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CHAPTER-1

INTRODUCTION

The study of radiation induced modifications in polymers is a
recent yet an expanding field of research. Owing to its technological
applications, it has received an immense deal of attention and is being
extensively investigated. Modifications induced by irradiation may
sometimes enable in achieving the desired and improved physical and
chemical properties of the polymers for specific use. Thus the study of
polymer modifications which comprises a study of physico-chemical

variations in polymer due to irradiation is of great importance.

Radiations are produced both naturally and artificially and are
thus omnipresent. They comprise of charged particles like electrons,
protons, alpha particles, fission-fragments, accelerated heavy ions and
electromagnetic radiations such as x-rays and gamma-rays. All these
types of radiations interact with any type of substances coming in
their path, irrespective of their molecular structure generating variety
of species [1] through dissipation of radiation’s energy. Thus, polymers
on irradiation get electronically ionized or excited resulting in
structural alternations, which in turn affects their properties [2]. These
changes in the polymer depend on the radiation doses, internal
structure of polymer such as types of functional group present, chain
length, etc. When the energy of the radiation exceeds the bond energy,
the polymer having absorbed energy may suffer bond cleavage giving
rise to a non-saturated fragment called 4ree radical. These f{ree
radicals are very reactive and may cause different chemical
transformation within the polymer molecule by reacting with other

parts of the same molecule. As a result, chain scissions, cross-linking,
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etc. takes place. Various gaseous molecular species are released
during 1irradiation. The most prominent emission 1s hydrogen, followed
by less abundant heavier molecular species which are scission
products from the pendant side groups and chain-end segments, and
their reaction products. Figure-1.1 illustrates various functional
chemical entities created by irradiation. Cross-linking occurs when
two free dangling i1on or radical pairs on neighboring chains unite,
whereas double or triple bonds are formed if two neighboring radicals

n the same chain unaite.
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Fig. 1.1. Typical consequences induced by ion irradiation which
include electronic excitation, phonons, ionization, ion pair
formation, radical formation, and chain scission.

Irradiation of polymers sometimes also results in gas evolution,
formation of double bonds and molecular emissions. The anisotropy of
the interaction of energetic ions with polymer leads to chain scission,
chain aggregation, formation of double bonds and molecular
emissions. Molecular emissions from polymers always occur with a
release of neutral hydrogen and carbon-hydrogen groups and thus

make a significant change in the polymer stoichiometry. If present in
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the polymer chains, other atomic species (O, F, Cl, N etc) are also
ejected. It is an established fact that upon irradiation, polymers get
depleted of hydrogen, and as a consequence of this the polymer chains
are modified. Smaller units are formed by chain scission, double
bonds become abundant and radicals emerge. Due to their
electrostatic attraction, these small carbon enriched units may
agglomerate to electrically conductive clusters. Such structural and
bonding may result in modifications of the polymer properties such as
thermal stability [3], optical [4], morphology [5], molecular weight [6],
etching characteristics [7-10], glass transition temperature [11],

electrical properties [12] and many other properties|13], etc.

Fig.1. 2. A representative diagram showing the morphological change: LFM micrographs (i.e. friction
images) of (a) pristine PP, and (b) polypropylene fails irrudiated with 3 GeV *®U ions at a tluence of
10" ¢cm™ The transition from small structure less grains towards large laminar units can clearly be
recognized. Image size: 1.5 pm x L5 pm each (this figure is taken from the book " Fundamentals of Ton-
Irradiated Polymers™ by D. Fink, Springer, 200-1 [1].

A representative diagram showing the morphological change of pristine
Polypropylene and irradiated foils with 3 GeV 238U ions at a fluence of
1011cm-2 is shown in Figurel.2. The figure clearly shows the transition

from small structure less grains towards large laminar units [1].
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1.1 RADIATION INDUCED CHANGES OR MODIFICATIONS OF POLYMERS

Irradiation of polymeric material induces irreversible changes

m their macromolecular structure [1]. It can be used to change in a

controlled way the physical properties of thin films or to modify the

near surface characteristics of a bulk polymer. Sun et.al have

observed that gradual amorphisation in polycarbonate polymer takes

place due to increase in ion fluence [14, 15]. XRD measurements

show the decrease of the main XRD peak intensity. Progressive
amorphisation process of Makrofol polymer with increasing fluence is

traced [14] by XRD measurements Figure 1.3.
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Fig. 1. 3. XRD spectra of Makrofol kg irradiated with Xe ions at 7.62 keV/nm
at different fluence

Significant effects of ion irradiation are observed even at fluence as low
as 10! ions/cm? [14, 15] where chemical modifications take place.
Primary phenomena associated with radiation interaction are chain
scission, chain aggregation, formation of double bonds and molecular
emission. All these effects depend on target parameters (composition,
molecular weight, temperature, etc.) and on ion beam parameters
(energy, mass, charge and fluence). Molecular emission from polymers
always occurs with the release of neutral hydrogen and carbon-

hydrogen groups and with a significant change of the polymer
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stoichiometry [16]. If present in the polymer chain, other atomic
species (O, F, Cl, and N) are also ejected [17]. After irradiation, most of
the properties of polymers (optical, electrical, mechanical, surface
etc.) are modified together with its chemical behaviors as reported by
analytical measurements [16, 17, 18, 19). At high fluence (1014 - 107
ions/cm?) an enrichment of carbon generally occurs, leading to more
or less complete carbonisation (Figure 1.4) such that the final
sample composition may have little memory of the original chain
structure [20]. Properties of such materials are similar to amorphous
carbon in terms of optical absorbance, electrical properties, hardness
and chemical inertness, but they may eventually contain heteroatom
like N, O, S, if these are present in the original polymer structure [21].
Application of radiation on polymers leads to a change in the
electrical conductivity, which has been studied by Mishra et. al [22]
and Fink et. al [23], have recently reported ion irradiation effect on
polymers for electronic applications. Surface modification and
nanoparticle formation by negative ion implantation of polymers have
been reported by Boldyryeva etal. [24]. Modifications of nano-
structured materials by energetic ion beams is one of the recent
applications of energetic ions {25]. Scissioning of chains and radicals
formation in PP film due to gamma irradiation have been observed by
Pedro et. al. [{26]. Davenas et. al. [27] and Fink et al [28] have
correlated the changes in the optical properties with the mechanism of
energy deposition. Ion beam effects on PMMA have been studied by
Mladenov and Emmoth [29] and its applications on fabricating light
guides by Kulish et al. [30]. Phase transition during irradiation of
ferroelectric polymers has been reported by Legrad et al. ([31].

Improvements in surface smoothness, hardness and wear resistance of
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polymers by multiple ion implantations have been studied by Lee et al.

[32].

Carbonization of polymers by ion irradiation
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Fig. 1.4. Illustration of the effect of carbonization of dif ferent polymers by ion beam irradiation,
after deposition of elevated energy densities, as visualized by IR spectrometry [20]

When radiation is absorbed by matter, ions and free radicals are
formed, which are the precursors of all subsequent chemical
transformations. Free radicals arise as a result of bond scissions. In
liguids the lifetime of these species is extremely short. They combine,
as a result of very rapid radical-radical coupling and positive ion
interactions, with either electrons or negative ions. The same situation
is met in a polymer above its glass transition temperature, where the
high mobility of the polymer favours encounters of the various reactive
species. In contrast, if the polymer is irradiated im a vitreous
state, mobility is considerably reduced and trapped radicals and
ions are always present. The life times of these species may become

extremely long (weeks or months) and are essentially determined by
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the temperature : the farther away the system from its glass
transition temperature, the longer the life time of trapped species.
Free radicals are detected by ESR signals [33, 34] which can be used
to determine their concentration, their nature and the kinetics of their
decay. Ionic species also often give ESR signals. They can be
characterised by radiation induced conductivity or by post irradiation
thermoluminescence which is caused by positive- negative charge
combination. Trapped ions or radicals absorb light and may be
responsible for more or less transient discolouration. Crystallinity of
polymer is also responsible for the trapping of transient species,
particularly radicals [1]. If, however, the system is above Tg (glass
transition temperature) the mobility of the polymeric segments is large
enough for the valences to "move out" of the crystalline zones, usually
by inter and intramolecular atom (hydrogen) transfer. The most
obvious changes in the bulk properties of irradiated polymers are
brought about by modification of their molecular weight due to
cross-linking or degradation. Cross-linking increases the modulus
and hardness of the polymer, but this effect become apparent only for
very high cross-link densities. If, however, the polymer is partially
crystalline, such as polyethylene, moderate cross linking imparts to
the material a nonmelting behaviour [1]. Above its crystalline melting
point a cross linked polymer does not flow, but exhibits rubber
elasticity. This modification is of great commercial importance for
numerous products such as insulators, hot-water pipes and others,
and this accounts for the fairly large scale manufacture of radiation
cross-linked polymers in industry. Radiation degradation is a random
chain scission process which gradually reduces the molecular
weight of the polymer. Low molecular weight products are produced

statistically and they may plasticize the material. As a result of this
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the polymer weakens and loses most of its valuable properties
after high radiation doses. The release of gaseous products under ion
irradiation are investigated in situ by using infrared and mass
spectroscopy. Using the spectra of several pure reference gases, the
volatile products are generally identified [1]. Different types of gases
like, acetylene, carbon monoxide, carbon dioxide, methane, etc are
released during irradiation. The types of evolved gases depends on the
polymer structure and also types of irradiation used. Complementing
information is obtained from the analysis of the residual gas by mass
spectroscopy during the ion irradiation. A typical mass spectrum is
shown in Figure 1.5. The mass spectrum of the irradiated PI(Polyimide)
with 760 MeV Kr ions [35] signifies main chain scission processes and
the formation of volatile molecules with triple bonds. Mass fragments
corresponding to masses between 24 and 26 amu is due to acetylene
C2H2 and its hydro-deficient fragments CoHz*, and Ca* . In addition,
molecules of the olefin group CzHsz* (27 amu), C2Ha* (28 amu, probably
intermixed with CO*), and CoHs* (29 amu), and CoHe* (30 amu) are
identified [35]. Besides the formation of unsaturated bonds, clear
indication for the decomposition of the benzene rings is given by mass
65 from alkyl benzene derivatives and by mass 77 and 78 from
benzene derivatives. Some of the degradation products may be useful.
Thus, wastes of per fluorinated polymer (Teflon) are reclaimed by
irradiation in air which converts a useless material into lower
molecular weight polymers which find specific uses i sprays.
Polyisobutylene(butyl rubber) is degraded by irradiation to yield
lubricating oils, cellulose degrades to glucose. It has been observed by
‘Biersack et. al[36] that refractive index of a polymer can be altered

by ion irradiation, which is again commercially important for optical
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device fabrication. Differential scanning calorimetry (DSC)

performed on an ion irradiated polycarbonate film [37] shows a
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Fig.1. 5. Mass distribution of ejected molecules recorded after the irradiation of Pl with Kr
ions (760 MeV) of a total fluence of 1.5 x 10'? ions/cim”. The inset illustrates the
gas evolution of a fragment with a mass of 24 amu. The arrows indicate the switch
on and of the ion beam [35].

decrease in the glass transition temperature due to increase in 1on
fluence [Figurel.6]. This decrease in the glass transition temperature
is generally due to the increase in molecular mobility as a result of the

scissoring of the polymer chains.

It is a well established fact that mechanical, physical, and
chemical property changes in polymers are determined by the
magnitude of cross-linking and scission. Cross-linking enhances
mechanical stability while scission degrades mechanical strength [38].
Change in properties due to ion-beam irradiation and its potential
application areas are described in details in references [39] and [40].
The main features are summarized below. Cross-linking generally
increases hardness and slows diffusion, improves wear and scratch

resistance, and decreases solubility in chemical solvents.

10
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Electrical conductivity and optical density increases due to the
formation of cross-links and conjugated double and triple bonds by

irradiation. The delocalized p-electrons in the conjugated bonds are

(6]

HEAT FLOW (mw)

I k

50 100 150 200 250 £C

TEMPERATURE (“C)
Fig.1.6. DSC curves of virgin and irradiated polycarbonate films: (a) virgin, (b)

irradiated with the total ion fluence of3:5 x 10'” ions, (c) irradiated with
the total ion fluence of7:0 x 10" jons [37]

loosely bound and thus more mobile than the covalent =n-bond
electrons. Furthermore, charge carrier mobility increases by cross-
links which facilitate the transport of charge carriers across the
chains. Otherwise, charge carriers must hop across the chains for
conduction. The loosely bound n-electrons can be excited by the
energies of visible light, and thus colour changes occur because light
is absorbed when these electrons are excited. Radiation induced
defects such as anions and radicals (donors) and cations (acceptors)
form a broadened band in the band gap and result in the absorption of
light as well. Energetic blue light is absorbed first and the colour

changes from pale yellow to reddish brown and eventually to a dark

Il
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colour with increasing irradiation dose. At very high doses, a metallic
luster appears because light is scattered by the abundant n-electrons
similar to the effect of free electrons in metals. On the other hand,
scission causes bond breakage and increases dissolution of polymers

in solvents. This feature has been used for lithography [41].

Polymers can be stabilized against radiation damage by the
addition of substances which either divert the absorbed energy
towards other chemical processes or stabilize the free radicals
produced, thereby preventing them from causing further damage. The
first group of substances includes aromatic compounds which are
known to act as "energy sinks" Thus, benzene protects cyclohexane
and other saturated hydrocarbons from radiolysis by taking up their
energy. An excited or ionized cyclohexane molecule transfers its
excess energy to the aromatic compound. The latter being much more
stable against radiation damage, (owing to the delocalization of the
excited energy) most of the energies are converted in to heat and are
dissipated in to the surroundings. This sequence of reactions can be

represented as:
M* + Ar =M + Ar*
Av¥= An: Fleat
The presence of aromatic groups in repeating units in a polymer also
accounts for the radiation stability of such polymers as Polystyrene,
Polyaryletherketones, Polyarylimides etc. The second group of
substances comprises of the so called "free radical scavengers”" which
readily react with free radicals and prevent them from initiating
degradation processes. This group includes well-known "stabilisers”,

"anti-oxidant" and other additions which are present in most

commercial polymers.

12
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So far we have discussed the changes or modifications caused
by the radiation. Basically all types of physical and chemical changes
take place in the polymer because of the bond cleavages, giving
rise to nonsaturated fragments called ‘'free radicals". The most
interesting phenomenon about this type of bond cleavage is that, in
this radiation interaction, which particular bond will be broken can
not be predicted, on the basis of energy consideration alone. This is
because the energy spent in ionisation (20 eV or more) is much larger

than the bond energies of simple organic molecules which are

H-CH = 4 3eV;
CH3-CH3 = 3.7 CV;
F-CH; =46¢eV

These values are merely presented here to illustrate the differences
in orders of magnitude between the energy deposited and the
strengths of the chemical bonds present in the system. It follows that
the energy available largely exceeds the amount required to cleave any
bond. In spite of this, all the bonds are not broken in random.
Experimental evidence shows that selectivity rules apply, which do not

follow bond energy considerations alone.

It has already been an established fact that irradiation by swift
heavy ions modifies the polymer properties to a significant extent. It is
also well known that unlike charged particles gamma rays are a highly
penetrating form of electromagnetic radiation. They do not lose energy
at every interaction with the orbital electrons of the atoms constituting
the material they pass through. The energy loss of gamma rays occurs
either through collisions with atomic electrons or through scattering
as a photon of a longer wave length or through producing electron-

positron pairs. Thus gamma ray does not have a specific range in

13
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matter as charged particles do. The principal methods of gamma
interactions with matter are (a) Photoelectric effet (b) Compton

scattering and (c) Pair-Production.

So it is expected that materials’ response to high energy ion-
beams is considerably different from those induced by y-rays.
However, unfortunately works on polymer modifications by gamma
radiation have not been fully explored. Moreover the works reported so
far on gamma effect on polymers are restricted to low doses. Only few
works on gamma effect on polymer or polymeric track detectors have
been reported in recent years. [7, 8,9,10, 42, 43, 44,]. It has been
observed by Sinha & Dwivedi [42] that due to gamma exposure,
polyallyl diglycol carbonate (PADC) detector changes drastically. The
studies are performed in the very dose range of 10!-109Gy. It is
observed that at the gamma dose of 106Gy, thermal stability of the
polymer decreases drastically [42). The complete decomposition of the
PADC detector takes place at much lower temperature (Figure 1.7). It
has also been reported that polyallyl chain joined by diethyleneglycol

links gets cleaved at the dose of 106 Gy leading to radical formation [7].

In the past, radiation effects have been the subject of intense
investigation in radiation chemistry, mainly to understand the
radiolysis and polymerization mechanisms induced by ionizing
radiation such as electron beam and also by gamma-rays. However,
studies have shown that materials’ response to high energy ion-beams
are considerably different from those induced bye-beam and y-rays. It
has been well established that cross-linking or scission efficiency
depends not only upon polymer structure but also upon the
characteristics of the radiation sources, namely ion energy and ion

species [45]. For example, poly methyl methacrylate (PMMA) degrades

14
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and become more soluble in solvents when subjected to e-beam or y-
rays. For this reason, PMMA has been used as a positive photo-resist

material in lithography for electronic applications [46, 47]. The
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Fig.l. 7. TGA thermogram of gamma irradiated polyallyl diglycol carbonate
(PADC- American Acrylics) polymeric detector {42].

propensity of degradation is attributable to a steric hindrance due to
the methylester (CH300C) groups attached to the PMMA backbone
structure [48]. Large pendant groups restrict chain mobility and thus
impede cross-linking. On the other hand, wheh PMMA is subjected to
high energy ions such as 2 MeV Ar-ions, the surface hardness of
PMMA increases dramatically, as a result of massive cross-linking,
from the pristine value of 0.5 GPa to over 10 GPa after irradiation to a

fluence of 1 x 102 m™2 [45].

So the study of polymer modification by gamma radiation can
not be completed unless the effect of high gamma dose on different
polymers are studied. Keeping this in mind, a study on different

polymers like Polypropylene (PP), Polyvinyl Chloride (PVC),

15
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Polycarbonate (PC), Polyallyl Diglycol Carbonate (three different types)
is proposed in this thesis. The studies are done in the dose range of
101-106 Gy. Polyallyl Diglycol Carbonate is generally known as PADC
track detector. These studies are expected to expand the knowledge of

polymer modifications induced by gamma radiation.

Three different types of PADC polymeric track detectors are
chosen here to study the effect of gamma irradiation on these
detectors. These track detectors have been chosen keeping in mind
their applications as nuclear track detectors. Since its inception about
40 years ago, the field of track detection using solid state nuclear track
detectors (SSNTDs) has been constantly developed. Track detectors are
being increasingly used in various fields like Biomedical [49],
Environmental [50], Anthropology [51], Space research [52, 53] and
nuclear sciences [54, 55]. For newer and more innovative applications
of these detectors a systematic study on the effects of external factors
like exposure to radiation, on their physical and chemical properties is
essential. Experimental evidence shows that the track registration
characteristics of plastic Solid State Nuclear Track Detectors (SSNTDs)
are greatly affected when exposed to high doses of gamma rays [56-
66]. The modifications in characteristics originate from the structural
alterations produced by irradiation of polymers. The changes are
strongly dependent on the internal structure of the absorbing
substances and the radiation gamma doses. It may be expected that
the interaction of gamma-rays with solid causes electronic ionisation
(or excitation) of the orbital electrons and possibly atomic
displacements. Since polymeric solid state nuclear track detectors
consist of long chain organic molecules, the net effect on the material

is the formation of many broken molecular chains, leading to a

16
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reduction in the average molecular weight of the substance. Such
radiation induced modifications of polymeric materials may influence
their etching ¢ haracteristics which in turn change the track registra-

tion properties of these track detectors.

Since the track detectors are being used increasingly in diverse
fields such as radiation dosimetry, cosmic-ray study, heavy ion
physics, microanalysis, uranium prospecting etc., so a proper
characterisation of these detectors is necessary. Though the passage of
lighter particles and gamma rays through these detectors can not be
directly recorded, but the modifications that they produce on these
detectors can be quantified. Keeping these factors in mind we have
attempted to characterise the modifications that take place in track
properties in three different types of PADC polymeric solids viz. PADC,
(Pershore), PADC (Trastrak) and PADC (Homalite). Track properties of
these detectors are studied in dose range of 101 Gy to 106 Gy.

In this dissertation we present a detailed account of the response of
six polymeric materials exposed to different doses of gamma rays in

terms of —

e registration and development of tracks in PADC detectors

e determination of bulk-etch rate, track-etch rate. etching-efficiency,
critical angle and sensitivity under different etching conditions

e change in absorbance of transmittance caused by different doses of
gamma radiation in the UV and VIS region for films like PVC, PC
and PP

e changes in optical band gap due to gamma radiation
e modifications in chemical structure of polymer films
e changes in thermal properties due to gamma irradiation

e modifications in morphology.

1%
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CHAPTER-2
TYPES OF RADIATION AND THEIR INTERACTION WITH MATTER

2.1. TYPES OF RADIATION:

Radiations are broadly classified into two categories:
(a) Charged particles
(b) Neutral radiations

The charged particle radiations include heavy charged
particles like heavy ions, fission fragments, a-particles and
protons and light charged particles like the electrons and
positrons. Neutral radiations consist of neutrons and

electromagnetic radiations namely gamma rays and X-rays.
2.1.1. Charged Particles:

[a] :Electrons and Positromns: - energy is in the range of 10 eV

to few MeV and velocity is in the range of 10% to 1019 cms-1.

[b] Alpha particles and Protons: energy is in the range of 1

MeV to few MeV and velocity is in the range of 108-10%cms-1.

[c] Fission fragments: energy is in the range of 60 MeV to

100 MeV, velocity is in the range of 107to 08 cms'! and a

chapge state of +20 to +22,

[d] Acecelenated Particlesy Aceeleratons are the maest wepsatile
heavy iOn sources which provide mEnoeRergetic,

monoisotopic and highly parallel beams of practically all
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ions. An extremely wide range of areal flux of 100-10!2 cm-?
and ion energies of 100-103 MeV/u is attainable depending

on the type and size of the acecleratior,
2.1.2. Neutral and Uncharged Radiations:

[a] Electromagnetic radiations: - X-rays have energy upto 100 keV

and gamma rays have energy ranging from 20 keV to 10 MeV.
[b] Neutrons: - energy is in the range of 0.025 eV to a few MeV.
2.2. INTERACTIONS OF RADIATION WITH MATTER:

Charged particles interact with matter through
caulombie fionees. @m the eiher hamd, im .ease of radlations
that do not have charge, interaction is a two step process.
First they undergo a reaction/interaction to produce charged
particles to which kinetic energy is transferred and these

partieles then . interaet through eoulombie forees,

2.2.1. Heavy Charged Particle: Heavy charged particles
interact with matter through a series of binary collisions
with the electrons of the atoms and molecules via
columbic interaction and produce ionisation and excitation
in the mediume (er 'abserber), Aceording 'to the law of
conservation of momentum, the maximum kinetic energy (Te)
which can be imparted to the electron by a charged
particle of mass M and energy E in a single collision is

given as

(Te)max = 4mo(E/M) (2.1)
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Thus a proton of energy 5 MeV can transfer a maximum
of 10keV energy to the electron. Due to small loss in energy
per collision, heavy charged particles generally travel in a

straight path in a medium.

2.2.2. Electrons: Like heavy charged particles, electrons also
lose their energy in a stopping medium by collisional losses
through coulombic interactions. In electron collisions, the
incident eleectyon ean: loose Up to sne lHalf of its energy in -2
single collision. The mean deflection of an incident electron
as a result of an ionisation or radiation collision is also large
compared to a heavy particle. In addition the electron also
suffers scattering due to elastic collision with the nuclel
and eclectrons of the tarpet atoms, “regulting m forther
deflection from thelr directlon 6f ingldente. Electrons alse
loose their energy by emission of Bremsstrahlung. High
speed charged particles passing close to the nucleus of an
atom may be decelerated =and  pradiafe electromagnetie
radiation. The energy  loss due to emission  of
Bremsstrahlung will be greatest for light particles and

stopping materials of higher atomic number.

2.2.3. Electromagnetic Radiation: Electromagnetic radiations like
X-rays and gamma rays lose their energy in a stopping

material through the following three processes -

[a] Photoelectric Effect:- In this process, a photon is absorbed 1n

the medivm and the energy is trapsferred teo the abteom. This

energy if transferred to one of the electrons (normally tightly
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bound electrons), then the velocity of that electron will be
too high to remain in the orbital, thus resulting in its
emizsion, The difference between the ingident photen energy
(Ey) and the ionization energy of the electron (Ep) appears as

the kinefie enengy (Eq) of the ejected eleetron,
Ee = (Ey - Ep) (2.2)

The probability of emission of K electrons is higher
than the other electrons provided the energy of the photon is
higher than the threshold energy required for its ejection.

[b] Compton Scattering: In this process the photon interacts

with an electron which may be loosely bound or free. The
incoming photon is deflected through an angle 6, with
respect to its original direction and a fraction of its energy

ls transierred fe:tlhe electiron {Riguse. 3.1].

Recoil electron

Energy= hv \6
Scattered photon

( energy = hv)

Fig. 2.1 The Compton effect
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The outgoing photon energy is given by,
hv' = hv/[1+{(hv/m,c?) (1-cos8)}] (2.3)

The electron energy (Ea = hv-hv') is zero at 8 = 0 and
maximum (2 hv-mec2/2) at 6 =180. Since electrons in the
entire energy region between E = 0 and 2 hv - moec2/2 are
preduced, a cenfinugus response of the defeetor 15 pbtatned.
Therefore, this imteractiom is not very useful for detection.
Compton Secattering predominates for photon energies
between 1 and 5 MeV in high Z materials and over a wide

range of emergies in low Z materials.

[e] PBaic PHbduction 3~ Thiss progess involves the ecemplete

absorption of a photon in the vicinity of an atomic nucleus
with the formation of an electron- positron pair. This
interaction occurs mainly in the coulomb field of the nucleus
of the absorbing material. The conservation of energy is

given by the equation
hV == 2moC2 = Ee+ o} Ee_ (24)

where Ee: and E.. are kinetic energies of the positron
apd <¢lectron rvegpeetively, and mas s the resgt mass of the

positron or electron.

2.2.4. Neutrons: Neutrons do not directly produce ionisation in
matter. However they interact with nuclei of atoms of the

absorbing medium through different nuclear reactions and
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thus, interact with matter by elastic and inelastic scattering

and nuclear reactions.
2.3. INTERACTION OF RADIATION WITH POLYMERS:-

The interaction of radiation with a polymer and the
subsequent events can be chronologically divided into three
distinct periods : energy absorption, establishment of

thermal equilibrium, and the establishment of chemical

equilibrium]|1].

2.3.1. Energy Absorption. There are three modes of energy
absorption: viz., electron displacement (ionisation and
excitation), atomic displacement, and generation of impurity
atoms as a result of nuclear reactions. For non-relativistic
particles, the probability of energy transfer through a
nuclear reaction is small compared to other modes of energy
teansferll], Even if smoll am event deoes goeur, it js guiie
discrete and obvious. Thus it need not be discussed with the
other, more nearly continuous energy loss mechanisms.
Except at very low velocities of the incident charged particle,
the energy transfer via atomic displacement can also be
neglected. However, the possibility of a 'displacement' spike
occurring in last few microns of a heavy particle path can
not be discounted-at this time. Thus, the primary mechanism
for energy absorption in polymeric systems is electronic
displacement. This takes place in the time period of less

than 10715 seconds.
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2.3.2. Thermal Equilibrium: The second phase, lasting for
approximately 107!2 to 10792 seconds, involves the transport
and disposition of absorbed energy by molecular motion.
During this phase thermal equilibrium within the solid is be
established. Again there are three alternatives: energy can
emitted as luminescence, it cam be dissipated as heat, op
energy can be stored as potential energy in the form of
chemically reactive species. The exact path followed depends
strongly on the structure of the meolecule .and the
environmental conditions. A fraction of the energy emitted
during luminescence can be in the form of short ultraviolet
light which will be locally reabsorbed by the plastic.
However, since the amount of energy involved in
luminescenice is genctrally of the order of pnly 2 few pereent
of the total, the photochemistry arising from this effect can
be meglected. The great bulk of the enenpy ends up as heat.
In case of slow, massive, very heavily ionising particles,
such as fission fragments, the sudden deposition of a large
amount of energy in a highly restricted space may for a
peried of 10711 seconds, raising the local temperature in
excess of several hundred degrees centigrade - the so-
called 'thermal' spike concept [2]. Temperature in this range
can activate certain atomic and electronic processes
resulting in extensive atomic rearrangements and local
chemical changes. Other damage spikes such as "plasticity’,
"displacement electron”, [2] and "ion explosion" [3] have also

been proposed.
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2.3.3.Chemical Equilibrium: The duration of the third and final
stage may be extended by diffusion processes and reaction
rate may vary from a minimum of about 1072 seconds upto
years in certain solids. [t involves the reduction of a small
fraction of the energy which ends up as potential energy of
the reactive species to a thermally stable level[l]. These
species include electrons, excited molecules, ions and
redicgls. While the life time of excited melecules is shornt
(1072 to 1078 s), measurable populations of the other species
may persist almost indefinitely. This is because electrons
are held in traps while ions and radicals are stabilized by
the cage cffieet. The ecage cfieet greaily pnlances the
probability of immediate recombination of the chemically
reactive species inside the cage, while at the same time

impending reactions with molecules on the out side.
2.4. MECHANISM OF ION-MATTER INTERACTION

Ion interaction with polymers leads to both micro
structural changes and macroscopic changes. The micro
structural changes of polymers upon ion impact can be
classified according to Table 2.4.1.[4] This table makes clear
that polymer irradiation affects a multitude of parameters,
nearly all of which are interconnected with each other in a
delicate way. In general, their characterization requires more
than just one technique, as all experimental methods are
sensitive to different parametric dependencies of the same

property. Irradiated polymers lead to significant macroscopic
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cthanges. These changes are dependent on the dose and
fluence of the radiation. It has been observed by several
authors that due to irradiation, bulk properties of the
polymers like density, surface, chemical resistance, optical,
electrieal, thermal properties ete. .tale place. Some ol the

important and relevant references have already been cited in

Chapter-1,
2.5. FORMATION OF NUCLEAR TRACKS

It is already a known phenomenon that the energetic
charged particles create sub-microscopic damage trails in
solid dielectrics such as glasses, plastics and inorganic
crystals. These trails are of the order of 5 - 10 nm in
diameter and are visible only at high magnification under an
electron microscope. Due to the rapid fading characteristics
of sueh latemnt tnacks under the influence of high electron
flux, it becomes difficult to make accurate measurements of
any desired track parameter. With the help of suitable
etching processes it is possible to enlarge and fix these trails
into permanent tracks which could be easily observed under
an optical microscope. Out of several track developing
techniques, chemical etching is by far the most simple,
accurate and widely wused technique. The principle of
chemical etching of nuclear tracks is based on the fact that
the damage- trails are associated with large free energy,
leading to a preferential etching along the track as

compared to normal material when the detector is immersed
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in any suitable chemical etchant. The speed with which the
undamaged material of the detector is dissolved away by the
etchant solution is known as bulk-etch rate (Vg). On the
other hand, the rate of increase of track length with respect
to etching time is defined as track-etch rate (Vr). The shapes
of the etched tracks depend on the relative magnifude ef the
etch rates. In most plastic track detectors, one observes
narrow conical tracks where as in glass detectors, shallow
etch-pits are generally observed. SEM images of tracks
observed after etching [5] are shown in Figure 2.2. In the
past three decades an aura of excitement and fascination
has been created in the field of nuclear tracks in solid
dielectrics [6-15] partly because of its simple methodology
but primarily because gff the great diversity of' ifs
usefulness in scientific and technological domains which
ranges from Anthropology[16], Geochronology[17,18]to Space
research [17,18], from Geophysics [19], Superfluidity [20],
Lithography[21] and Dosimetry [22] to Biomedical research
[23] and from Gem diamond manufacturing [24] to Cancer
therapy [25]. In addition to the broad range of applications
of Solid State Nuclear Track Detectors (SSNTDs), the
usefulness of these deteetors Tn Nuclear Physics fs
particularly becoming more and more important. The study
of heavy 1ion nuclear reactions [26,27], high resolution
partisle identification [28,29] ternary dfission [36,31],
measurement of reaction cross-section and life time [32-34],

detection of short lived heavy nuclei [35], discovery of super
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Table 2.1. Microstructural Changes in Properties of lon-Irradiated Polymers

Property
Radical Formation

Destruction of existing
chemical compounds

Formation of new com-Pounds

Chain scissioning

Property
Cross-linking

Free Volume Changes

Crystallinity Changes

Cluster Formation

Experimenta [e?hgi_gwé :
EPR

Trapping of markers
Chromatography
FTIR

Luminescence
Chromatography
FTR

Mass Spectrometry

Chromatography
FTIR

Mass Spectrometry

Experimental Teh u e s
Chromatography

Residual malter after chemical dissolution

Swelling by solvents
FTIR

Elasticity measurement
DSC

Positron annihitation

Marker uptake with different sizes of
phosphorescent

markers + tomography

SANS,
SAXS
DsSC

XRD

AFM

FTIR

AFM

SANS

SAXS

Conductivity studies

Physical Informations obtained
Unpaired spin density

- degree of chemical reactivity

Radical density,

radical depth distribution

Mass of fragment

- radiochemical inform.

Absorption frequency of functional groups
-> radiochemical inform.

Degradation of luminescence spectra

-> radiochemical inform.

Mass of new compound

-> radiochemical inform.

Absorption frequency of functional groups
-> radiochemical inform.

Mass of new compound

-> radiochemical inform.

Mass of scissioned compound -> radiochemistry
Absorption frequency of funclional groups
-» radiochemical inform.

Mass of scissioned compound -> radiochemistry

O b &Hed Ifomation s
Masses of new compounds —> radiochemical inform,

n

Fraction above gelation point - radiochemical information

Remaining free volume -> spatial information

Absorption frequency of functional groups
-> radiochemical informations

Crosslink density
Melting temperature
-> structural information

Total free volume
Microcavity size
Depth distribution of
Total free volume
Viree Of cavities > d
Alignment of pores

3D distribution of free volume

Scattering intensities >

Microcavity radius, size, surface, density
Melting temperalure

- structural information

Crystalline fraction

Visualisation of crystalline domains
Characteristic bands for amorphisation and crystallinity
Visualisation of clusters

Scattering intensities >

Cluster radius, size, density

Cluster size, dislance
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A B Tum

Fig. 2.2. Scanning electron microscopy (SEM) images of the etched side of a PET (A) and a Kapton fait (B),
showing the large opening of a conical tracks (polymers were irradiated with under normal incidence with single
heavy ions. Au for PET, and U for Kapton) of energy 11.4 MeV per nucleon) {5]

heawy elemenfs [86], exotic deeay [8%,88], range and
energy loss measurement in elemental and complex media
[39-42], preparation of micro-filters [43-44], etc., involve

extensive use of SSNTDs.

Experience shows that the track registration
characteristics of polymeric Solid State Nuclear Track
Detectors (SSNTDs) are greatly affected when exposed to high
doses of gamma rays [45-55]. The modification in
characteristics originates from the structural alterations by
irradiation of polymers. Since polymeric solid state nuclear
track deteetors consist of long chaim melecules, the net effeet
on the matrix due to irradiations is the production of many
broken molecular chains, leading to a reduction in the
average molecular weight of the substance. All these
modifications change the track properties like bulk-etch

rate, track-eteh rate, etching efficieney ete.

In polymeric track detectors, only those charged
particles with linear energy transfer (LET) above a critical

value can create distinct etchable tracks. Atomic radiations
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such as UV rays and X-rays, nuclear radiations like gamma
rays and beta rays are low LET radiations. They mostly affect
the physical and chemical properties of the polymeric films.
Though they can not erecate any tracks, but they can affect
etch rate values of detectors depending upon the absorbed
deose. Fer track detectors expesed te high LET charged
particles followed or preceded by low LET radiation
exposure, both the bulk-etch rate and track-etch rate are
found to vary in accordance with the absorbed doses of low
LET radiations. Having a thorough knowledge about these
effects are therefore necessary, when the track deteectors are
used for detecting charged particles in an atmosphere of
intense low LET background radiation. Besides, it is useful

in evaluating the dosimetric properties of track detectors.

2.5.1. Track registration criteriaz The ability to predict which
particle will produce latent (etchable) tracks in a given
polymeric system 18 the 'basie rnequirement [nm the
understanding and purposeful utilisation of detectors. In the
past few years, several track registration criteria have been
proposcd, We will consider these criteria beth im terms of
their wutility as well as the physical track formation
mechanisms that are implied, and what distinguishes the
latent track region from the unaffected bulk material. Also,
the exact chemical and physical properties of the
preferentially etchable region depends very strongly on the
mass, charge and velocity of the track forming particles, on

the ehemriecal strueture and physical state of tlie dielectrie
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material used during irradiation and the environmental
conditions. However, in general it is expected that this
region will have the properties listed in Table-2.2. The
parameters which influence track etching can be separated
into five broad categories :(1) The material parameters
(which will include the chemical composition, molecular
weight, crystallinity, solvent content, etc.);(2) the particle

parameters (charge:Z, mass:M, velocity:V);(3) the irradiation

Table—2.2. Properties of the latent track region in the irradiated polymers

Reduced molecular weight
Increased number of polymeric chain ends
Increased solubility
Presence of new chemical species such as
a. free radicals
b. trapped gases {CO, CO2, Hz, 02 etc))
c. increased unsaturation
Reduced physical density
increased optical absorption, particularly in the UV region.

environmental parameter (temperature, atmosphere, etc.);
(4) the pre-etch storage parameters (atmosphere,
temperature, etc.); and (5) the etching parameters (including

type of etching solution, concentration, temperature, time

edie. ).

2.5.2. Theories used for track formation:. Various authors have
suggested that track formation should be related to a

number of different parameters, such as total energy loss
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rate, primary ionisation, restricted energy loss, etc. Once a
certain track formation criteria is set up, it, which takes
the form of a statement that tracks are formed in a
medium when and only when, the chosen parameters
exceed some critical value whatever be the bombarding
particle. For a valid track formation, having parameters,
(say) X, should be possible to draw a unique threshold value,
Xc¢, separating the region of track etchability from that
corresponding to non-etchability. In recent years, this view
of track formation criteria has been modified somewhat in
that, less emphasis is now placed on the threshold value of
X. This is because experimental data have accrued [56,57]
to show that the track etching rate (Vr) 1is a smoothly
varying function of incident particle parameters. It is now
usual to seek a parameter X such that Vr (X) always has the
same value (for a given combination of detector and
etching conditions) at a given value of X, regardless of the
combination of ionic charge and velocity that may lead to

the X walue 4n guestiomn,

The concept of ‘thermal spike’ was introduced as a
mechanism by which energetic particles could produce
considerable disruption of a crystal lattice. In this model the
passage of an energetic particle is assumed to produce
intense heating of a localised region (thermal spike concept)
of the lattice. The region is therefore raised to a high
temperature [2], from which it cools rapidly via heat

conduction. As a result of this heating episode various
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atomic processes are activated, and damage to the lattice is

done.

Chadderton et. al. [58] and Chadderton and Torrens
[59] have presented more detailed considerations of the
manner in which the electronic excitation produced by the
fissign frepment is transfersed fo the lattieer alems: They
found that, in metals, energy is lost by 8-rays primarily via
electron-electron collisions down to very low electron
energies, because the energy loss per collision is greater,
and the relaxation time is shorter, than the electron-photon
interactions. Thus the excitation is spread through out a
large wolbasme By the eleefroms befere significant encrgy
transfer to the lattice occurs; and therefore the peak
temperature to which the lattice is raised in a metal is low.
In insulators, on the other hand, electrons can interact
readily with polar and acoustic modes of lattice vibration;
and, indeed emnce the 6-ray energy flalls belew that egual to
the band-gap i.e., several electron-volts release by the §-rays
of further electrons into the crystal’s conduction band
becomes impossible. Therefore, electron-photon collisions
are expected to be the predominant energy loss process in
insulators, and the excitation is communicated to the lattice

more efficiently in such materials.

The nature of track formation appears to be distinctly
different in polymers from what it is in inorganic solids. The

damage along tracks in inorganic solids consists mainly of
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displaced atoms. which can be explained by "ion explosion
spike” model [3], is the use of a burst of ionisation along
the path of a charged particle to create an electronically
unstable array of adjacent ions which eject one another

from their normal sites into interstitial positions.
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CHAPTER-3

TECHNIQUES OF CHARACTERIZATION OF IRRADIATED POLYMERS

In order to understand the modifications that take place in
irradiated polymers, different techniques are used. The techniques are
used to understand the chemical and physical changes that take place
in irradiated polymers. In this chapter, a brief description about the

techniques used is given. The techniques used are:

IR Spectroscopy

UVVIS Spectroscopy
Thermogravimetric Analysis (TGA)

Dif ferential Scanning Calorimetry (DSC)
X-ray Dif fraction (XRD)

Track Technique

3.1 IR SPECTROSCOPY

On irradiation, polymers’ properties are altered due to chemical
changes and this radiochemical destruction process can be derived
from the IR peak assignment [1-3]. Polymers having functional groups
which exhibit strong absorption lines such as C=C, C=0, or aromatic
groups are favourable for such studies. Polymers with long side chains
or heavily branched ones are known to be especially radiation
sensitive. On the other hand, the back bone structure is seen to be
frequently preserved. Further, aromatic groups are known to reduce

the polymer irradiation sensitivity, due to delocalization of the excited

energy.

IR spectroscopy is one of the most important analytical

techniques, which provides sufficient information in determining the
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chemical identity and structure of a compound in question. This
technique is based upon the fact that chemical substances show
absorption of IR radiation only at marked selective and definite
frequencies or wavelengths. After absorption of IR-radiation, the
molecules vibrate in different modes producing absorption bands,
called IR-absorption spectra. When spectra of any new compound is
correlated peak-by-peak against the spectra of an authentic and

known compound, it gives an excellent evidence for identity.

A complex molecule normally produces IR spectra in such a way
that it indicates a large number of normal vibrations. Each normal
mode involves displacement of all or almost all of the atoms in the
molecule. In some of the modes, all the atoms may undergo
approximately the same displacement, while m others the
displacement of a small group of atoms may be much more vigorous.
Thus, normal modes may be divided into two classes: (1) skeletal
vibrations, which involve all the atoms to almost the same extent and
(2) the characteristic group vibrations, which involve only small

portions of the molecule, the remaining being more or less stationary.

Skeletal frequencies usually fall in the range of 1400-700 cm!
and arise from linear or branched chain structures of the molecule. It
1s seldom possible to assign particular bands to specific vibrational
modes but the whole complex of bands observed is highly typical of the
molecular structure under examination. Further, changing a
substituent (on the chain or on the ring) usually results in a marked
change in the pattern of the absorption bands. Therefore, these bands
in the IR region are referred to as the “finger print“ because from the
frequencies at which absorption takes place one can obtain

information about structural moiety and functional groups present in
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the molecule as a whole and with few exceptions, fall in ranges above

and well below that of the skeletal modes.

For a molecule to absorb in the IR region, two very important
conditions are — (a) correct wavelength of radiation and (b) electric
dipole. IR spectra appear only if the vibration produces a change in the
permanent electric dipole of a molecule. It is reasonable to suppose,
then, that the more polar a bond the more intense will be the IR

spectrum from the vibrations of that bond.

3.2 UV-VIS SPECTROSCOPY

The ultra-violet-visible (UV-Vis) spectroscopy in the region 2000-
8000A (200 - 800 nm) is considered to be one of the physical methods
mainly used for quantitative analysis and serves as a tool for
structural elucidation. When a compound containing different groups
and bonds is irradiated with an electromagnetic radiation in the UV
region A = 200 — 400 nm) or visible region (A = 400 — 800 nm), it is
observed that only a part of the incident radiation is absorbed. The
actual amount of radiation absorbed depends on the structure of the
compound as well as the wavelength of the radiation. The energy of the
radiation beam absorbed is used for the excitation of electrons in
orbitals of lower energy to orbitals of higher energy. The amount of
light absorbed at each wavelength in UV or visible range is measured
with the help of a spectrophotometer. UV-VIS spectroscopy is based on
the law governing absorption of electromagnetic radiation in matter,
which states that — “the intensity of a beam of monochromatic light
decreases exponentially with increase in concentration of absorbing

substance”.

Although fine structure of rotation and sometimes vibration do
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not appear in case of liquid or solid samples, but the position and
intensity of a broad absorption band is observed. This is due to an
electronic transition, which is characteristic of the molecular group
involved. The wavelength at which maximum absorption (Amax) takes
place is taken as the position of absorption. Amax is quoted either in
Angstrom units (1A = 10-19m) or in nanometers (Inm = 10-9m), the
latter being more commonly used. For practical reasons the electronic
spectrum is divided into three regions: the visible region between 400
nm and 750 nm(or 25,000cm - 13300 cm-l), the near ultra-violet
between 200 nm - 400nm (50,000 - 25,000 cm-!) and the far ultra-
violet region, below 200 nm.

Electrons in most of the molecules fall into one of the three
classes: o-electrons (sigma-electrons), n-electrons (m-electrons) and n-
electrons (non-bonding electrons) A single bond between atoms
contains only o-electrons. Examples of such bonds are found in C-C,
C-H, O-H, etc. A multiple bond systems such as C=C, C=C, C=N, etc,,
contain ri-electrons in addition to o-electrons, while atoms to the right
of carbon in the periodic table, such N, O and halogens, possess n-
electrons. Generally, sigma electrons are most firmly bound to the
nuclei and hence require greater amount of energy to undergo
transitions, while the pi-electrons require lesser energy than sigma
electrons. The n-electrons usually (but not invariably) require the least

amount of energy.

Any material, on exposure to gamma radiation, results in
alteration of physical or chemical properties. The changes strongly
depend on the internal structure of the absorbing substances and on
the intensity of gamma radiation. It is expected that the interaction of

gamma rays with solids will cause electronic ionization (or excitation)

1.
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of the orbital electrons and possibly atomic displacements. The photo
conduction electrons produced will go back and forth and become
freely or loosely bound to trapping centers somewhere in the material
structure. These new electronic configurations, in addition to the
possible displacement of atoms would cause a change in the optical

properties of the absorbed substances[4-6].

3.3 THERMOGRAVIMETRIC ANALYSIS (TGA)

Quantitative measurement of weight loss due to thermally
induced transitions is called thermogravimetry or thermogravimetric
analysis (TGA). During polymer decomposition, weight loss takes place
following a definite pattern and thus, it is useful in characterizing
polymer structure. TGA is mainly of two types viz: isothermal and non-
isothermal. In the former, weight loss is recorded as a function of time
at constant temperature. In the latter, temperature is increased at
constant rate and weight loss is recorded as a function of temperature.
This provides more useful information as it directly indicates the
upper limits of thermal stability. It has been observed by several
authors [7-9] that the thermal properties of polymers change to a
significant extent upon irradiation. It is understood that a correlation
exists between radiation exposure and polymer thermal stability. The
gamma-ray irradiation is known to induce point defects and defect
clusters [10]. The specific defects and defect clusters might be

responsible for hardening of ionic crystals.

3.4 DIFFERENTIAL SCANNING CALORIMETRY (DSC)

Differential scanning calorimetry DSC) is widely used to characterize
the thermo - physical properties of polymers. DSC can measure

important thermoplastic properties including melting temperature,
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heat of melting, percent crystallinity, Ty or softening, crystallization,
presence of recyclates/regrinds. Most DSC experiments on polymers
are conducted by heating at temperature ranging from ambient
conditions to above the melting temperature. Thermal susceptibility is
one of the most important properties of organic polymers, because
their physical and chemical properties can be easily altered by heat
treatments. In DSC technique the sample and the thermally inert
reference material are subjected to controlled heating and the energy
liberated or absorbed by the sample during the transition state is
measured i.e., when thermal transition occurs in the sample
(chemically or physically), thermal energy is added either to the sample
or the reference in order to maintain their temperature at the same
degree. Since the energy transferred is exactly equivalent in magnitude
to the energy absorbed or evolved in the transition, the balancing
energy yields a direct calorimetric measurement of the transition
energy. So, in short, we can say that DSC is a technique for the
calorimetric measurement of transition energy released or absorbed as
a function of temperature. DSC profiles of ion irradiated polymers have
been studied by few authors[l1-13] where in they have reported the
change in polymer properties such as, glass transition temperature,

melting point, percent crystallinity etc.

3.5 X- RAY DIFFRACTION

This is a study of the pattern of x-rays diffracted from the planes
of a crystal by the atoms present in it. This method depends on the
wave character of the x-rays and the regular spacing of planes in a
crystal. The condition for diffraction of a beam of x-rays from a crystal
is given by the Bragg’s equation:

MA= 2d sin® (3.1)
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Where M = order of diffraction, A = wavelength, d = distance between

crystal planes, 8 = angle of diffraction.

Every atom in a crystal scatters each x-ray beam incident upon it
in all directions. The atoms in any crystal are arranged in a regular
and repetitive manner distinctly from any other crystal and the
scattering power of an atom for x-ray depends on the number of
electrons it possesses. Furthermore, the intensities of the diffracted
beams depend on the type of atoms in the crystal and the location of
the atoms in the fundamental repetitive unit patterns. When both the
direction and intensity are considered, no two substances can have
absolutely identical diffraction. The diffraction pattern is thus a finger
print of a crystalline compound, and the crystalline components of«a
mixture can be identified individually. XRD studies have been
extensively used to understand the crystalline structure of the
polymers [14-16]. Change in polymer crystallinity like amorphous to

crystalline or vice versa can be easily understand by XRD techniques.

3.6 TRACK TECHNIQUE

Chemical modifications observed m irradiated polymeric
materials have imparted the initial motivation for usage of polymers as
track detectors. Only those charged particles with linear energy
transfer (LET) above a critical value can create distinct etchable tracks
in polymeric track detectors. Atomic radiations such as UV rays and
X-rays, nuclear radiations such as gamma ray and nuclear particles
like electrons are low LET radiations. They mostly affect the bulk-etch
rate of the detector depending upon the absorbed dose. For track
detectors exposed to high LET charged particles, proceeded by low LET

radiation exposure, both the track-etch rate and bulk-etch rate are
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found to vary in accordance with the absorbed dose of low LET
radiation. It is already an established fact that, when a heavy charged
particle passes through a di-electric medium, it creates tracks. So the
basic requirement for track study is the heavy ion source as well as

dielectric solids (track detectors). The details of heavy ion sources are

given below.

3.6.1. Heavy ion sources:

[a] Alpha particle sources: - Usually heavy nuclei (A>200) are energetically

unstable towards the spontaneous emission of a-particles. The
probability of a - decay is governed by the mechanism of barrier
penetration’ and the half-life of most of the useful sources vary from a
few days to many thousands of years. Most alpha-particle energies
range from 4 to 6 MeV/U. Also, there exists a very strong correlation
between alpha-particle energy and the half-life of the present nucleus.
Isotope (253Es) with shortest half-life emits alpha-particles of highest
energies (E = 6.5 MeV). Alpha particles lose their energy rapidly in
materials and therefore, the alpha sources must be prepared in very
thin layers in order to obtain more energetic ions. High energy alpha-
particles can be obtained from accelerators which are described in

section (C). In all our experiments, 252-Cf is used as the alpha particle

source.

[b] Spontaneous Fission Sources: - Theoretically all heavy nuclei are

unstable and undergo spontaneous fission forming lighter fragments.
Spontaneous fission from transuranic nuclides is a very simple and
useful way of obtaining heavy ions of about 1 MeV /u specific energy.
The penetration depth of these fragments in solids is of the order of

10pum. The most widely used source is 252Cf which undergoes
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spontaneous fission with a half-life of 2.65 years. The medium light
and medium heavy fragments have masses 108.55 and 143.55 [17],
kinetic energies 106.2 + 0.7 MeV and 80.3 MeV [17] and the most
probable charges obtained from Mukherji's prescription [18] are 42.55
and 55.45 respectively. The fragments have initial positive charge of
+20, but as they interact with matter, additional electrons are picked
up by the ions thus reducing their effective charges. Nuclear reactors
are being routinely used to produce high flux (1010 cm?) of induced
fission fragments by exposing 235U foils at neutron outlet ports. The
energy and mass distribution of the reactor generated fission
fragments are nearly same as those obtained from radio-active
sources. However better beam collimination could be achieved for

induced fission fragments.

[c] Heavy ion accelerators :- Accelerators are the most versatile heavy ion

sources which provide monoenergetic, monoisotopic and highly
parallel beams of practically all ions. An extremely wide range areal
flux (109-10!12 cm 2 and ion energies (109-10%3 MeV/u)) is
attainable depending on the type and size of the accelerator.
Accelerated heavy ion beams are quite useful for various nuclear
experiments in elemental and complex media. In last two decades or
so, particle accelerators have initiated research activities in the fields

of heavy ion interactions with matter [19-25].

3.6.2. Methods and formulations associated with track study

[a] Buk-etch rate (V) :- The bulk-etch rate (Vg) is defined as the speed

with which the undamaged material of the detector is dissolved
away by the etchant solution under a given etching condition. There

are three different methods of determining Va.
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[i] Track diameter method: - The initial damage formed in the detector is very

small and is about 5-10 nm. When this is etched in a suitable etchant,
the etch rate along the surface is normal while along the track it is too
fast. Thus, for a detector irradiated perpendicular to the surface, the
etching rate will be very fast along the track while it will be normal
along the surface. Thus we can find out the rate of increase of track

diameter with etching time. If D is the track diameter (um) at a etching

time t (h), the bulk etch rate (in pm/h) is given by
Vo = (D/2t) (tan® + secH) (3.2)

where 0 is the cone angle. For any cone angle less than 3°, the term

(tan® + secO ) may be approximated as unity. Therefore, we can write,
Vig. =DJo¢ (3.3)

[ii) Thickness method: - This method is based on the rate of decrease of

thickness of the material with etching, assuming same rate of etching
for both the surfaces of the detector. If X; be the initial thickness, and

Xt the thickness after a certain interval of time ¢, then Vg is given by
Vg = Xi—Xg /2t (3.4)

[iii] Gravimetric Technique: - This method is based on the measurement

of the weight lost by a sample foil of known area after it is etched in
the etchant solution of known concentration for a given period of time
at a given temperature. If m grams is the loss in weight of the detector

after an etching time t (in hours), then the bulk-etch rate (in pm/h) is

given as
Ve = Am/2spt X 104 (3.5}

where p is the density of the detector foil m g/cm3, and 's' 1is the

surface area of the foil in cm?,
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[b] Track-etch rate (V1) - The rate of increase of track length with respect to

etching time is defined as track etch rate (V). Assuming that, over a
small portion of the track, Vr remains almost constant, the track etch
rate (V1) may be determined by measuring the small increase in track

length Al (in ym) in short etching time At (in h) from the equation

Vr =Al /At (um/h) (3.6)
For our purpose the bulk-etch rate (Vg) is calculated from track
diameter method where as for track-etch rate (Vr), can also be derived
from the following equations [26]
Vae=Dg/2t, V=V x Vg, where V =1+x2/ 1-x2 (3.7)

x =Dg/ D, , where Dg is the diameter of fission tracks and D, is the
diameter of alpha tracks.

There are some other terms associated with track studies like
etching efficiency and critical angle which can be determined from the
equations given below.

etching efficiency n(%) = (1 - Vg/Vt) x 100 (3.8)

Critical angle 8 ¢ = Sin-}(1/V) (3.9)
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CHAPTER-4

EXPERIMENTAL TECHNIQUES

4.1 PREPARATION OF DETECTORS: In the present investigation six
different types of polymers are used viz; Polyvinylchloride
(PVC), Polypropylene (PP), Polycarbonate (PC) and three
types of Polyallyldiglycolcarbonate(PADC). Polyallyldiglycol-
carbonates (PADC) which are wused in this thesis are
generally known and used as nuclear track detectors. Three
types of PADC track detecters have been studied. They are
PADC (Pershore), PADC(Homalite) and PADC(Trastrak). Some
of the impertant properties and ehemieal struetures of these
detectors are listed in Tables 4.1 & 4.2. A brief description

about these polymeric materials is given below.

[z] Bolywinylehlride [1,2]: - There are two mefliods for the

production of the monomer vinyl chloride: one is cracking
ethylene dichloride im wapeur phase and the eother is by
reacting acetylene with hydrogen chloride, in presence of a
catalyst. Industrial polymerisation of vinylchloride is carried
out either in suspension or emulsion. The emulsion system
has the advantage that polymerisation can be done at low
temperature (say, 209C) whereas higher temperatures (509C-
800C) are required for suspension and bulk polymerisation.
Since the monomer is a gas at these temperatures,
polymerisation has to be conducted in a pressure reactor or
am angtoclaye, Structurally, the BVE melecule is partially

syndiotactic and does not have a completely regular
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structure. That is why PVC has low crystallinity. The

polymer molecules are either linear or slightly branched.

PVC is one of the cheapest and most widely used plastics
globally. It is used for the large scale production wf eable
insulations, equipment parts, pipes, laminated materials and
in fibre manufacturing. PVC is thermally not very stable and
beyond 200°C it degrades, with the evolution of HCIl. This is
further attended by the formation of conjugated double
bonds along the chain, which will result in the
discolouration of the polymer. To avoid such discolouration,
a suitable stabilizer is added to the polymer. The usual
stabilizers are alkali earth oxides, organometallic salts,

epoxy compounds or amine type compounds.

PVC as such is a horn-like material and difficult to
process. It 1is therefore compounded with plasticizers.
Depending on the plasticizer’s percentage, fully rigid to
highly flexible finished products can be obtained. In many
cases, the plasticizer content may be up to 30% by weight of

the polymer.

PVC is insoluble in alcohols, water and hydrocarbons.
Acids and alkalis have practically no effect on PVC, at least
upto 20°C. PVC however, dissolves in ketones, chlorinated
hydrocarbons and some other organic solvents. A mixture of
acetone and carbon disulfide is found to be an excellent

solvent for PVC.
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[b] Polypropylene[1,2]:- The polypropylene polymer can be

represented as follows :

= o o

n

Polypropylene is perhaps the lightest known industrial
polymer. It is produced by the pelymerisation of propylene
using the famous Ziegler-Natta catalysts. Polypropylene can
be prepared in isotactic, syndiotactic or atactic forms. The
isotactic polymer melts at 208°C and is highly crystalline.
The polymer molecules are essentially linear and take up
configurations leading to helical structures. Being highly
crystalline, polypropylene exhibits high stiffness, hardness
and tensile strength. Its high strength to weight ratio makes
it very wuseful industrially. It 1is insoluble at room
temperature in many of the known solvents. However,
polypropylene, on heating above its melting point, can be
dissolved in aromatic and chlorinated hydrocarbons. It is
resistant to many chemicals such as acids, alkalis, and oils,
but less resistant to oxidation compared to polyethylene.
Components made of polypropylene are used in appliances
such .as refrigerators, radios, and TVs. It is also used for
producing package films, pipes, storage tanks, seat covers,

monofilaments, and ropes.

[c] Polycarbonate: - Polycarbonates [2-5] are polyesters of

carbonie acid. Although carbonic acid itself is net a stable
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compound, its derivatives (Phosgene, urea, carbonates) are
commercially available. The reaction of phosgene with
bisphenol A was developed into commercial production by

Farbenfabriken Bayer in Germany.

Bisphenaol A polycarbonate

While any dihydroxy compound, in principle, forms a
polycarbonate with phosgene, only bisphenol-A has gained
commercial importance. This is due to a combination of low

monomer cost and unusually good polymer properties.

Polycarbonate melts at around 265°C and has very high
impact strength. It is resistant to water and many organic
compounds but alkalies slowly hydrolyse it. It is a
transparent plastic. Many useful articles such as safety
goggles, safety shields, telephone parts and machinery

housings can be made from this plastic.

[d] The polyallyldiglycolcarbonate detectors :- PADC is a

highly cross-linked thermoset polymer prepared by the
polymerisation of a liquid monomer diethyleneglycol bis

allyl carbonate [6].
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Polymerisation of PADC represents a transformation f{rom
the wunsaturated monomers to the saturated polymer.
However, in the process of formation of a three-dimensional
network, wvearious closed zones -are formed and these may
contain unused monomer molecules which characterise the
residual unsaturation left in the polymer sample. Isolation
and random trapping of the unused monomers leads to
structural in homogeneities which are responsible for the
non-uniformity and non-reproducibility of etching response
observed in a large number of PADC samples. To eliminate
the above problems, curing, a process to ensure a uniform
polymerisation, is needed. Because of the exothermic nature
of the process of polymerisation of PADC [7] specifically
controlled temperature time cycles which are derived
assuming a constant rate of polymerisation [8], are employed
during the polymerisation. Despite the utmost care taken
during manufacturing, there is always the possibility of

some amount of unsaturation. The network structure of

PADC polymer is,

~€CH2——(’3H——>H —G(IZH—CHZ%H
EH,— B8 M, —0—€, H,— i —lp==vCyy,

0O O
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4.2. IRRADIATION OF DETECTORS: One set of each polymer
containing seven samples are prepared by cutting out several
pieces of the size 3x3 cm? from the commercially available
large sheets. They are then washed thoroughly with soap
solution and then with deionised water. The clean samples

are dried inside vacuum desicators and then kept in covered

plastic boxes.

Gamma exposures are done using a 6°CO gamma source,
having a dose rate of 3.0 Gy/h. The gamma exposures are
done at room temperature in the dose range of 10! -10% Gy.
Thefe is: abgut &% errar assaciated with 10 Gy of gamma
dose where as higher doses are accurate within 1%. For
track studies, the PADC detectors are irradiated with gamma
source first. After the gamma exposures are done, the
detectors are then exposed to fission fragments and alpha
particles. For this, a 252Cf source having half-life of 2.65
years and activities 5.7 X103 fission/minute and 1.84 x 10°
alpha particles/minute is used as a source of fission
fragments and alpha particles. All the seven samples of each
set of PADC detectors are exposed at normal incidence to the
fission fragments for about 7-10 minutes for sufficient
detection of charged particles. For 90° irradiation, the
samples are nicely fixed to one siﬂ'e/gfﬁe collimator and
then, placed at a distanee ef 1 em away frem the Cf-sounce
with the other side of the collimator facing the source. Then
the exposures are done for around seven to ten minutes. The

irradiation is done inside a desicator in air. Upon completion
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of exposure, the samples are collected and kept separately in

plastic boxes for analysis.

4.3. CHEMICAL ETCHING FOR TRACK DEVELOPMENT:- Chemical
etching of PADC detectors is dome one set at a time. Before
etching, the detectors are washed with soap solution to
remove all the greasy substances and the contaminants
from the surface. They are then dried between layers of soft
filter paper and later dried in a vacuum desicator. The
detectors are then etched with 6N NaOH solution at different
temperatures. One pristine sample is alsa eteched ecach time

for comparative study. The accuracy in the maintenance of

temperature is £ 1°C. After every etching the detectors were

washed in running water followed by 2-3 washings with

distilled water.

4.4, MEASUREMENT OF TRACK PARAMETERS: - Etched track
diameters in each of the deteetors are measured with the
help of a “Leitz" optical microscope fitted with special
objectives of 40X. After every etching, washing and drying,
the samples are mounted on a special holder and viewed
under the microscope. About 20-25 tracks are measured for
each detector to find out the most probable track diameters.
The error involved in the measurement of track diameter is
20.43 pm. I all measurements we have comsidered the
systematic errors only (i.e. £0.43 pum). Since the samples are
exposed to both fission fragments and alpha particles from a

223E5 source, difference in the sizes of the tracks allows one
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to distinguish between alpha tracks and fission fragment.
Fission fragments tracks are larger in diameter as compared

to alpha tracks.

TABLE - 4.1
Properties of PADC(Pershore) PADC(Trastrack) and PADC(Homalite) |
Properties PADC(Homalite] PADC(Pershore)| PADC(Trastrack)
. I
CompOSition C12H1go7 Ci2H107 Cq2H1807
|
Density (g/ml) 1.32 1.312 .22 ‘
|
Thickness(um) 1000 1500 650
Uniformity ' Good Good | Good
Clarity Good . Good Good
| |
Surface view Optical grade | Optical grade | Optical grade
Colour Colourless Colourless colourless
Molecular weight | 274 274 |I 274
|
| Manufactures Homalite Pershore | Trastrack
Chemical name Allyldiglycol Allyldiglycol Allyldiglycol
| carbonate | carbonate | carbonate
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TABLE - 4.2
~ Properties of Polyvinylchloride, Polypropylene and Polycarbonate |
Properties Polyvinylchloride | Polypropylene | Polycarbonate |
Composition C,H;Cl,4 CsHeg Ci16H1403 |
Density (g/ml) 0.9 Q.9 128
_' Thickness(um) | 100 80 100
Uniformity Good IGood Good
Clarity Good Good Poor
Surface view Optical grade ' Optical grade | Optical grade
Colour Colourless ‘ Colourless | colourless
Manufactures commercially commercially | Bayer AG, FRG ‘
available available ‘
Chemical name | _polyv_inyl ch_ridS_.p?o_l_)_/.;_)rop_ylene | poly_cartion_a_l’fe |

4.5. DETERMINATION OF BULK-ETCH RATE AND TRACK-ETCH RATE:
Bulk-et¢gh rates are determined by the track digmeter
method based on the formula Vg = D/2t, where D is the
track diameter of the fission fragments and t is the etching
time. The details about etch-rates are given in Chapter-3.
The track-etch rate (V1) is obtained by measuring both

fission fragment track diameters and the alpha track
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diameters and using the standard relation given by

Durrani[9].

V1 =Vg [(1+x%)/(1-x%)] (4.5.1)

Where Vo s the bullk-etehing rate (pmyfh), x = Ds/D, , ds the
ratio of the diameter D, (um) of the alpha particles track to

Dr (pm) diameter of the fission fragments track.

4.6. IR SPECTRA :- For IR studies, irradiated samples along
with the pristine are cut into small pieces of 1.0 x1.0 cm? .
The spectra were then recorded by a Nicolet (Impact 410)
Fourier-transforming instrument (FTIR). Some IR spectra
were also recorded wusing an Equinox 55, Bruker IR
spectrophotometer. The spectra were recorded in the range

4000-500 cm-! in the solid state keeping air as the reference.

4.7. UV - VIS SPECTRA: UV - VIS spectra of the pristine and
irradiated samples were recorded for these materials using
Beckman DU-650 spectrophotometer. For such measure-
ments the samples were cut inte smiall pieces of 0.5 x1.5
crm?: For egach set of deteeters there were seven samples
including the pristine one. The samples were put vertically
inside a quartz-shell and the absorption spectra were
recorded in the range 200-80Q0 nm keeping air gs the

reference,.

4.8. THERMOGRAVIMETRIC STUDY: TGA studies were performed by
using PERKIN-ELMER instrument. Here again the polymers
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were cut into small pieces (0.25 X 0.25 cm?2 and kept on a
thermo balance. The samples are then heated up to the
required temperature at a constant heating rate. This
heating rate was 20°C/min for all the samples. The detectors
were heated up to a very high temperature, so that in the
process of heating, they lost most of their weight. Heating
temperature varied from one polymer to other polymer. This
heating resulted in the TG-curve, in which weight loss was

recorded as a flunction of temperatire,

4.9. DSC STUDY: The DSC studies were carried out using Pyris
1, Perkin-Elmer instrument under high-purity argon
atmosphere. The DSC is calibrated using pure indium and
zine standards *giving an acecurdacy of =+0.3%9 for the
temperature and 0.2 mW for the heat flow measurements.
The measurements are done keeping the heating rate speed
of 200 C /min,

4.10. XRD study: XRD measurements are carried out using a
conventional diffractometer (Siemens, Bruker axs) equipped
with a graphite monochromator crystal with Cu Ko radiation
(wave length 0.15405 nm) performed at 40 kV and 40 mA.
The diffraction pattern was recorded in the 26 range from 8
ot 60F withh Scanpims speed of '0.2¢F per minute, The
instrument broadening is corrected using a Si single crystal

as a reference for calculating the pattern peak width.
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CHAPTER 5

Results and Discussions

Gamma Photon Induced Modification of Polymers is dealt in this
chapter. This chapter consists of four parts and each part deals with

one type of polymer. The chapters are as follows:

Part 1 — Gamma Radiation Effects on Polyvinylchloride
Part 2 - Gamma Radiation Effects on Polypropylene
Part 3 - Gamma Radiation Effects on Polycarbonate

Part 4 - Gamma Radiation Effects on PADC Detectors
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PART-1

5-1-1 INTRODUCTION

Polyvinyl Chloride (PVC) due to its great versatility has found
uses in many areas where rubbery flexible material or high impact
rigid products are required. PVC, modified through radiation-induced
cross linking, has been successfully used for many years on a wide
industrial scale, mainly for wire and cable insulation [1]. At present,
polyvinyl chloride is one of the most used thermoplastic polymers,
thanks to its low productivity on cost, easy processing, excellent
mechanical properties, high compatibility with additives and
possibility to be recycled [2]. Under irradiation, the PVC polymer
degrades through a three-step process (A) an initial step, in which
active centres are formed; (B) a propagation step, during which HCI is
produced and (C) a termination step, in which the active centres are
deactivated [3-5]. The PVC-gamma radiation interaction may give rise
to macroradicals derived from C-Cl or C-H bond scission reactions [5].
During this interaction, the following reactions can take place due to

the restricted mobility of the macroradicals in the solid state.

. WCH,~CH—CHy™ +CIT ()

1A]
H
1 . .
WHzC_—?M [ N?H _CH—(FHZJ\J\ + H )
cl cl el
{Bl
\N‘CHZ—C::—CHZW\ +H’ )
Ci
(€l

78



Chapter-3

Gamma Radiation Effect on Polyvinvlchloride o

Amongst the three radiation-induced polymeric radicals, “B“ continues
the process by way of a four centre reaction, in which HCI is formed
and acts as a catalyst.
e H=CH=CH—(How ——
bt G
e H=CH—CH—C Howewe 4 HC
e

This chain reaction can proceed until the occurrence of a
termination step. The gamma and electron beam irradiation-induced
formation of main-chain unsaturated polyene groups in PVC has been
observed by some authors earlier [6-8]. In addition to the cross linking
there are chain scission and other side reactions, mostly of a
deleterious character and their importance depends on the radiation
conditions and additives [9]. For this kind of polymers, the prevailing
side reaction is a dehydrochlorination process [10]. Radiation also
causes polyenyl radical formation, a species which can react with
oxygen giving rise to peroxyl radicals. On the basis of polyenyl [11, 12]
and peroxyl radical EPR signals reported in literature [13, 14], the
effects of irradiation on polyvinyl chloride (PVC) have been investigated
by several researchers over a period of time [14-16]. In this part of the
thesis chapter, work on gamma irradiation on PVC polymer in the dose
range of 10! to 106 Gy has been discussed. The experimental details

along with results are thoroughly analysed and discussed.

5-1-2 INVESTIGATION PROCEDURE

Studies on gamma photon induced modifications in

Polyvinylchloride (PVC) polymer have been reported in this part of the

79



Ganvna Radiation Effect on Polyvinlehoride Chaper-3

chapter. To monitor the chemical and structural changes caused by
gamma radiation, FT-IR and UV-VIS spectroscopic studies, TGA and
DSC studies of pristine and irradiated PVC have been performed.
Polyvinylchloride film of thickness 100 um and density of 0.9 g ml! is
used for the irradiation. The film of sizes 2.5 x 2.5 cm? are cut and
then washed thoroughly with soap solution and deionised water. The
clean samples are dried and irradiated with various gamma doses
(101-106Gy) from a gamma source of ®°Co with a dose rate of 3.0 k
Gy/h. The exposure time varies from 12 s to nearly 14 days in order to
deliver the required doses. UV-VIS spectra of the polymers are
recorded using a Beckman (DU-650) spectrophotometer. Absorbances
at different wavelengths are measured for finding out the optical band
gap (E¢). The optical band gap is determined by using Tauc’s plot [17].
FT-IR spectra of the irradiated and pristine polymer are recorded in
the solid state using a Nicolet Impact instrument. TGA and DSC
studies are performed using a Perkin-Elmer instrument. For TGA
studies, the samples are heated in air to a high temperature between
6300C to 690°C at a constant heating rate of 200C min-l This heating
results in weight loss, which is recorded as a function of temperature.
On the other hand for DSC, the samples are heated up to a

temperature of 4900C in nitrogen atmosphere.

5-1-3 RESULTS AND DISCUSSIONS

Physically Observable Changes: It has been observed for Polyvinyl
Chloride polymer that due to gamma exposure, the colour of the film
changes. This change is visible above the dose of 104 Gy. At the dose of
105 Gy, the polymeric film turns little blackish brown. However at the
dose of 106 Gy, it turns dark brown. But there is no apparent change

in colour, till the dose of 104 Gy.
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UV-Vis spectra of pristine and gamma irradiated PVC films is
shown in Figure.5.1.1. Even though the spectra of irradiated polymers
at different doses are taken, spectra only from the dose of 104 Gy
onwards are shown in the figure. Since there is practically no change
in the UV-VIS spectra till the dose of 103 Gy, the spectra are not
shown. The spectra indicate that only when the dose exceeds 103 Gy,
the absorbance increases gradually with dose till 105 Gy. But at the
dose of 106 Gy, the absorption spectrum totally changes.
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Fig. 5.1.1. UV-Vis spectra of polyvinylchloride film exposed to different gamma doses.

The spectrum at the dose of 106 Gy shifts towards longer wave-length
region. Moreover, one notices in Figure.5.1.1 that the polyvinylchloride
polymer gives a small absorption peak in the region of around 260 nm.
This peak is probably due to the n-o* transition of C-Cl bond of PVC
molecule. This peak remains unaffected up to a dose of 105 Gy. Only
at the dose of 106 Gy, this peak disappears. Mechanistically, this can
be possible only if scissioning 01: C-Cl bonds in the polymer takes
place. The probable mechanism for the scissioning of the C-Cl bond

might be as follows:
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i 106 G " ;

—PCH:CH+— + HCI
n

Though the scissioning of the C-Cl bonds takes place at the dose of 100
Gy, still the UV-VIS spectra show a very little existence of the said
peak. This brings the understanding that even though most of the C-Cl
bond in the polymer breaks, still some amount of C-Cl bond does exist
after the irradiation also. At the same time there are formation of
unsaturated polyene groups (-C=C-) in the film. The appearance of the
fine structure at the highest dose is indicative of the polyene group’s

existence. Of course the appearance of the fine structures is not very

- SR ——

warberzih irm

Fig. 5.1.2. UV—Vis spectra of gamma irradiated PVC powder [14]
Show the appearance of fine structure

distinct, but there is definitely a tendency for the formation of such a
fine structure. Irradiation of PVC induces dehydrochlorination of the
polymer chains (i.e. loss of H-Cl) producing —C=C- bonds. Probably due

to less concentration of the polyene formed the fine structure is not
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very apparent. Such fine structure peaks associated with polyene
chain formations, having double bond numbers between 3 and 14
have also been reported earlier by Baccaro et. al. [14) for PVC powder

irradiated with gamma radiation (Figure 5.1.2). It is also observed in
Figure 5.1.1 that with increasing gamma dose, the absorption edge
of the UV-VIS spectra shifts towards the higher wavelength region. The
reason for the shift of the spectra towards longer wave-length region is
due to increase in unsaturation in the polymer film. One of the
reasons for the increase in unsauration is due to formation of

unsaturated polyene groups (-C=C-) in the polymer matrix.

The study of the optical absorption, particularly the absorption
band edge, is more useful method for investigating optically induced
transitions rather than providing information about both the band
structure and optical energy gap in the materials. The study of the
optical absorption, and the absorption band edge, involves
investigating optically the induced transitions, providing information
about the structure and optical energy. Electronic transitions between
conduction bands in the non-crystalline materials start at the
absorption edge which corresponds to the minimum energy difference
Eg between the lowest conduction band and the highest valence band.
If these extremes lie at the same point in K-space, then the transitions
are called direct. Otherwise, the transitions are possible only when
phonon-assisted and are called indirect. The value of the energy gap,
which is a characteristic of the whole absorption band, is related to the
basic chemical properties of the material. It is a fact that the optical
band gap of a molecule changes with the change in saturation m a
molecule. With increasing pi- bonds and non-bonding electrons im a

molecule, the band gap (the difference between bonding and
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nonbonding orbital) also decreases. So in an effort to find out change
in optical band gap, absorbance of the spectra is measured at different
wavelengths. Since the absorption edge is known to be correlated with
the optical band gap (Eg) via Tauc’s relation [17], the value of
absorption is measured in the absorption edge region of the spectra.
The absorption values at different wavelengths are then put in Tauc’s
equation and by applying the formula the band gap of the pristine and
irradiated polymers are measured. For the pristine polymer the band
gap value is 2.68 eV, where as for polymers irradiated with a dose of
106Gy it becomes 1.43 eV. At present it is not yet clear whether the
shift of the absorption edge always can be unambiguously interpreted
by structural modifications in terms of unsaturation; however the
emergence of unsaturation under irradiation is meanwhile a well-
established fact. The values of the optical band gap differences are
listed in Table 5.1.1. A significant increase in optical band gap takes

place when the dose is higher than 103 Gy.

Table 5.1.1. Difference in Optical Band Gap (Eg] in Gamma

irradiated PVC
Differerce optical band

Ganuna dose (Gy) gap AE, (el

No dose 208

10" Gy 2.68

107 Gy 2.68

107w 2.8

10" Gy 2.31

107 Gy 1.85

10° Gy 1.43

The IR spectra of the PVC polymer before and after irradiation do

not give any significant information. Some of the characteristics peaks

(at 2958 cm! for vas CHa), (at 2885 cm! for vs CH3), (at 1461 cm! for
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ds CHj), (at 1380 cm! for & CHs) are totally unchanged after the
gamma exposure. There is no indication about appearance of new
peaks also. Even though there is dehydrochlorination of the polymer
chain (i.e. loss of H-Cl), at the same time, formation of -C=C- bonds
takes place in the film, IR spectra can not detect the chemistry going
on in the polymer due to irradiation. This might be due to the
detection limit of the instrument or may be due to low concentration of
the identified bonds/groups. The dehydrochlorination process is
considered as the main structural change wupon irradiation as

witnessed by the decrease in intensity of the absorption band at about

Pristine
‘_..;;.,_u] Il-"'_ p—TY I r
. { ! l \ | M
| l iy
we M |
= ‘ | l' | .
= | l | ‘
= i -
2R
£ 5 f -
':‘(: 10° Gy { |
5 aan A" | .
" O
& 106Gy
= HHI'“W —
— ! II r’-——\ || ‘ﬂ ! I'_',_..,u’"ﬂ
iV S vy
tcH:CH}E
oy 0w T

Wave No. (em ')
Fig. 5.1.3. FT-IR spectra of gamma irradiated PVC polymer

700 cm! (characteristic of C-Cl bond stretching) [15] with the increase
of H* ion beam fluence. The dehydrochlorination leads to formation of

C=C bonds, is confirmed by the appearance of IR absorption band at
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1620-1680 cm! (characteristic. of C=C stretching) [15]. Evelyn et. al.
[16] has reported the effect of 4.0 MeV alpha particles, at fluences of
1x1014 and 5 x 1015 on PVC polymer. In our present study also, it has
been observed that due to gamma exposure, the intensity of the
absorption bands for the C-H stretching vibrations (3100-3000 cm-!
region) and the C-H bending vibrations (900-675 cm-! region) get
reduced for the PVC polymer as shown in Fig.5.1.3.. The changes are
apparent at dose higher then 105 Gy. There is clear indication in the
spectra about the formation of C=C bond and at the same time

decrease of C-Cl bond taking place due to ion irradiation at the higher

doses.
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Fig.5.1.4. TGA thernmograms of pristinc and gamma irradiated
polyvinylchloride with different doses.

Thermogravimetric response curves of pristine and irradiated
PVC polymers are shown in Figure.5.1.4. It is evident from the
thermogram that the thermal stability of the polymer is influenced by
gamma exposure. The decomposition starts around 255°C for the

pristine polymer. With increasing gamma dose also, this
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decomposition temperature remains almost same. But at the dose of
106 Gy, the decomposition of the film starts at much lower
temperature ie. around 225°C. This lowering of the decomposition
temperature may be due to the scissioning of C-Cl bonds in the
polymer. Scissioning of the C-Cl bonds makes degradation processes
easier and faster and so the decomposition takes place at much lower
temperature. It is also significant to note that complete weight loss of
the pristine PVC takes place at around 640°C. Gamma irradiation
does not change the stability of the polymer till the dose of 103Gy. But
when the dose is higher than 103Gy, this complete weight loss
temperature starts increasing. It increases upto 6470C for the dose of
104 Gy. It further increases with increasing dose. For the gamma dose
of 10° and 106 Gy, complete weight loss takes place at around 675°C
(Figure.5.1.4]. The first derivative TG curve of irradiated PVC polymer
at the dose of 10% Gy, is shown in Fig.5.1.5. The curve shows three
distinct decomposition steps for the irradiated PVC polymer. The first
step of weight loss starts around 255°C and finishes around 360°C.
During this step around 60% of the polymer weight is lost. The
evolution of HCI takes place during this step. The second step of
weight loss starts around 445°C and continues till 540°C. The third
step starts at 540°C and continues until all material has vanished. It
is apparent from the first derivative spectrum (shown by the dotted
line in Figure.5.1.5) that the first and second weight loss peaks are
very sharp whereas the third step is broad. On the other hand the
weight loss during the third step process is comparatively slower as
compared to the first and second steps.

The DSC thermograms of pristine and irradiated polymer show
the exothermic behavior of the PVC polymer. A very sharp exothermic

peak can be seen in the thermogram Figure 5.1.6. This exothermic
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Fig.5.1. 5. First derivative TGA curve (dotted line) of polyvinylchloride film shows
three distinct decomposition patterns. The solid line shows the general
TGA curve for the PVC polymer.
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Fig.5.1.6. DSC thermograms of pristine and gamma irradiated PVC polymer
show the disappearance of the exolhermic peak at the dose of 10°Gy

peak in the temperature range of 310°C to 320°C, is due to the
evolution of HCI from the polymer matrix. The amount of heat involved

for this thermal transition for the pristine PVC polymer is around
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1060 J/g. Exposure to gamma radiation dose not alter the exothermic
behaviour of the polymer till the dose of 104 Gy, which indicates that
the thermal bulk property of the polymer is not altered. But at a higher
radiation dose, i.e. at 105 Gy, the intensity of the exothermic nature of
the polymer decreases and as a result the heat involved for the release
of HCl decreases and is found to be 600 J/g. This decrease may be
due partial scissioning of the C-Cl bonds of the polymer. At an even
higher dose (106 Gy), the exothermic behaviour of the polymer
disappears, probably due to the complete scissioning of the C-Cl bonds

and hence the exothermic peak does not appear in the thermogram.
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CONCLUSIONS

On the basis of the present results, it has been concluded that

e due to the gamma exposure at a dose higher than 103 Gy, optical
band gap for the PVC polymer decreases. This decrease continious
till the dose of 106 Gy. The decrease is band gap is more significant
at higher gamma doses.

o the decrease in optical band gap is due to due increase in
unsaturation in the polymer matrix due to the formation of —-C=C-

groups.

e polymer exposed the gamma dose of 106 Gy, undergoes scissioning
of the C-Cl bonds.

e this scissioning of the C-Cl bond reduces the thermal stability of the
irradiated PVC polymer and the irradiated polymer decomposes at
temperatures lower than those ones for the pristine polymer.

e the heat evolved due to the decomposition of the polymer decreases
to a large extent at the dose of 105 Gy indicating the fact that that
the scissioning of the C-Cl bond starts at this dose.

e at the highest dose of 106 Gy, the exothermic behaviour of the
polymer disappears due to the complete scissioning of C-Cl bonds.
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PART-2

5-2-1 INTRODUCTION

Among the synthetic polymers, polypropylene (PP) has occupied a
prominent position because of its low cost, inert nature, good
mechanical properties and weathering resistance. Synthetic polymers
often experience modifications in their properties due to radiation. The
degradation induced by exposure to different types of radiation on
polypropylene polymer has been a subject of extensive investigation for
last few years. Unfortunately polypropylene experiences a complex
degradation process under gamma exposure in the presence of air [1]
and this considerably limits its use because most of its valuable
physical and chemical properties are lost during the degradation. The
direct consequence is that the material crumbles into pieces. To avoid
this undesirable degradation, additives are introduced in to the
polymer to make it resistant against gamma oxidation. The effect of
gamma irradiation on PP has been investigated in bulk [2, 3] using
different techniques. Lacoste et. al. [4] have found that all gamma
radiation induced decomposition products accumulate progressively,
with tert-hydroperoxide being the dominant degradation product.
Tidjani and Watanabe [1] have studied the dose dependent effects of
gamma irradiation on physical and chemical changes of PP film. They
have reported that due to gamma irradiation, formation of carbonyl,
hydroperoxide and hydroxyl groups are formed. Rajulu et al. [5] also
indicated the possibility of ketonic group formation in Si irradiated PP
polymer. Perera et. al. have reported that from the shape of the
calorimetric melting curve, valuable information of the thermal history
and structural characteristics of the gamma irradiated PP polymer [6]

can be obtained. Figure.5.2.1. displays the melting endotherms of pure
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PP irradiated at 25, 50 and 100 kGy dose gamma rays, as observed by
Perera et. al. [6]. Those endotherms show well-defined peaks whose
melting peak temperatures and enthalpy values are similar, indicating

that the crystallinity content is un-effected by the radiation, no matter

what the radiation dose is (25, 50 or 100 k Gy).
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Fig 5.2.1. DSC melting thermograms of pure PP irradiated at different doses [6]

It can be seen in the above figure that the unirradiated PP
presents just one melting peak, whereas the PP irradiated at the
different doses has two melting peaks. The intensity of the appearance
of these peaks increases with inéreasing dose. Exposure to radiation
and subsequent damage that takes place in the matrix depends on
types of radiation and their dose/energy/exposure time etc. It is not
expected that all the radiation will have same effect. Duplication or
multiplication of melting peaks can be attributed to structural
reasons. Multiple endotherms are observed in a wide variety of
semicrystalline polymers and can arise from segregation -effects,
among other parameters. The fact that two peaks whose resolutions
increase with the radiation dose, are present in melting thermograms
suggests that two different and well-defined crystalline populations

with different lamellar thickness coexist, one thicker with more perfect
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crystals melting at higher temperatures, and the other one thinner,
with less perfect crystals melting at lower temperatures. This
difference in crystalline populations can then be attributed to the
decrease in the molecular weight of the PP, due to chain scission
brought about by the radiation [7, 8]. It is not expected that all
radiations will have the same effect. For example, Mishra et. al [9]
have reported based on FT-IR spectral analysis that, the isotactic
nature of PP was not destroyed due to electron irradiation which is
shown in Figure 5.2.2. Peaks due to symmetric and asymmetric
stretching, scissoring or bending and wagging of CHz and CH> groups
are observed in the IR spectra of both pristine as well as irradiated PP.
The increase in absorbance of the CHz wagging vibration due to
irradiation indicates an increase in chain length of hydrocarbon due to
addition of more CH2 groups, which might be due to some cross-

linking induced by electron irradiation in the polymer [9].
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Fig. 5.2.2. Fourier transform infrared spectra of the pristine and 2 Mev electron irradiated PP[9]

Albano et. al. have reported [10] in Figure. 5.2.3.(b), about the
deterioration of the PP fracture surface as a result of gamma

irradiation (60 kGy) as compared with Figure 5.2.3.(a} of the non-
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irradiated PP film. A more lamellar-like morphology is observed in the

case of irradiated polymer.

The changes produced by radiation while passing through the
polymer causes atomic displacements or electronic ionizations of the
orbital electron [11]. This new electronic configuration which
subsequently arises, causes a change in the molecular structure of the
polymer, thus, causing a change in the optical band-gap (Eg ) of the
polymer. The optical band - gap can be found from the shift of the

absorption edge from UV towards the visible region under irradiation.

—
S €95 835 20kW 1Bavs

Fig. 5.2.3. SEM micrographs of the PP at different radiation doses: (a) pristine (b) 60 kGy [10]

This can be correlated with the optical band-gap (E¢) by the Tauc’s
expression [12]:  ©2e2 = (hw — E¢)2; where g(2) is the imaginary part of

the complex refractive index i.e. the optical absorbance, and A is the
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wavelength. Eg is usually derived from the plot e/.A verses 1/A. The
intersection of the extrapolated spectrum with the abscissa yields the
gap wavelength (Ag), from which the gap energy is derived to be Eg =
hc/Ag.

The results of studies of optical properties in ion irradiated PP
have been reported [13, 14], in which it was found that the band-gap
is reduced after irradiation. In this thesis also the different aspects of
the work on optical band gap have been studied and a comparison is
made on the changes in band gap due to gamma irradiation.

It is an established fact that due to gamma exposure, the thermal
stability of polymers changes to a great extent. Even in our earlier
studies [15, 16] it has been observed that due to gamma exposure
thermal stability of polymeric track detectors like Triafol-BN (Cellulose
Acetate Butyrate) and PADC (Polyallyl diglycol carbonate) are modified
to a significant extent. In the present work also thermo gravimetric
analysis (TGA) of the irradiated PP polymer has been carried out.
Spectroscopic techniques like UV-VIS, FT-IR have also been used to
investigate the structural modifications in irradiated PP polymer.

Based on the spectral data, modifications in some of the properties

have been investigated

5-2-2 INVESTIGATION PROCEDURE:

Seven samples of isotactic PP film (thickness = 8 nm and density
= 0.9 g cmI) of sizes (3 x 3 cm? are prepared. These are then washed
thoroughly with soap solution and de-ionised water. The clean
samples are dried and irradiation is done with various gamma doses
ranging from 101-106Gy). The exposure time varies from 12 seconds to
nearly 14 days in order to deliver the required doses. The errors in

doses range from 8% for low dose (10 Gy) to about 1% for high doses.
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UV-VIS spectra of the irradiated and pristine polymers are
recorded using a Beckman (DU-650) spectrophotometer. Films of sizes
0.5 x 1.0 cm? sizes are cut and used for this study. The UV-VIS
spectra are then recorded by putting the individual pieces inside a
quartz-shell. The absorption spectra for the film are then recorded in
the wavelength region 200-800 nm. All the spectra are taken keeping
air as the reference. In order to make the Tauc’s plot, absorbance is
measured at different wavelengths in the absorption edge region. FT-IR
spectra of the irradiated and pristine polymers are recorded in the
solid state. The spectra are taken using a Nicolet Impact 410 Fourier
transforming instrument in the range between 4000 cm-! to 400 cm-L.
Handling of the film irradiated at the highest dose is done very

carefully because the film becomes fragile at this dose.

Thermogravimetric studies are performed usimg a Perkin-Elmer
instrument. For this study, the samples are cut into very small pieces
(0.25 x 0.25 cm?} and then put on a thermo-balance. The samples are
heated to high temperature at a heating rate of 20°C min-!- This
heating results in weight loss, which is recorded as a function of

temperature in the TGA thermogram

5-2-3 RESULTS AND DISCUSSIONS

Physically Observable Changes: There are no visible changes
observed in the polymer irradiated with gamma dose up to the dose of
104 Gy. But at the higher dose of 105Gy, the polymer becomes light
yellow. The intensity of the colour increases at the highest dose
(106Gy). Again at this dose the film becomes very brittle. This change
in colour is possibly due to formation of free and trapped radicals in

the polymer.
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POLYPROPYLENE

e 106Gy
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e 30361
e NaDose
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Fig.5.2.4. UV-Vis spectra of Polypropylene film exposed to different gamma doses.

Figure 5.2.4. shows the uv-vis spectra of pristine and irradiated
polypropylene polymer. In the figure, the respective spectra for the
different films irradiated with different doses have overlapped and
shown together so that a dose dependent comparative study becomes
easier. Of-course there is virtually no difference in the UV-VIS spectra
of pristine and polymer irradiated samples till the dose of 102 Gy. So
two uv-vis spectra, one corresponding to 10! Gy and other to 102 Gy
are not shown in the figure for better clarity. A shoulder at 220 nm as
evident from the spectra could be due to the presence of some
antioxidant. Till the dose of 105Gy, this shoulder remains intact but at
the dose of 109Gy, this shoulder disappears. So, probably any
antioxidant present is destroyed at this dose. Destruction of the
antioxidant favours oxidation and thus, the polymer becomes brittle.
Moreover, it is also observed that with increasing dose the absorption
edge shifts to higher wavelength region. These changes are significant

above the gamma dose of 102 Gy. The shift of the spectra towards
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higher wavelength region is due to an increase in unsaturation in the
system.

The absorption edge is correlated with the optical band-gap (Eg )
via Touc’s relation [12]. Applying this formula, we get the band gap of
4.6 eV for pristine PP. This band-gap remains almost the same till 102
Gy of gamma dose. Then, it slowly starts decreasing with increasing
dose and at the highest dose the decrease in band gap becomes very
significant (2.1 eV). Table 5.2.1 gives the change in optical band-gap

with changing gamma dose.

Table 5.2.1 Variation in Optical Band Gap of Polypropylene
with increasing gamma dose

Cranmmna dose (G Band gap (el
No Dose 459
10! Gy 4.58
10 Gy 450
107 Gy 407
107 Gy 403
10°Gy 3.90
10° Gy 207

The FT-IR spectra of pristine and irradiated PP are shown in
Figure 5.2.5. The spectra shown are only of the pristine film and the
one irradiated with the highest dose of 106 Gy. Some of the
characteristics peaks of polypropylene polymer are given in Table

5.2.2. The structure of Polypropylene is presented below:

n
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The bands at 1165 cm-!, 997 cm and 977 cm-! (3/1 helix) indicates
that the polymer is isotactic, implying that the methyl group is located
on one side of the plane of the carbon atom chain. Upon irradiation, it
is noticed that many of the characteristic bands totally disappear at
the highest dose. This disappearance of IR peaks due to irradiation
clearly indicates that there is a destruction of the polymer matrix. The
complete absence of the characteristic isotactic bands at 1165 cm-!
and 997 cm-! indicates that the isotactic arrangement of the polymer

is no longer present. The peaks D and E disappear completely and

peaks A and B disappear partially. So, the C-H bonds of methylene
and methyl groups get ruptured at the dose of 106 Gy.

POLYPROPYLENE
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24 4 ? 1
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i | : :
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Fig.5.2.5. FT-IR spectra of pristine and gamma irradiated Polypropylene
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Table 5.2.2: Assignment of IR Absorption Peaks

' Peak Name Wave Number [cm™] /] nte/:preta-tion
ek 2858 0 we e
B 2885 Vas CHas
€ 2838 Vas CHz
D 1461 8as CH2
E 1380 Sas CHs '
F 1165 isotactic bonds
G 997 isotactic bonds
H 971 |  isotactic bonds
I 843 reH
J 1670-1690 v, C=0
K 3300-3415 vs O-H

Interestingly no new sharp peak has been observed due to
gamma exposure. Only one broad band around 3300cm-! — 3415 cm!
appears in the spectra, which is the characteristic bond of alcoholic
group (O-H stretching). This indicates that, some alcoholic groups are
formed in the irradiated polymer. One can notice in the spectra that
there is a slight shoulder developed in the wavelength region 1670 cm-
1 to 1690cm-! which may be due to the formation of some C=0 groups.
Probably because of very low concentration of this C=O functional
group in the irradiated polymer, a shoulder appears rather than a
peak. The mechanism for the formation of alcoholic or ketonic (C=0)
groups 1s not very clear. Gamma degradation process involves
initiation, propagation, and termination stages. The initiation reaction
may take place on different sites of the PP chain [1]. When energy is
absorbed from gamma rays, it causes scissioning of a covalent
backbone. Since the isotactic arrangements as well as the C-H bond of

methylene breaks, so out of several preferred initiation routes

103



GanmaRuligonk [k donldyogobe Chapter-3

proposed by Tidjani and Watanabe [1], the most probable mechanism

may be as follows:

CHs & 00

i 10 Gy . ; 0; |
WCHZ—?MCHW ——n CH?' e MC}12—?—CW R ““’CHQ—?—CI‘*& e

K H H

Afterwards, propagation occurs by unzipping or by radical abstraction
of neighbouring H atom [1]. The result of this is that radical is
transferred to another chain or further down the same chain. So a

possible mechanism for the formation of alcohol or C=0 is presented

below.
% 0 i
weCHy—C~Chy o 4 meCH;—C—CHy s 2XnChz=G=CHze 4 0
H - H H
0 i ;
1 sht . '
a) MCH;—-tfl.‘-—CH;m et 4 CHy—C—CHpa or wCHz—ﬁl:~—CH -
H H
' 0
[ >
DlemeCHy—C—CHpm  —— amCH—C—CHpww 4+
H
or
6]

I .
wnCHy—C—H 4 CHymn
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Fig.5.2.6. TGA thermogram of pristine and gamma irradiated Polypropylene
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Fig. 5.2.7. First derivative TGA curve of pristine and gamma irradiated Polypropylene film.

TGA study reveals some informative results. Up to the dose of

105Gy, the decomposition of the polymer starts at around 260-2700C
and finishes at around 330-335°C (Figure.5.2.6). But at the dose of

106 Gy, decomposition starts at much lower temperature, i.e., around
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1780C and continues up to about 5500 C. The decomposition pattern
of the polymer irradiated at the dose of 10e Gy is totally different from

the other ones.

Figure 5.2.7, which is the first derivative TG curve, shows that
the polymer decomposes in four different steps. The first step of
decomposition takes place in the temperature range of 1750C-2920C
in which around 20% weight of the polymer is lost. Second step takes
place from 292°C to 392°C. Again third step of weight loss (58% of the
polymer weight) takes place in the temperature range between 3929C-
48990C. The last and final step of weight loss starts from 489°C and
finishes around 550°C where the remaining weight (around 7%) is
lost. The third step of weight loss (58%) is probably due to the
decomposition of CoHs . We are exactly not in a position to explain the
actual decomposition mechanism, but from this study it is clear that
due to gamma exposure the thermal property of PP changes drastically
and it indicates an increase in the thermal resistance of the polymer at
the highest dose. At this occasion it is worthwhile to note that an
enhanced polymeric resistance against thermal decomposition also
shows up after irradiation with 20 to 800 keV light ions (He to Ne) at
elevated fluences (up to 10%cm-2)of e.g., photoresist, [17, 18]. Though
high-fluence irradiation destroys the original polymeric structure quite
efficiently, it also leads to the formation of radiation defects (radicals,
excess internal free volume) that acts as traps for diffusing polymeric
decomposition products, thus preventing their escape from the matrix.
Further, depending on the polymer’s chemistry, also cross-linking
might take place that would help stabilizing the remaining structure.
The thermal polymer stabilization after ion irradiation is shown to be

an effect of electronic — not of nuclear — energy transfer [17, 18]. As it
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is known that PP is a candidate that undergoes preferentially cross-
linking after irradiation, and as the primary effect of gamma
irradiation onto matter is the production of energetic electrons, it is
obvious that a limited polymer stabilization should also take place

after gamma irradiation, as is observed in this work.
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CONCLUSIONS
On the basis of the present study it is concluded that:

¢ due to gamma exposure at the dose of 106 Gy, oxidation takes place

by removing antioxidants present in the film

e random destruction of the polymeric chain takes place with the

probable formation of alcoholic and ketonic groups
* band-gap decreases with increasing dose
e due to gamma exposure at the dose of 106 Gy, the thermal

resistance of the polymer increases and it decomposes in four

different steps.
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PART-3

5-3-1 INTRODUCTION

Polycarbonate resins can be divided in two structural classes:
aliphatics, which are not extensively used as thermoplastics, and
aromatics, which have notable applications as engineering
thermoplastics. Polybisphenol A carbonate is the most widely used
aromatic polycarbonate. It is a condensation polymer in which
benzene rings plus quaternary carbon atoms forin bulky stiff
mnolecules that promote rigidity and strength. The bulky chains
crystallize with great difficulty, so the polyiner is normally amorphous
with excellent characteristics such as optical clarity, heat stability and
mmechanical properties. These properties make it an ideal material for
outdoor applications. However, on exposure to radiation, the physical
and chemical properties of the polymer are inodified to a significant

extent [1-3].

Sun etal. (2003) have reported that irradiation by 15.14
MeV/amu Xe!3° and 11.4 MeV/amu U238 suffers serious degradation
in polycarbonate polymer because of subsequent bond scission and
- cross-linking[4]. The results show that aromatic ether and inethyl
groups are more sensitive to irradiation than the para-substituted
phenyl and there are similar damage cross-sections for the bands
having the saine functional group. Dissociation of alkyne and alkene
groups are induced by the irradiation. XRD measurements show a
decrease in the main XRD peak intensity. Progressive amorphisation
process of polycarbonate (known as Makrofol-kg) with increasing
fluence is also traced by XRD measurements. Amnorphisation occurs

with the largest radius in the latent track, and the formation radius of
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alkyne is larger than the destruction radius of a chemical group.
Figure.5.3.1 shows the XRD spectra of Xe ion irradiated polycarbonate
polymer [4]. Similarly Wang et. al. (2000) have reported that alkyne
end groups are produced by the irradiations of 1.4 GeV Ar ions in
Polycarbonate[S]. It has been observed by Srivastava et. al. (2002) that
polycarbonate does show substantial modification in its chemical,
optical and thermal characteristics when it is bombarded with 100

MeV silicon ions[6]. The role of chemical modification comes out very

pristine

1.05x 10 “ions/em?
2.89x10 " onsiem’
5 33x1 0'%anstem’

Counts per secand

Fig. 5.3.1. XRD specira pf Makrofol kg irradiated with Xe
ions at 7.62 keVinm a ditferent fluence [4]

clearly in terms of the breaking of the C-O single bond of carbonate
and formation of phenolic O-H bond with the phenoxy radical
presumably abstracting a hydrogen ion from the neighboring isopropyl
group. Figure %.3.2 shows the IR spectra of polycarbonate polymer
after irradiation by heavy ions [6].

A gradual decrease in the glass transition temperature from
141.1 OC to 137.9 OC to 132.49C, respectively is observed by the
authors with the increase in the total ion fluence from 3.5 x 1011 ions

to 6.9 x 1011 jons to 3.5 x10!2 jons, respectively. This decrease in the
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glass transition temperature is generally due to the increase in

molecular mobility as a result of scissioning of the polymer chains[6].

Most of the studies reported so far are on swift heavy ions
induced modification on polycarbonate polymer. Work on gamma
radiation effect on polycarbonate is not very common. Keeping this in
mind, gamma effect on polycarbonate polymer has been investigated

and thus the results are reported in this part of the thesis.
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Fig. 5.3.2. FT-IR spectra of virgin and irrational polycarbonate films: (a) virgin,
(b) irradiated with the Lotal ion fluence of 6:9 x 10" ions, {c) irradiated
with the total ion fiuence of 7:0 x 10'pns B}

5.3.2. INVESTIGATION PROCEDURE

Polycarbonate polymer (Figure.5.3.3) manufactured by Bayer AG,
FRG, of thickness 100 ym (semi transparent) and density 1.20 g cm3
are used for this experiment. A set of seven samples each having sizes
of 2x2 cm? is made from commercially available sheets. They are
thoroughly washed and dried. The samples are then irradiated with
gamma radiation starting from 10! Gy up to 106 Gy. A %Co source

having a dose rate of 3.0 kGy h -! is used for the gamma exposure.
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CH,

Fig.5.3.3. Structure of polycarbonate

After the irradiation, different analytical techniques like FT-IR,
DSC and XRD are applied to understand the modifications that take
place in the polymer. These measurements are carried out long after
the irradiation. Hence the results represent the stable stationary state
of the irradiated foils where the metastable defects if any are expected

to have annealed and the radiation enhanced oxidation, if any, would

have been completed.

FT-IR measurements are carried out using an Equinox 55,
Bruker IR spectrophotometer. The measurement is done in the wave
number range 500 to 4000 cm-! keeping air as the reference. XRD
measurements are carried out with a conventional diffractometer
(Siemens, Bruker axs) equipped with a graphite monochromator
crystal with Cu Ko radiation (wave length 0.15405 nm) performed at
40 kV and 40 mA. The diffraction pattern is recorded in the 26 range
from 8 to 60° with scanning speed of 0.2° per minute. The instrument
broadening is corrected using a Si single crystal as a reference for

calculating the pattern peak width.

The thermal analysis of the polymers is carried out using DSC
(Pyris 1, Perkin-Elmer) under high purity argon atmosphere. The DSC
is calibrated using pure indium and zinc standards, giving an

accuracy of+ 0.39C for the temperature and+ 0.2 mW for the heat flow
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measurements. All the polymer samples are heated in the range of

400C to 2500C keeping the heating speed of 20°C/min.

5.3.3. RESULTS AND DISCUSSIONS

The FT-IR spectrum of the pristine polycarbonate polymer is
shown in Figure5.3.4. For better understanding of the IR spectrum,
assignments of the major peaks of the polymer are given in Table
5.3.1. Figure.5.3.5 shows the IR spectra for the pristine and polymer
irradiated at gamma dose of 105 Gy. As there are no visible changes
taking place till the gamma dose of 104 Gy, the respective spectra for

the lower doses are not shown.
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Fig.5.3.4. FT-IR spectra of pristine polycarbonate Polymer

It is clear from Figure 5.3.5 that the peak intensities and positions for
some of the major bands change drastically due to gamma exposure at
a dose of 105 Gy. Even thought the peak intensities are changed at the
dose of 105 Gy, the spectra clearly indicates that neither total

destruction nor formation of new peaks take place at this dose.
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Transmittance in %

The
aromatic
bonds of
(999cm 1)
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Table 5.3.1. Major absorption bands for pristine polycarbonate polymer (PC)

2950 cm! VasCH3
2864 cm! vsCHs
1725 e’ vC=0
1434 cm'! vC-O  (aromatic)
1206 ot V(C-0-C) (aromatic) |
I 1166 cm-! v(C-0-C) (aromatic) |
1143 cm! v(C-O-C) (aromatic) |
| 999 om! v(C-H)  (aromatic) |
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Fig.5.3.5. FT-IR specira of gamma irradiated polycarbonate polymer

intensity of peaks corresponding to C=0 bonds (1725cm-1);
C-0 bonds (1434cm-l), C-0-C bonds (1206cm-1); and C-H
CHs group (2968cm ! and 2874 cm-!), aromatic C-H bonds
decreases. This decrease in intensities of the peaks is

due to lesser concentration of the respective bonds. This

signifies that scissioning of these bonds takes place at this dose. When

the dose

apparent.

becomes as high as 106 Gy, the changes become very

At this dose, most of the major peaks almost disappear (see

FigureS5.4.6) and also at the same time a strong peak appears at 1063

cm-i,
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The carbonyl peak shifts from 1725 cm! to 1599 cm-!. This shift
towards lower frequency of carbonyl bond is probably due to the
decrease of the bond order of the C=0O bond. Because of irradiation,
scissioning of chains takes place and as a result the free radical
density- or in other words, the electron density- in the polymer matrix
increases. This increase in electron density is responsible for the
decrease of the C=0O bond order which subsequently lowers the
absorption of the carbonyl groups. Again one can see that a distinct
broad band appears around 3500 cm-! at the dose of 106 Gy. This
broad band is due to the formation of phenolic groups (-OH groups) in

the polymer matrix.

100

80 <

Al
60 - /m |

{ IR spectra at the dose of 10° Gy

40 |
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20 =

T T T ————————
500 1000 1500 2000 2500 3000 3500 4000 4500
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Fig.5.3.6. IR spectra of gamma iradiated polycarbonate at the dose of 108 Gy

It is evident from the IR spectrum of the polymer irradiated with
106Gy that due to gamma exposure, the ester linkage breaks and
probably ester radicals are formed (see the mechanism of Figure.5.3.7).

These ester radicals might further decompose and result in the release
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of CO2, thus leading to the formation of oxygen radicals. The oxygen
radicals once formed, can easily pick up hydrogen radicals (which are
formed due to cleavage of C-H bonds) and form phenolic groups.
Similar broad peaks due to phenolic group formation have also been
observed by other authors for polycarbonate polymers irradiated with
heavy ions [3 - 5]. Though different authors have given different
explanations of the IR results, so far no mechanism has been proposed
to explain the chemical modifications that take place in the polymer
due to gamma irradiation. Here, we propose the probable mechanism
in an effort to explain the chemical changes that might have taken
place in the polymer. The mechanism is proposed keeping in mind the

IR results. It can be graphically described by Figure.5.3.7.

The DSC thermograms of the pristine and irradiated
polycarbonate polymers are shown in Figure.5.3.8. The thermograms
are obtained within the temperature range of 409C to 2509C, with a
heating speed of 20°C/min. The thermogram for the polymer
irradiated at 10! Gy of gamma dose is not shown in the figure. This is
because, at this dose, there is practically no change taking place. From
Figure.5.3.8 we can understand that the glass transition temperature
(Tg) of the irradiated polymers decreases with increasing gamma dose
from 151.89C for the pristine polymer to 1409C for the dose of 106 Gy.
This decrease in Ty is significant above 104 Gy. Figure.5.3.9 shows the
change in Ty due to gamma exposure. This decrease in Ty is probably
due to the increase in molecular mobility as a result of scissoning of
the polymer chains. It is a known fact that below T, molecules do not
have segmental motion, and so portiOns Of the molecule may nOt
wiggle around but may only be able to vibrate slightly. At Tg the

molecules can start segmental motion.
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Fig.5.3.7. Mechanism of the chemical changes taking place in polycarbonate polymer
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Fig.5.3.8. DSC thermogram of gamma irradiated polycarbonate polymer
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Fig.5.3.9. Dose dependent variation of T for gamma irradiated polycarbonate polymer

Gamma irradiation causes scissioning of the molecular chains
and this leads to decrease in the average molecular length of the
polymer chain. This decrease in polymer chain length accelerates the
mobility of the molecular chains, as a result the glass transition

temperature of the polymer decreases.

&
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Fig.5.3.10. XRD spectra of gamma irradiated polycarbonate polymer
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Fig.5.3.11. Dosedependent variation of integral inlensity and average crystalile size for gamma iradiated
polycarbonate. For lhe second peak, both lhe values of integral intensity and average crystalite
size have to be multiplied by a facter of 4.5 and 0.3, respectively.

Fig.5.3.10 shows the XRD spectra of the pristine and gamma

irradiated polycarbonate polymer.

The XRED figure

indicates the

presence of two types of nano crystalline zones which are dispersed in
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an amorphous matrix. With increasing gamma dose, the intensity of
both the peaks increases. These results reflect that the amorphous
character of the polymer decreases and crystallinity increases with
increase in dose. This may be due to scissioning of the polymer chains,
by which the polymer undergoes some spatial rearrangement. The
small fragments may rearrange themselves towards new crystalline
zone. From the XRD peaks we have calculated the integral intensity
and the half width full maxima (FWHM) values. The integral intensity
of the XRD peak increases due to irradiation. Many authors [7, 8, and
9] have used the half width full maxima (FWHM) value to calculate the

crystal size according to Scherrer’s formula [10];

0.884
w.cos@

D:

where A is the X-ray wave length (0.154056 nm), w is the full width at
half maximum and 6 is the Bragg angle. We found that due to gamma
irradiation the crystal size decreases from 3.07 nm (for the pristine
sample) to 2.73 nm (irradiated at 106 Gy) for the first peak and from
8.4 nm (pristine sample) to 3.8 nm (irradiated at 106 Gy) for the
second peak, respectively. Figured.3.11 shows the change in integral
intensity and in average crystallite size of the irradiated polymers for
both the peaks. It is intefresting to note that in both the cases the
crystal size decreases and the integral intensity increases due to
irradiation. The trend of increase or decrease of these values reflects
the fact that a similar type of morphological change is taking place in

both cases.

It i1s expected that due to decrease in crystal size, the

corresponding integral intensity should decrease. But the observed
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value of integral intensity increases. This increase indicates an
increase of the overall crystallinity in the polymer matrix which means
that part of the amorphous regions become crystalline. Hence we deal

here with the secondary radiation induced crystallinity (SRIC) effect as
reported by Fink [11]
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CONCLUSIONS

On the basis of the present results, we can conclude that

e due to gamma exposure, polycarbonate polymer forms phenolic
group at the dose of 106Gy. This phenolic group forms due to
cleavage of ester bonds.

e with increasing dose the polymer becomes more crystalline.

o the average crystallite size decreases due to gamma exposure.

e due to scissioning of the polymeric chains, the mobility of the
chains increases, and as a result the glass transition
temperature (Tg) of the polymer decreases. The decrease of Ty is

very apparent at higher doses.

o significant modifications are possible only above the dose of 104
Gy.
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PART-4

5-4-1 INTRODUCTION

Since its inception about 40 years ago, the field of track
detection using solid state nuclear track detectors (SSNTDs) is
being constantly developed. Track detectors are being
increasingly used in various fields like Biomedical,
Environmental, Anthropology, Space research and Nuclear
sciences [1-6]. For newer and more innovative applications of
these detectors a systematic study on the effects of external
factors on their physical and chemical properties is essential.
It is well known that unlike charged particles gamma rays are
a highly penetrating form of electromagnetic radiation. They
do not lose energy at every interaction with the atoms
constituting the material they pass through. The energy loss
of gamma rays occurs either through collisions with atomic
electrons or through scattering as a photon of a longer
wave length or through producing electron-positron pairs.
Thus gamma ray does not have a specific range in matter as

charged particles do.

Experimental evidence shows that the track registration
characteristics of plastic Solid State Nuclear Track Detectors
(SSNTDs) are greatly affected when exposed to high doses of
gamma rays [7-10]. The action of electromagnetic radiation is
known to be one of the major sources of altering the
properties of the materials they pass through. The changes
are stromgly depemdent on the intermal structure of the

absorbing substances and the radiation gamma doses. It may
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be expected that the interaction of gamma-rays with solids
cause electronic ionisation (or excitation) of the orbital
electrons and possibly atomic displacements. Since polymeric
solid state nuclear track detectors consist of long chain
organic molecules, the net effeet om the material 4s the
formation of many broken molecular chains, leading to a
reduction in the average molecular weight of the substance.
Such radiation induced modifications of polymeric materials

does influence their track properties [7-14].

Polyallyldiglycol carbonate (PADC generally referred as CR-39 in the
literature, is a class of plastic detectors which has been most widely
used in many fields of science and industry. This detector is mostly
used as charged particle detection. The application of the track
detector is dependent on the type of radiation which the detector is
influenced by. It is now a text book story that track properties of
this detectors are influenced by gamma radiation, and in this context,
PADC detectors have been especially studied by Frank and Benton,
[15]; Khan et al., [16]; Akber et al,, [17]; Portwood and Henshaw, [18] ;
Sharma et al, [19]; Shweikani et al.,, [20]; Abu-darad et al., [21]; Sinha
and Dwivedi, [22]. It has been observed by most of the workers that due
to gamma exposure etch-rates increases. The increase in etch rates is
due to scissioning of the molecular chain of the track detectors.

Recently Singh and Prasher [10] have reported that due to gamma
exposure etch rates of CR-39 (Pershore) increase at doses higher then
50,000 krad. Figure 5.4.1, Figure 5.4.2 and Table 5.4.1 gives the values
of these etch rates as reported by Singh and Prasher[10].
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Table 5.4.1. The variation of the bulk etch rate Vs, the track etch rate Vr and
sensitivity S with gamma dose in case of CR-39 plastic track detector [10]
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Fig.5.4.1. Bulk etch rate versus gamma dose in case of CR-39 [10]
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Fig. 5.4.2. Track etch rate versus gamma dose in case of CR-39 [10).
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It is observed that most of the authors have limited their studies
to within the doses of a few Mrad (less than 2x105 Gy). Only Abu-Jarad
et al.[21] have studied the effect of gamma doses up to as high as 5x10°
Gy on PADC (Pershore) detector. However, Sinha and Dwivedi [22] had
earlier reported the effect of even higher doses of gamma radiation
(106Gy) on PADC (American Acrylics) detector. They have reported that
bond scissioning of polyalyl chains containing diethyleneglycol lead to

increase in etch-rates at dose of 106 Gy[22].

This particular part of the thesis is the study of gamma radiation
effect on track properties of other types of PADC detectors like PADC -
Homalite, PADC-Pershore and PADC-Tastrack. However the work
reported here is restricted to only track studies of these detectors. A
comparison has been made of the effects of different doses of gamma
radiation on the etching characteristics of different types of PADC
detectors. The variations in etch-rates, etching efficiency, etch-rate

ratio and critical angle with gamma doses are determined and

compared.

5.4.2 INVESTIGATION PROCEDURE

The PADC detectors used in this study are classified on the basis
of their make as (a) Homalite - PADC (HL), (b) Pershore - PADC (PS) and
(c) Tastrack - PADC (TT). The thickness of these sheets vary between
500 and 1500 mm. Seven samples of each type of PADC detectors are
prepared from the commercially available sheets and subjected to
various doses of gamma rays (101106 Gy) at room temperature from a
6°Co gamma source having a dose rate of 3 kGy/h. Two sets of samples,
thoroughly washed and dried of sizes 2 x 2cm?, are prepared from the

commercially available sheets. One set of samples is first exposed at

L3



Ligmma .Rod witionEfjlectonP ADC Detactors __Ch.apter-5

normal incidence to alpha and fission fragments for 5 mins from a 252Cf
source. The pre-exposed samples along with the unexposed second set
of samples are then irradiated with various doses of gamma radiation.
Subsequent to the gamma exposure, the second set is exposed to 252Cf
source for alpha and fission fragment detection. The first and the
second sets are respectively referred to as the post-gamma and pre-
gamma sets. After exposure to the fission fragments, alpha and gamma
radiation, the detectors are etched in 6 N NaOH solution at two
different temperatures i.e. at 60°C and 65°C.The track diameters of the
incident fission fragments and alpha particles are measured using Leitz
Optical Microscope. Since the etch rates of PADC detectors irradiated at
the dose of 106 Gy is observed to be very high, the detectors are etched
for a shorter time (3 —10 min) as compared to the etching time (2 -4 h)

of those exposed to lower doses of gamma radiation.

The bulk-etch rate (Vg), track-etch rate (Vr), are determined from

the following expressions [20]
Ve=D/2t, VT=V x Ve,

where V =1l+x2/1-x2 x =Dg/D,, where Dg is the diameter of
fission tracks, D, is the diameter of alpha tracks.

There are some other terms associated with track studies like
etching efficiency, critical angle, etch-rate ratio which are

also determined from the equations given below.

(1-Vg/V1)x100
Sin-1{1 /)
Vr/Vg

Etching efficiency n (%)

]

Critical angle 6¢

Etch-rate ratio S
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5.4.3 RESULTS AND DISCUSSIONS

The bulk and track-etch rates of different types of PADC
detectors are given below. It is observed that in almost all the
cases, the etch-rate starts increasing at a dose higher then
107Gy, THis inerease in cickh-rates ig obsenved i Doth Pre-

and post-gamma exposed detectors. Sinee the. etoh-rate

increase is generally due to scissioning of the molecular
chain, it may be assumed that scissioning of the molecular
chain starts at a dose of 104 Gy. The possible route of gamma-
induced scission of PADC chain is by the cleavage of polyallyl
linkage with diethylene glycol segments, as reported earlier
1998) [22]: Nyth

intensity of chain scission

(Sinha and Dwivedi, increasing radiation

the

observed that post-gamma exposure of detector has more

increases. It is also

dose,

effect than pre-gamma exposure. The increase in etch-rate

values for post gamma exposed samples is due to deposition

of additional latent damage trails already

created by fission tracks. Tables 5.4.2 to 5.4.7 give the values

energy at the

of both bulk-etch rates and track-etch rates for different
PADC detectors.

Table.5.4.2 Bulk-etch rate(Vg) in um/h for gamma irradiated PADC-Homalite detector

Temperature | No dose 10'Gy 10°Gy 10°Gy 10°Gy 10°Gy 10°Gy
65OC(pre) 1.61+ 0.05 163 £005 163 £0.056 163 +0.05 |1.63 £0.05( 180+0.05 [17.301£35
650C(post) | 161£005 | 161£005 | 164+005 | 165005 169005 207 %005 2070435

. 60 OC (pre) 0.69 +0.03 072 £0.03 072+003 0.72+003 |0.72+003( Q 75_1-(_) 03 9.;;3 + 1..2
60 OC (pOSt') 0.6-9 :0 0.3_ 0690 03_ -0-68 + 0_073. 'O 70_1-0. 0-3_|.0 70+ 003 076003 _11 2;) iT2

1r3.:3
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Table.5.4.3 Track-etch rate(Vr) in um/h for gamma irradiated PADC-Homalite detector

Temperature | No dose 10'Gy 10°Gy 10° Gy 10°Gy 10°Gy 10°Gy
650 C(pre) 242 £005 241 £005 241 +£005 240 £005 2,43 £ 0,05 |\"2,65F105 28 87 £3 5
65OC(post) 2,42 £0.05 243 £005 246 £ 0.05 249 +£005 253+005 374 £05 6190 £3 5
600 Glpre) | 092+003 | 0954003 [ 095003 | 097+003 | 096003 | 09803 | 15.80 412
600 C(post) 0.92 +003 095 +003 0.95 £ 0,03 094 £+ 003 0.99 + 0,03 112 +03 31.60 +1.2
Table.5.4.4. Bulk-etch rate(Vg) in pm/h tor gamma irradiated PADC-Pershore detector
Temperature | No dose 10" Gy 102Gy 10°Gy 10°Gy 10°Gy 10°Gy
650C(pre) | 242t 005 | 240005 | 243+005 |248+005| 252+005 | 400005 | 266035
65 0C(post) | 242%005 [ 242005 | 244005 |244£005| 320+005 | 620005 | 31.50£35
600C (pre) 150 £003 150 +£003 152+003 |150+0.03| 262+0.03 420003 1560+ 12
GOOC(post) 150003 1,50 £0.03 1.50+003 |158£0.03| 3.12+£0.03 590+003 | 224012
Table.5.4.5 Track-etch rate(Vr) in um/h for gamma irradiated PADC-Pershore detector
Temperature | No dose 10' Gy 102 Gy 10°Gy 10* Gy 10°Gy 10°Gy
650C(pre) :.80: 0.05 .I _3.-80 +005 | 380+005 | 390+0 05-“-31.-9-8;-(;;5 T _;Fss +005 | 4620+35
65 0C(post) 380+0.05 380+005 | 3.80 £0.05 3.90 £ 0.05 5.362005 || 10.50 * 0,05 5:20-;5“
60 0C (pre) 2.13 £10.03 214+003 | 216+£003 220+003 3.82+003 6.95+ 003 2650+12
600C(post) 2 M31£05013 214 £003 | 2142003 224 +£003 444 £+ 003 937+003 | 3830+1.2

It is observed that there is an increase in etch-rate ratio value

for both PADC-Pershore and PADC-Trastrack detector at the

highest

dose

of

108

Gy. Eern

example,

for

the

Pershore
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detector, an increase of around 11% in etch-rate for both pre
and post gamma exposed samples takes place at an etching
temperature of 65°C. But at a lower etching temperature of
600C, the etch-rate is increased by around 20% for both pre
and post gamma exposed PADC-Pershore detectors. Similarly
for PADC-Trastrack an increase etch-rate ratio of around 10%
is observed for both pre and post-gamma cases at both
etching temperatures at the highest dose. Whereas for PADC-
Homalite deteg¢tor, the reswult is guite differeni, and In this

case the increase in etch-rate is much more in post-gamma

exposed samples.

This increase in case of post-gamma exposed samples is
observed at both etching temperature of 65°C and 60°C. An
increase of around 10% in etch-rate value is observed for pre-
gamma exposed samples, etched at 659C whereas an increase
of around 30% 1is seen to take place when the etching
temperature is 609C in the pre-gamma condition. However the
value of etch-rate increases by around 95% for post-gamma
exposed samples at an etching temperature of 65°C and an
increase of 110% takes place at an etching temperature of
600C. These results clearly indicate that the etch-rate ratio
for PADC-Homalite detector is much higher than the PADC-
Pershore and PADC-Trastrack detector. Since the etch-rate is
the ratio between track-etch rate and bulk-etch rate, it is
obvious from this result that the damage along the track is
much more pronounced in case of PADC-Homalite detector as
compared to PADC-Pershore and PADC-Trastrack detectors.
Moreover etching along the track is more effective when the

detector is etched at lower temperature of 600C.

1£3:5

I
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Table.5.4.6 Bulk-etch rate(Vg) in um/h for gamma irradiated PADC-Tastrack detector

Temperature | No dose 10" Gy 10°Gy 10°Gy 10* Gy 10°Gy 10°Gy
650 Cpre) | 450+ 005 | 450005 | 450+005 | 452:005 | 480+005 | 5882005 [3700£3.5
65 0C(post) | 480+005 | 450005 | 450005 | 454005 | 600+005 | 8.82+005 (4300+35
60 0C (prey | 250003 | 250 £003 | 252+003 | 256 £003 | 280+003 | 380+003 |21.00+12
80 OC (post) | 250+ 0.03 | 250003 | 252+0.03 | 254003 | 300+ 008 563 :0.03 2620212]

Table.5.4.7 Track-etch rate(Vr) in pm/h for gamma irradiated PADC-Tastrack detector

Temperature |  No dose 10'Gy 10°Gy 10° Gy 10‘Gy 10°Gy 10°Gy
550 C(pre) 675+ 005 |6.72+0.05| 675+0.05 6.78 £ 0.05 740 + 005 940 £005 61 00+ 3.5
650C(posty | 675+ 0.05 |672+005| 675+005 | 678 +005 | 920005 1380005 | 670035
600C (pre) 370+003 |372+003| 3.74 £0.03 3.76 £ 0.03 432 +£0.03 5.90+ 0.03 3360 1.2

80 OC (post) 370+003 [3721003| 374 +0.03 3.78 £0.03 4.68 £ 003 874 +003 4140 +12

Table.5.4.8 Etch- rate ratio S (V1/Ve) in um/h for PADC-Homalite Detector

Temperature | No dose 10'Gy 10°Gy 10°Gy 10* Gy 10°Gy 10°Gy
6500(pre) 1.50 1.47 1.47 1.47 149 1.58 166
650C(post) 1.50 1.49 1.50 1.51 150 1.80 299
600C (pre) 1,23 1.32 132 134 1.34 1.36 170

60 OC (post) 1.33 1.34 1.36 1.37 1.41 1.47 282
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Table.5.4.9 Etch- rate ratio S (Vr,Vg) in pum/h for PADC (Pershore) Detector

Temperature | No dose 10" Gy 102 Gy 10° Gy 10*Gy 10°Gy 10°Gy
659 Cipre) .1--57_ in 1:8 i § 1 56_' N 1?__ i 158 - 1.67 1.74
os0Cmosy | 157 | 157 | 18 | s | 1er | 1es | 1w |
60 0C (pre) 142 142 142 141 146 165 170
60 0C (post) 142 142 142 142 142 159 | 171

Table.5.4.10 Etch- rate ratio S (V1/Ve) in um/h for PADC-Trastrack Detector

Temperature | No dose 10" Gy 10°Gy 10°Gy 10°Gy 10° Gy 10%Gy
650C(pre) 1.50 149 1.50 150 154 i 5;) 1.65

-—65 0C(post) 1.50 149 1.50 149 1.53 156 1.61

_5;0_02 (pre) 1.48 148 148 147 154 155 160

60 OC (post) 148 148 D 148 N _-1,:18_- N 1_56 = 1 ;e o | 1;8 f

Critical angle fer etching at different eteching temperature
for different types of PADC detectors of pre and post-gamma
exposed samples are listed in Table5.4.11 to Table 5.4.13.
Again it is observed that for all the detectors, etching at lower
temperature of 60°C is more effective and the critical angle is
decreased to a significant extent. For PADC-Pershore detector,
a decrease of around 10% at 650C and a decrease of around
20% is observed at an etching temperature of 60°C. However
there is no significant difference in critical angles for pre
gamma or post gamma conditions. Similarly for PADC-

Trastrack detector also, an average decrease of around 8%
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value in critical angle takes place for both pre and post gamma
exposed samples. It is very interesting to observe that in this
particular case, there is no significant difference in critical

angles, whether the samples are etched at 63°C or at 60°C.

But the stery is different fox PADC-Hemalite defeetor. ThHere
is a drastic change in the values when the detectors are
etched at different temperature. Even the mode of gamma
exposure like pre or post exposure, has a significant effect on
the critical angle value. For example, at an etching
temperatiune of 65°C, a decrease of around. 18% in -critical
angle is observed at the highest dose of 106Gy for pre-gamma
exposed samples, whereas for post-gamma samples, a
decrease of around 50% is observed. Again at an etching
temperature of 659C, a decrease of around 30% in critical
angle is observed for pre-gamma exposed samples at the dose
of 106Gy, where as a decrease of around 60% is observed for
post gamma exposed detectors. This clearly indicates that
post gamma exposure have more effect on PADC-Homalite

detectors than pre-gamma exposed samples.

Table.5.4.11 Critical angle for PADC-Homalite detector at different etching temperature

Temperature | No dose 10'Gy 10%Gy 10°Gy 10'Gy 10°Gy 10° Gy ]
650C(pre) 41 80 42.80 _:4-2 80 42 8;) T :4-2_1-0_"- | 39 26 _—37 0:1 -
_65.00_(,30;)- 41.80 1 42 1-5 41.80 _ .41 ;o i a8 | 3374 19 50
- ;oc (;e)_ 5-0.20 I _:9 20 49.20 48.20 - 4820 || _4;;0_ -:I_se-oa T
60 0C (post) | 50.20 48.26 47.33 46 88 4517 42 86 2076
.
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Table.5.4.12 Critical angle for PADC-Pershore detector at different etching temperature

Temperature | No dose 10" Gy 10°Gy 10°Gy 10*Gy 10°Gy 10"5;-
650 C(pre) 39.56 39.20 39 86 39 56 i 35.26 g i _36.7_8“ 35.00 j
65 OC(post) 39.56 39.56 39.86 i 3897 36.78 3627 _34_ 84_
60 9C (pre) 44 76 4476 4476 4517 4323 37.30 36 03

60 OC (post) 4476 :76 [ 44 76 4476 wii ‘.4: 7}5 i 58?7_ 35 78_

Table.5.4.13 Critical angle for PADC-Trastrack detector at different etching temperature

Temperature | No dose 10'Gy 10%Gy 10°Gy 10°Gy 10° Gy ] 10°Gy
650 C(pre) 4180 4215 41.80 41.80 4049 38.97 37.30

65 OC(post) Css0 | 4218 | 4180 215 | e0s _ 3;3-;6 | ww
600C (pre) 4250 42.50 4250 42.86 40.49 4017 38 68 i

80 OC (post) 4250 4250 42 50 42 50 39 86 39.86 39.26

Etching efficiency (%) of these detectors is shown in Table
5.4.14 to Table 5.4.16. From these results, it can be observed
that with increasing gamma dose, the efficiency increases.
This increase is significant at a dose higher than 103 Gy and
is more pronounced for PADC-Homalite detectors. It is to be
noticed that for PADC-Pershore and PADC-Trastrack
detectars, therve ie . tendeney theat the etehing efficiency valmes
(%) become almost equal at the dose of 106 Gy. This trend is
common for both pre and post exposed samples at both
etching temperatures. This observation indicates that there is

a likelihood that at the dose of 106Gy, probably the etching
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Table.5.4.14 Etching efficiency(%) of PADC-Homalite detector at different etching temperature

Temperature | No dose 10" Gy 10°Gy 10°cy 10°Gy 10°Gy 10°Gy
650 C(pre) 33 33 3197 3197 31.97 3288 36.70 075

‘ 650C (post) | a3 3288 3333 3377 33 33 46 80 66 55

600C (pre) 24.81 24,24 24.24 25,37 25,33 26 47 4117

60 0C (post) | 2481 2537 26.47 27.00 29.07 3197 64 53

Table.5.4.15 Etching efficiency(%) of PADC-Pershore detector at different etching temperature

Temperature | No dose 10" Gy 10°Gy 10°Gy 10*Gy 10°Gy 10°Gy
650 Clpre) 36.30 36.70 35 89 3630 w70 | 40 02 52
650C(posty | 3630 36 30 35 89 37.10 40.11 408 | 4285
60 C (pre) 2957 2957 2957 29.07 3150 393 | 417
60 0C (posty | 2957 2957 29 57 29 57 29 57 3710 4152

Table.5.4.16 Etching efficiency(%) of PADC-Trastrack detector at different etching temperature

Temperature | No dose 10'Gy 10°Gy 10°Gy 10'Gy 10°Gy 10°Gy
650C(pre) 3333 3288 33.33 3333 35.06 37.10 39.39
65 OC(post) 3333 32 88 3333 3288 34 64 35.89 35 89
5_0_0;3 (pre)_l Cwae | nae 3240 397 35 05 348 | 3750
60 0C (post) 3243 32 43 32 43 32.43 35.89 35 89 36.70
temperature and mode of gamma exposure lose their
significance. Similarly for PADC-Homalite detector, etching

temmperature leses its significance at the highest dese, but

mode of gamma exposure

is very significant.

Post-gamma

140



_ Chapter-5

Gamma Radiation Effectuon PADC Detrectors = -

exposed detectors have more etching efficiency than the pre-
gamma exposed ones.

Figure5.4.3 is a representative diagram of the etching

efficiency of PADC-Homalite detector, etched at different

etching temperatures [23]

i b
—a— B (00) /'

3

—o— B0 Cipre) ¢
—a— (35 Ciposl)
=t 60 Clpcst] / 1

8

Etching Efficiency
N={1-Val\i7)x100%
£
=

ot 107 10° 197 10° 10%
GammaDose{Gy)

Fig.5.4.3 Plot of gamma dose vs. etching efficiency for PADC (Homalite) detector etched at 60°C and 650C
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CONCLUSIONS
On the basis of the present study, it is concluded that:

e Due to gamma exposure both the bulk and etch-rates of PADC-
Homalite, PADC-Pershore and PADC-Trastrack increase. The
increase is visible above the dose of 103 Gy.

o The post-gamma mode of exposure of the detectors has more
effect than the pre-gamma mode of exposure.

e Among the three PADC detectors, a PADC-Homalite detector
seems to be more sensitive to gamma exposure.

e Change in etch-rate ratio (S} for PADC-Pershore and PADC-
Trastrack detectors are not very significant for pre and post
gamma exposure, whereas for PADC-Homalite detector, the post-
gamma exposure have more etch-rate ratio than pre-gamma
exposed samples

o For all the detectors, Critical angle is decregased to a
significant extent due to gamma exposure and etching at
a lower temperature of 600C is more effective. This
decrease in critical angle is very significant for PADC-Homalite

detector.

e FEtching efficiency values (%) becomes almost equal at
the dose of 106 Gy for Pershare amd Trastrale detectors
ctched at different temperature in case of both pre and
post exposed samples and for both etching temperatures.
These observations indicate that there is likelihood that
at the dose of 106Gy, probably the etching temperature
and mode of gamma exposure lose their significance.

e For PADC-Homalite detector, etching efficiency of these
detiectors loses its significange on the etehimg
temperature at the highest dose. But mode of gamma
exposure is very significant. Post-gamma exposed
detegtons have mere ciching efficiemey tham: the pre-
gamma exposed detectors.
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CHAPTER-6

6.1. BACKGROUND

Numerous studies have clearly demonstrated that the interaction
of heavy ionizing radiation with polymers leads to irreversible
modifications of the structure and chemical composition. Energetic
heavy ions create cylindrical tracks with complex damage structures
such as radical formation, main chain scission, intermolecular cross-
linking, creation of triple bonds and unsaturated bonds and loss of
volatile fragments. These complex damage structures lead to polymer
modifications. Though lots of work have been done on ion beam
modifications of polymer properties like optical properties, chemical
and structural properties, surface properties, thermal properties,
electrical properties etc., but very little attention has so far been given
to areas such as crystallinity studies and its effect on related polymer
properties like glass transition temperature, melting temperature, heat
of enthalpy, refractive index, hardness, surface modifications, etc. In
general, it is assumed that ion irradiation of polymers does not only
lead to the destruction of short-range order (i.e. the polymers” chemical
arrangement) but also to the destruction of its long-range order,
especially what concerns the polymeric crystallinity. In fact, this
observation has been made by some experimentators with several
polymers, after heavy ion irradiation. Some experimentators even use
the degree of residual polymeric crystallinity of originally
(semi)crystalline polymers after ion irradiation as a measure of the
state of polymer destruction, and swift heavy ion irradiation effective
ion track radii are deduced from this parameter. Figure.l. shows the
change in crystallinity due to irradiation). It has been observed that in

the vast majority of all examined cases, the polymer’s original degree of
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crystallinity decreases with increasing fluence, first slowly and after a
certain critical fluence (onset of track overlapping) quite rapidly. This
decrease in overall crystallinity is accompanied by a linear increase in
size of the remaining crystalline zones which is explained by a growth
of larger domains at the expense of smaller ones. Again there has been
accumulated meanwhile some evidence that an opposite effect also
exists, namely a “secondary radiation induced crystallization® (SRIC),
which is interpreted as the transient radiation-induced emergence of a
new crystalline phase. This SRIC effect appears not to be correlated
sharply with the deposited energy density, as has been observed after
very low energy density deposition (e.g. after y irradiation) after

medium dose proton or fast neutron irradiation.

In contrast to swift heavy ion induced SRIC, in our recent studies
on gamma irradiated polycarbonate, we found that the crystallinity
steadily increases with increasing radiation dose, with no indication
neither for saturation nor for a decrease in crystallinity, even at the

highest observed doses.

However, a lot of un-attempted queries still persist in this field.
The relation between change in crystallinity with and its effect on
related polymer properties is not known. Studies have so far, not been
performed to understand whethér irradiation effect on change in
polymer crystallinity is a permanent or transient and what happens
when the polymer is subsequently annealed, and whether SRIC effect
is related to energy of ion, etc. So a detail examination is required to

lead to some more interesting insights.
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Fig.6.1. LFM micrographs (i.e. friction images) of (a) pristine PP, and (b) polypropylene foils irradiated with 3 GeV
38U jons at a fluence of 101" cmr2, The transition from small structure less grains towards large aminar units can clearly be
recognized. Image size: 1.5 pm x 1.5 ym each (this figure is copied from the book "Fundamentals of lon-Irradiated Polymers” by

D. Fink, Springer, 2004,
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Fig.6.2... Gamma dose dependent change in XRD graph of
Polycarbonate polymer. The increase in peak intensity signifies
that crystallinity increases with increasing dose.
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6.2. FUTURE WORK PLAN:

The work on radiation induced modifications of the polymer
crystallinity and its effect on other related polymeric properties is
expected to be quite significant in order to understand the details
about polymer crystallinity and its effect on physical properties. The
work may be restricted to ionizing irradiations, i.e. to radiation that
promotes the target electrons from their valence bands to their
conduction bands and/or beyond. However, it would be pertinent to
remember that different types of irradiation (Gamma, electrons, light
ions, heavy ions) differ from each other by the energy density deposited

in the target materials during their electronic energy transfer.

Note: ions further transfer part of their energy to the target in the form of
nuclear collisions, but this effect is minimized when using swift heavy ions passing
through thin target foils, and therefore need not be considered here.

Since polymer irradiation affects a multitude of parameters,
nearly all of which all are interconnected with each other in a delicate
way, in general, their characterization requires more than just one
technique, as each experimental method is sensitive to different
parametric dependencies of the same property. So in the future a
study on low-energy ion irradiation effect on different types of polymers
may be undertaken. Different techniques like XRD, SEM, AFM, DSC,
Hardness measurements, etc. may be performed to understand the
change in the polymer matrix due to irradiation. All these studies are
directly related to polymer crystallinity. This study is expected to
understand the mechanism of change in polymer crystallinity and its

effect on other polymer properties.
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6.2.1. REVIEW OF LITERATURE IN THE PROPOSED AREA

The effect of irradiation on polymer’s crystallinity has been
studied by several authors. The studies have been done by using
different techniques. Different authors have made several interesting
observation and some of these significant results have mentioned
below. The LFM (lateral force microscope, i.e. AFM in friction image
mode) image of swift heavy ion irradiated PP [1] revealed clearly that
the originally grainy microstructure (with ca. 20 nm grain size) has
been coarsened considerably by ion irradiation leading to formation of
lamellar structures of typically 150 to 600 nm size and projected
interlamellar distance of 20 to 40 nm (i.e. as seen by the LFM from the
top view, Figurel). As these structures exceed ion track diameters by
far one might conclude that the ion tracks act as nuclei for polymeric
crystallization which is promoted by intense electronic excitation of the
target by the ions. XRD studies revealed that any polymer’s original
degree of crystallinity decreases with increasing fluence, first slowly
and after a certain critical fluence quite rapidly [2]. This decrease in
overall crystallinity is accompanied by a linear increase in size of the
remaining crystalline zones which is revealed by a growth of larger
domains at the expense of smaller ones [2]. Whereas Ref. [3] reports
that the XRD peak positions do not shift - ie. that the lattice
parameters do not change significantly, in Ref. [4] a shift has been
reported, which is explained as increasing strain resulting from density
differences between the pristine and the irradiated zones. On the other
hand, new reflexes build up upon irradiation, and some older existing
ones increase in intensity up to a certain fluence, after which the
intensity of these reflexes decreases again. These reflexes become
broader with increasing fluence, indicating a decrease in crystal size.

DSC results on ion-irradiated PET [5] indicate a change in crystallinity
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from originally 16.87% via 33,283% at a fluence of 5x10! cm~2
(corresponding to 5.11x1022 eVem3 deposited electronic energy
density) towards 17.19% at 6.6x 10!2 cm? (1.e. 6.75x1023 eVem-3). The
recent observation on ion-irradiated CR-39 [1] exhibits a peculiarity,
insofar as only the first heating cycle of DSC “shows a definite and
clear trend of an induced local order which sets in after a certain
fluence, and the degree of crystallinity — though minimal — shows a
definite increase with fluence. This induced crystallinity is, however,
observed to be a transient one as it is lost on heating and does not

reappear on cooling”.

Contrary to the work reported on the effects of heavy ions on
polymer crystallinity, there are only few reports on gamma induced
modifications on polymer crystallinity. For example, D.Fink in his
works on vy-irradiated PP [1] report minor, but nevertheless clearly
detectable crystallinity changes that were observed, ranging from
53.37 % for the pristine sample via 55.85 % after irradiation at 7.32
Mrad. Recently in one of our work [6], we have observed that due to
gamma irradiation, the amorphous character of a polymer decreases
and crystallinity increases with increasing gamma dose, and the
crystal size decreases from 3.07 nm (for pristine sample) to 2.73 nm
(irradiated to 106 Gy) for polycarbonate polymer. Though the crystal
size decreases, we observed that the overall crystallinity of the polymer
increases, which signifies the transformation of an amorphous region

of the polymer into a crystalline region (SRIC effect)

Again, study of another effect, the SRIC effect appears that it
is not correlated sharply with the deposited energy density, as it has
been found as well after very low energy density deposition (e.g. after y

irradiation [7], after medium dose proton [8] or fast neutron irradiation
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[9, 10], and also after experiments where high power densities
(typically 0.3 to 1 Watt/cm?2) were deposited and where the electronic
energy transfer per ion path length was as high as some 10 keV/nm.
This effect has been observed pref'erentially in PET, and PVDF, and
also occasionally in PP and PVA [11, 12].

6.2.2. OBJECTIVES OF THE FUTURE COURSE OF WORK

Since the modifications of polymer by irradiation depends on
the types of radiation, its energy, fluence and lastly on types of
material irradiated. So the objectives of any future work would be to
study the effect of low energy ions of different energies on several
polymers. Then the modifications on crystallinity could be analysed
and their effect on other properties may be investigated. All these
studies will definitely help to understand in better way about the low

energy ion interaction with polymers.
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