-i (vC-O-C, vC-C), (D) 875 cm-i (rC-H) and (E) 784 cm-i (yC-

H, vC-C) [59]. These are either shifted with reduced transmittance or 

vanished completely in case of the irradiated PADC samples denoting 

that degradation is the main effect induced by proton irradiation. 
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(Hi) Electron Spin Resonance Spectroscopy 

ESR spectral analysis showed the absence of any free radical in 

the irradiated PADC. This was probably due to the fact that the 

irradiated samples were kept at room temperature for a few months 

during which the free radicals formed might have been annihilated. So 

from this study, no conclusion could be ascertained regarding the free 

radical formation. 

(d) Thermal Studies 

The thermal responses of the PADC samples were verified by 

two thermal techniques, viz. (i) Thermogravimetric analysis and (ii) 

Differential scanning calorimetry. 

(i) Thermogravimetric analysis 

The thermograms shown in Fig.4.8.4 represent the mode of 

decomposition of the pristine and the irradiated PADC samples. The 

results derived from the thermograms are given in Table 4.8.1. In all 

the cases (pristine and irradiated), a stable zone (no weight loss), slow 

decomposition zone, fast decomposition zone and residual 

decomposition zone were observed. The stable zone of the pristine 

PADC was found to be up to 118°C, which reduced as a function of 

increased proton doses and reached a value of 90°C for the PADC 

irradiated to the highest dose (80 kGy). 
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Fig.4.8.4. TGA thermograms of the pristine and the proton 

irradiated PADC (80 kGy). 

A similar kind of trend was observed for all the other zones too. 

The end point of the fast decomposition zone reduced slowly from 

481°C for the pristine PADC to 468°C for the irradiated PADC at 

highest dose (80 kGy). The remaining 3-7% of total weight that was 

left behind, decomposed in the residual zone. The whole mechanism 

was terminated at 650°C for the pristine and at about 600°C for the 

irradiated PADC samples. The proton irradiation favoured the 

segmental vibration of the polymeric molecules at an early 

temperature than that for the pristine suggesting that the polymer 
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has undergone degradation due to proton bombardment. This effect 

was also found to be directly related to the dose of irradiation, i.e., the 

more the dose the less was the tolerance of the polymer to heat. 

Table 4.8.1. Thermal decomposition temperatures at different zones 

for the pristine and the PADC samples irradiated to 

different doses (10, 30, 60, 80 kGy). 

Dose 

(kGy) 

0 

10 

30 

60 

80 

Stable 

zone 

(°C) 

30-118 

30-110 

30-90 

30-90 

30-90 

Slow 

decomposition 

zone (°C) 

118-332 

110-328 

90-320 

90-320 

90-308 

Fast 

decomposition 

zone CC) 

332-481 

328-470 

320-470 

320-468 

308-468 

Residual 

decomposition 

zone (°C) 

481-650 

470-610 

470-600 

468-600 

465-600 

(ii) Differential Scanning Calorimetry 

Fig.4.8,5 shows the DSC thermograms of the pristine and the 

proton irradiated PADC samples at different doses. One small 

exotherm at 315°C and a broad exotherm at 407°C were observed in 

all the cases (Pristine and all irradiated PADC samples). The heat 

capacities involved in the exothermic process at 407°C are 5.4 kJ.g-^ 

for the pristine and 3.8, 3.8, 3.6 and 3.2 kJ.gi for the PADC samples 
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irradiated to the doses of 10, 30, 60 and 80 kGy respectively. The 

thermograms were recorded with an error of ± 2°C. There was no 

endotherm within the measured temperature range. 
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Fig.4.8.5. DSC thermograms of the pristine PADC and the proton 

irradiated PADC (80 kGy). 

4.8.2. Analysis of PADC samples of FuUerene embedded stack 

(S5) 

Out of four PADC samples used in the stack S5, the first three 

were used (as in the blow up diagram shown in Fig.4.8.6.) for analysis. 

The etching characteristic of fission tracks on normal and fuUerene 
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(Ceo) embedded PADC surfaces was evaluated both by optical and 

electron microscopy. The track diameters on different PADC surfaces 

as a function of etching time are listed in Table 4.8.2. 

Blank 
region 

Proton 
region 

C-60 
region 

L 
62 MeVK M 
Proton 
beam 

^ 

C-60 +Proton 
region 

Fig.4.8.6. Blow up diagram of the first three PADC samples of 

fiillerene embedded stack (S5). 

Table 4.8.2. Values of fission fragment track diameters in different 

regions viz. Proton+Ceo, Ceo, Proton and blank region in 

PADC sample of S5 stack, as a function of etching time. 

Etching 

time (hour) 

1 

2 

3 

4 

5 

Diameter of fission tracks (fim) in different 

regions 

(Proton+Ceo) 

1.8 

5.3 

7.8 

11.0 

15.3 

Ceo 

1.8 

3.6 

3.9 

7.8 

10.7 

Proton 

1.8 

4.3 

6.0 

8.2 

12.1 

Blank (Pristine) 

1.8 

3.6 

3.9 

7.8 

10.7 
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The bulk etch-rates were found to be 1.5 ^im/h for proton + Ceo 

region, 1.3 ^m/h for only proton irradiated region and 1.0 \im./h for the 

blank region (pristine). Scanning electron micrographs of different 

regions of the PADC sample etched for 120 minutes are shown in 

Fig.4.8.7. 

The SEM photographs (Fig.4.8.7) show the fission fragment 

tracks in the pristine PADC (blank region), proton irradiated PADC 

(Proton irradiated region) and proton irradiated fuUerene embedded 

PADC (Proton + Ceo region). The increase in track diameters in the 

(Proton + Ceo) region may be due to additional material damage 

caused by the energy released in the destruction of Ceo molecules by 

proton irradiation [66]. More open structures and etch craters were 

observed in this region as evident from the SEM photographs. 
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Fig;.4.8.7. SEM photographs of fission fragment t racks in PADC 
samples of stack S5 i) Pr is t ine PADC (blank region) etched 
for 120 minutes , ii) Proton i r radia ted region etched for 120 
minutes , iii) (Proton + Ceo) region etched for 120 minutes. 
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4.8.3. Analysis of PADC samples of Metal foil embedded stacks 

(S6 and S7) 

The second PADC sample (PADC 2) of each stack (as shown in 

Fig.3.3) were analysed by track studies. The diameters of ^sSi ion 

tracks were found to increase slowly with etching time. It reached to a 

value of 6.6 pm in the pre-proton irradiated PADC surface adjacent to 

gold foil of stack S6, 6.1 pm on the surface in contact with aluminum 

foil of stack S7 and 4.8 pm on the pristine PADC after 3 hours of 

chemical etching. 

1 

u 

C M 
O 
U 
0) 

8 

0) 

• Gold 
• A l u t n i n i u m 

• p r i s t i n e 

0 1 2 3 

E t c h i n g T i m e ( h o u r ) 

Fig.4.8.8. Etching time versus ^sgi track diameters for PADC 

samples of S6 stack adjacent to gold foil and that of S7 

stack adjacent to aluminium foil, along with the pristine. 
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From the slope of the curves plotted between the track 

diameters versus etching times (Fig.4.8.8), the bulk etch-rates (VG) 

were derived as given in Table 4.8.3. Similarly, the track lengths of 

28Si were also found to increase faster for the pre-proton irradiated 

PADC as compared to the pristine sample. Even the maximum 

etchable true track lengths of ̂ sSi ions in PADC were longer for the 

proton irradiated samples as compared to pristine one. The sihcon 

track lengths were found to be maximum for the PADC adjacent to the 

gold foil, followed by that adjacent to the aluminium foil. The track 

lengths were plotted against the etching time as shown in Fig.4.8.9. 
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Fig.4.8.9. Etching time versus ^ssi track lengths for PADC samples 

of S6 stack adjacent to gold foil and that of S7 stack 

adjacent to aluminiimi foil, along with the pristine. 
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The corresponding track etch-rates (VT) were calculated from 

the slope of the graphs for the different PADC samples and are given 

in Table 4.8.3. The VT was found to be maximum for the PADC 

adjacent to the gold foil. The track lengths and track diameters were 

measured with a maximum probable error of ± 1.12[im. The errors 

associated with etch-rate measurements hes between 0.3 to 0.6)j,m/h. 

The etching response of a track detector is defined as the ratio of the 

track etch-rate to the bulk etch-rate (VTA/^G). The greater its value the 

better is the track registration sensitivity of the detector. 

Table 4.8.3. The bulk etch-rate (VG), the track etch-rate (VT) and the 

etching response (VT/VG) of pristine PADC and PADC 

adjacent to Al and Au foils. 

Sample 

PADC (Pristine) 

PADC (AI foil) 

PADC (Au foil) 

VG (nm/h) 

0.8 

1.0 

1.1 

VT (nm/h) 

20.4 

26.6 

31.5 

(VT/VG) 

25.5 

26.6 

28.6 

In this case, the etching response was found to be increased for 

the pre-proton irradiated PADC samples, but it has been further 

found that the sensitivity of the PADC adjacent to the gold foil was 

more than that adjacent to the aluminium foil. So, there is certainly 
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an additional effect of these metal foils towards the enhancement of 

the track registration sensitivity, which can be attributed to some 

secondary ionisations taking place due to proton irradiation. 

62 MeV proton beam incident on the metal target results in the 

emission of secondary particles like fission fragments, spallation 

products, etc., having a wide energy range, some of them approaching 

the energy of the incident proton beam. The emitted secondary 

particles move preferably in the forward direction and cause 

additional ionisation in the adjacent polymer. The emission of these 

secondary particles depends on the charge of the target foil, so the 

effect of secondary ionisation was more prominent in the PADC 

adjacent to the gold foil. The SEM photographs of the ^^Si tracks in 

the pristine and the proton irradiated PADC samples of S6 and S7 

stacks are shown in Fig.4.8.10. It reveals that the extent of damage in 

the PADC sample adjacent to the gold foil was more than the other 

PADC samples. 
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lg.4.8.10. Photomicrographs of etched ^^Si t racks in i) Proton i r radia ted 
PADC of stack S6 adjacent to gold foil, ii) Proton i r radiated 
PADC of stack S7 adjacent to aluminium foil, iii) Pris t ine PADC. 
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CHAPTER 5 

CONCLUSION AND FUTURE PERSPECTIVES 

5.1. CONCLUSION 

In an attempt to investigate the impact of the proton irradiation 

on eight different types of polymers, the present work revealed several 

physico-chemical modifications induced in the polymers due to the 

proton irradiation. The major findings of the present work are 

presented below. 

5.1.1. Makrofol-N (MFN) 

From the track studies it was evident that the bulk etch-rate of 

MFN increased by about 15-25% for two lower doses (10, 30 kGy) and 

about 50-75% for two higher doses (60, 80 kGy) than that of the 

pristine. The activation energy for etching was also found to be 

decreasing with increase in proton dose, signifying the degradation of 

the polymer by proton irradiation. There was no considerable change 

in the optical absorption spectra of MFN by proton irradiation. Only 

sHght decrease in band-gap was observed even at the highest dose. 

The transmittance (FT-IR) spectra showed that even at the highest 

dose of proton irradiation new bands were not formed, rather the 
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transmittance (%) of most of the bands decreased denoting a 

degradation of the polymer by proton irradiation. Free radical 

formation was not observed. Thermal stability in the MFN irradiated 

to the highest dose decreased by about 24%. Exotherms appeared for 

the proton irradiated MFN (80 kGy), which was absent in the pristine 

one. There was a decrease (23%) in melting temperature for the 

sample irradiated to 60 kGy and 80 kGy. These results imply that, 

degradation is the dominant phenomenon in the polymer due to 

proton irradiation. 

5.1.2. Triafol-TN <TTN) 

In spite of sHght increase in bulk etch-rate of the proton 

irradiated TTN, the activation energy for etching remained almost 

constant. The optical absorption properties were modified for the TTN 

irradiated to the highest dose (80 kGy), where the optical band-gap 

was reduced by 8%. No significant change in the vibrational 

fi*equencies was observed, which impHed that chain-separation was 

not affected by much by proton irradiation. No free radical formation 

was observed. Stable zone appeared for the samples irradiated to 

higher two doses (60, 80 kGy) due to decolourisation of the blue dye by 

proton irradiation, i.e., the thermal stabihty of the polymer increased 
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by proton irradiation at the higher doses (60, 80 kGy). Exothermal 

temperatures reduced slightly with increase in dose up to 60 kGy, but 

the peak vanished for the highest dose. Melting temperatures were 

found at around 315°C for the pristine and the proton irradiated 

samples. 

5.1.3. Polyethylene terephthalate (PET) 

The bulk etch-rate of proton irradiated PET was found to be 

increasing thereby decreasing the activation energy of etching with 

the increase in dose. The bulk etch-rate increased by about 50-60% for 

the PET irradiated to the highest dose. It can therefore be inferred 

that proton irradiation made the polymer easily etchable, implying a 

degradation of the polymer. Proton irradiation (80 kGy) also increased 

the surface roughness of the polymer shghtly. The XRD spectra 

showed an increase in the intensity of the main peak with a shift in its 

position which can be attributed to the differences in density of the 

pristine and irradiated zones arising out of the restoration of the 

crystal structure due to the increasing strain on the irradiated PET. 

Emergence of new peaks has been noticed which might be due to the 

newly formed fine polymer crystallites in the amorphous zone of 

irradiated PET. It can be concluded that there was an increase in 
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crystallinity of PET by proton irradiation. However, the optical band 

gap did not suffer any change and also there was no sign of free 

radical formation. The transmittance spectra however showed the 

change in most of the characteristic peak positions denoting the 

deformation of the polymeric structure. It also revealed the 

simultaneous effect of recrystallisation and amorphisation due to 

proton irradiation. Thermogravimetric analysis showed the 

disappearance of the stable zone after proton irradiation, permitting 

the polymer to undergo a slow decomposition as soon as the heat was 

apphed. The decomposition behaviour of the polymer was found to be 

dose dependent, i.e., the more the dose of the proton beam, the less the 

thermal stability. This denoted a degradation of the polymer under 

proton beam irradiation, thus, enabUng it to decompose earlier than 

the pristine. Differential scanning calorimetry indicated a change in 

melting (endotherms) nature of the proton irradiated PET. Here, we 

found continuous endothermal distortions spreading over a 

temperature zone instead of a sharp endothermal peak as in case of 

the pristine polymer. 
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5.1.4. Triafol-BN (TBN) 

Track studies revealed that the activation energy for bulk-

etching was not modified under different doses of proton irradiation, 

even though the etch-rates were increasing (about 50% at the highest 

dose). There was an increase in Eg by about 33% for the irradiated 

polymers, denoting an enhanced insulating nature of TBN due to 

proton irradiation. This property was independent of the four doses 

used. No significant change in the vibrational frequencies was 

observed except the one for stretching vibration of the main-chain. 

The transmittance (%) of most of the peaks was found to be reduced. 

This suggested the chain-scissioning leading to degradation in the 

irradiated TBN samples. Free radical signals were not observed. The 

stable zone appeared for the irradiated polymers. But, fast 

decomposition zone reduced. The melting temperature for the pristine 

TBN was found to be 334°C, which reduced to about 321'>C for the 

irradiated samples denoting bond cleavage in the molecule, which 

corroborated the results of Thermogravimetric analysis and spectral 

studies. 

144 



5.1.5. Polypropylene (PP) 

The proton irradiation on this polymer considerably reduced its 

surface roughness (by about 31%) in the nanoscopic level. X-ray 

diffraction study indicated an increase in crystallinity of the polymer 

due to proton irradiation (80 kGy). A shght shift of the absorption 

edge in the optical absorption spectra of the PP irradiated at 80 kGy of 

proton indicated a decrease in optical band-gap from 5.2 to 4.9 eV. The 

isotactic nature of the polymer was not disturbed even at the highest 

dose of proton irradiation. An increase in absorbance at all the wave 

numbers demonstrated the change in the crystallinity matrix and 

corroborating the results obtained from XRD analysis. Free radicals 

could not be traced from the ESR spectral analysis. The increase in 

thermal stability of the polymer was found to be roughly Unear with 

increase in proton dose, which could be attributed to the cross-linking 

effect caused by proton irradiation enhancing the crystallinity of the 

material. This dose dependent modification of the thermal property 

endorsed the findings of the FT-IR and XRD studies. The temperature 

of crystallisation of PP reduced from 203°C (pristine) to 175°C 

(irradiated), whereas the melting temperature increased fi'om 212°C 

(pristine) to 232°C (irradiated). 
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5.1.6. Polyimide (PI) 

The proton irradiation made the polymer easily etchable but the 

response of bulk material to etching rate at different temperatures 

remained invariant. The surface roughness of the polymer reduced 

considerably (about 52%) by proton irradiation. Optical band-gap 

remained constant (2.2 eV) even after irradiation at the highest dose. 

No free radicals were detected for the irradiated polymer. Increase in 

absorbance of the bands corresponding to the phenyl groups further 

indicated some degradation of the polymer due to proton irradiation. 

The characteristic absorbance bands corresponding to alkyne groups 

were not observed for the irradiated samples. Proton irradiation 

enhanced the thermal resistivity of PI, which was again found to be 

dose dependent i.e. it increased with increase in dose. The 

temperature for crystallisation of the polymer increased from 298°C 

(pristine) to 316°C (irradiated), whereas the melting temperature 

increased slightly from 316°C (pristine) to 324° (irradiated). 

5.1.7. Polytetrafluoro ethylene (PTFE) 

The surface roughness of PTFE in the nanoscopic level 

decreased by about 53% due to proton irradiation (80 kGy). The 

decrease in intensity and shifting of the main peak in the XRD spectra 
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denoted some destruction of the orderliness of the original crystal 

structure due to proton bombardment. A shift in absorption edge from 

UV to visible region was noticed in the UV-Vis spectra of the 

irradiated polymer leading to a reduction in optical band-gap by about 

27% for the polymer irradiated by 80 kGy of 62 MeV protons. ESR 

spectral analysis showed the formation of the free radical in PTFE by 

proton irradiation only at the highest dose (80 kGy). This free radical 

thus formed could be responsible for decreasing the optical band-gap. 

FT-IR study revealed that the C-F stretching vibration was affected 

due to irradiation (80 kGy). Since the C-F coupling is less covalent 

than C-C coupling due to more electronegativity of fluorine, the C-C 

bond is relatively less probable towards cleavage by irradiation. 

Thermogravimetric analysis revealed a decrease in the thermal 

stability by proton irradiation, which can be attributed to the loss of 

crystallinity as obtained from the structural analysis. There was no 

sharp exothermic peak indicating the temperature of crystallisation, 

rather a numerous thermic distortions were observed that spread over 

a range from 205°C to 325°C, however, the melting temperature was 

found to decrease gradually from 334°C (pristine) to 311°C (irradiated) 

with increase in dose. This result is in accordance with the other 
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studies and supports the fact that PTFE underwent chain-scission by 

proton irradiation. 

5.1.8. Polyallyldiglycol carbonate (PADC) 

The proton irradiation modified the track registration property 

of PADC. The bulk etch-rate of PADC irradiated to 80 kGy of 62 MeV 

protons was found to be 90% higher than that of the pristine. 

The pre-proton irradiated PADC was found to be more sensitive 

to register the tracks of other heavy ions. Further, the proton 

irradiation made the polymer easily etchable. The maximum etchable 

track diameters of the fission fragments as well as the track lengths 

and diameters of the ^^Si ions in pre-proton irradiated PADC samples 

were found to increase considerably than in the pristine PADC, which 

was again found to be an increasing function of dose. 

Secondly, it was found that the extra energy released by 

fuUerene destruction due to proton irradiation had an additional 

impact on the adjacent PADC. The track diameters as well as the bulk 

etch-rate were more for the (Proton + Ceo) region, which might be due 

to additional material damage. More open structures and etch craters 

were observed in this region. 

Thirdly, it was found that proton irradiation through metal foils 
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resulted in the emission of some secondary particles which increased 

the etch-rate values of PADC. Moreover, this increase in etch-rate 

values of PADC was found to be a direct function of the atomic 

number (Z) of the metal foU. i.e., the bulk etch-rate was more for the 

PADC adjacent to the gold foil than that for the one adjacent to 

aluminium foil. 

The proton irradiation reduced the surface roughness of PADC 

by about 12% at nanoscopic levels due to the probable occurrence of a 

splash phenomenon which can be expected from sweUing in atomic 

scale of the nearby surface around the impinging ions or it might be 

due to the production of defects and chemical modification in the bulk 

and material ejection at the surface as it expected when the insulators 

are irradiated to energetic ions. However, the proton irradiation could 

not induce any considerable modification in the optical absorption 

properties of PADC. So, the optical band-gap (3.5 eV) was found to be 

unaltered after proton irradiation. The free radical formation was also 

not observed. The transmittance spectra revealed that the position of 

the transmission lines was considerably changed and most of the 

transmittance peaks vanished completely after proton irradiation 

denoting that degradation is the main effect induced by proton 
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irradiation. The thermogravimetric analysis of the irradiated samples 

showed a considerable decrease in thermal stability of the polymer by 

proton irradiation. The irradiation favoured the segmental vibration of 

the polymeric molecules at a lower temperature than that for the 

pristine. This supported the fact that the polymer had undergone 

degradation due to proton bombardment. This effect was also found to 

be directly related to the dose of irradiation, i.e., the more the dose the 

less was the tolerance of the polymer to heat. This is in accordance 

with the results of FT-IR. The DSC thermograms revealed a decrease 

in heat capacities involved in the exothermic process, which can be 

explained through the amorphisation of the polymer due to proton 

irradiation. 

From the above results following general conclusion can be 

drawn: 

• The proton irradiation has improved the track registration 

sensitivity in PADC, PET, MFN, TBN and PI. 

• Thermal resistance of some polymers like PI, TBN, TTN and PP is 

improved by proton irradiation. 

• The thermal stability of these polymers has been found to be dose 

dependent. 
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• The optical absorption properties of some of the irradiated 

polymers viz. PP, TTN and PTFE are found to be modified and the 

optical band-gap is reduced at the highest dose, whereas the optical 

band-gap of TBN is increased by about 33%. 

• The crystallinity of the polymers like PET and PP is improved by 

proton bombardment, but for PTFE it is found to be diminished. 

• The surface roughness of PADC, PI, PP, PTF is reduced except 

PET, where the roughness is increased slightly after proton 

irradiation. 

• Formation of relatively stable free radical has been detected in 

PTFE after irradiation with a proton dose of 80 kGy. 

5.2. FUTURE PERSPECTIVES 

The induced modifications in physico-chemical properties of the 

polymers by proton irradiation will further enhance their 

applicabihty. Some of the feasible apphcations and the possible 

extension of the present work are discussed below. 

5.2.1. Applicat ion of the ModiHed Polymers 

The present investigation and the resultant conclusions drawn 

above show modified properties of the polymers, which could further 

enhance their technical importance. Keeping these results in view and 
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observing the recent trends of international standards in this field, it 

can be said that this area of research has a wide scope for further 

exploration, some of which are interpreted below: 

• The proton irradiation on fuUerene led to its destruction with the 

emission of a huge amount of energy. This can be utihsed for some 

usefiil purpose like improvement in the detection and etching 

sensitivity of polymers (viz. PADC) for detection of energetic hghter 

particles. 

• Thin metal targets of different atomic numbers can be used to 

induce the additional effects on track registration sensitivity of the 

polymers. 

• The track registration sensitivity of the polymers plays an 

important role in manufacturing the single or multiple pore 

micro/nano-filters, which find immense applications in many fields. 

Improvement in track registration sensitivity of PADC, PET, MFN, 

TBN and PI by proton irradiation provides an important database 

for fabrication of designer micro-filters for specific apphcations. 

• PADC also finds its apphcation in detection of alpha particles 

emitted from the radioactive sources. It has been extensively used 

in the simultaneous measurement of Radon, Thoron and their 
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progeny in indoor atmosphere. The improvement in detection 

efficiency of PADC by proton irradiation will be certainly helpful in 

its application pertaining to its use as an environmental dosimeter. 

• The thermal stability of PI extends its application to surface 

coatings of supersonic aircrafts, insulation coatings in various 

electrical appliances and backings in nuclear physics experiment. 

The present experiment reveals a possibility of further enhancing 

the thermal stability by proton irradiation. This finding will surely 

be very useful for its future application relating to space science. 

• The decrease in optical band-gap and formation of stable free 

radicals in PTFE by proton irradiation wiQ find its usefulness in 

micro-electronic devices. 

• PP being one of the lightest polymers is being used extensively in 

many area of scientific and commercial interest. So, the improved 

properties Uke smoothness, thermal resistivity, optical 

conductivity, etc. by proton irradiation will enhance its usefulness. 

5.2.2. Extens ion of the present work 

The present investigations have opened up a wide scope of 

further detailed research in the field of radiation induced modification 

of various polymers. 
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• Most of the characteristic modifications in the properties of the 

polymers used in the present work occur at the highest dose of the 

62 MeV proton. There is a scope to further investigate the 

modifications induced in the polymers irradiated at higher doses, 

i.e., more than 80 kGy of 62 MeV protons. 

• A systematic ESR study of the irradiated polymers should be 

carried out either on line or at low temperature immediately after 

irradiation so that the free radicals formed can be detected before 

they are annihilated. 

• The decrease in the optical band-gap might be due to formation of 

carbon clusters which can be proved and the cluster size can be 

measured by SAXS (Small Angle X-ray Scattering) or Neutron 

scattering experiments on the irradiated polymers. 

• The increased throughput of track-irradiated membranes suggests 

their application as gas selective membranes. Due to their 

compactness, latent tracks can provide the potential to develop 

micro-sized chromatographic separators. 

• Ion Uthography can be done by galvanic deposition, chemical 

vapour deposition or ion sputter techniques in order to induce the 

desired modification in polymers. It's a new way to create hard and 
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conductive polymers. Ion implantation is mainly used for controlled 

doping of semi-conductors. 

• Etched tracks can be utilised for generating ray-optical scattering 

devices with exactly pre-determined properties. 

• For etch cones with diameters and at distances small in 

comparision with the wavelength of appHed radiation, coherent 

scattering (wave optics) becomes dominant. At sufficient areal 

density of the ion tracks and sufficient depth of the etched track 

cones, a drastic reduction of reflected intensity is observed. So the 

etched tracks can be helpful in developing anti-reflection surfaces. 

• Some additional characterisation techniques like 

thermoluminesence, annealing, hardness measurements, etc. may 

be prescribed for the irradiated polymers for a better 

understanding of the mechanisms responsible for the radiation 

induced modifications. 

• The impact of heavy ion irradiation on the same polymers, as used 

in the present work, can be studied in order to have a comparative 

study on the effect of low and high LET radiations on polymers. 
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