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Effects of Radiation on the Environment

Gurpreet Kaur and Jandeep Singh

Abstract The origin and existence of life on Earth owe to the presence of radia-
tions that triggered photochemical transformations for sustainable life forms. The
classification of radiations into ionizing and non-ionizing radiations, on the basis of
interaction with matter, distinguishes their role in the evolution of the environment
and its components. With advancement in scientific knowledge, there has been vast
development in technological processes that utilize radiations for human benefits.
But sometimes radiations pose to be potential risk for environment especially when
used as weapon for mass destruction and during human negligence leading to
catastrophic disasters.

Keywords Radioactivity � Non-ionizing radiations � Ionizing radiations � Health
effects

Abbreviations

EM Electromagnetic
Js Joule seconds
UV Ultraviolet
nm Nanometer
NIR Non-ionizing radiation
IR Infrared
RF Radio frequency
ELF Extremely low frequency
Hz Hertz
lw Microwave

G. Kaur
Department of Chemistry, Gujranwala Guru Nanak Khalsa College,
Civil Lines, Ludhiana 141001, Punjab, India

J. Singh (&)
Department of Chemistry, Lovely Professional University,
Phagwara 144411, Punjab, India
e-mail: singhjandeep@gmail.com

© Springer Nature Switzerland AG 2019
V. Kumar et al. (eds.), Radiation Effects in Polymeric Materials, Springer Series
on Polymer and Composite Materials, https://doi.org/10.1007/978-3-030-05770-1_1

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05770-1_1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05770-1_1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05770-1_1&amp;domain=pdf
mailto:singhjandeep@gmail.com
https://doi.org/10.1007/978-3-030-05770-1_1


vis Visible
EMFs Electromagnetic fields
GPS Global positioning systems
NRPB National Radiological Protection Board
ICNIRP International Commission on Non-Ionizing Radiation Protection
UNSCEAR United Nations Scientific Committee on the Effects of Atomic

Radiation
CNSC Canadian Nuclear Safety Commission
SI System International
HCFCs Hydrochlorofluorocarbons
CT Computed tomography
DNA Deoxyribonucleic acid
RNA Ribonucleic acid
GCR Galactic cosmic radiation
RF-EMFs Radiofrequency electromagnetic fields
NPPs Nuclear power plants
HFCs Hydrochlorofluorocarbons
CFCs Chlorofluorocarbons
VOCs Volatile organic compounds
NO Nitrous oxide
CAT Computed axial tomography
INES International Nuclear Event Scale

1 Introduction

Nature operates nano-devices that generate and sustain all possible life on Earth,
using a clean, free, abundant, and readily available power source, i.e., sunlight. The
organisms on Earth have evolved to sense and respond to solar radiation in several
ways extending from photosynthesis to circadian rhythms and vision [1–4]. EM
fields are omnipresent in today’s world since they are interconnected with electronic
surveillance systems, electricity, and numerous wireless communications. The EM
spectrum is composed of an extensive variety of EM fields, including radio waves,
static fields, visible light, UV radiation, and X-rays. The essential characteristics of
EM fields are the wavelength and frequency. The lower part of the EM spectrum
(low-energy region) is generally referred with respect to the frequency, while the
upper end (high-energy portion) is usually represented in the terms of wavelength
(Fig. 1). The energy (E) of radiation is directly proportional to its frequency (t) and
is described by Planck’s law as:
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E ¼ ht h is Planck's constant with value 6:626176� 10�34 Js
� �

The EM spectrum is broadly classified, on the basis of interaction with matter,
into high-energy ionizing and weak NIR. The ionizing radiations are characterized
by their capability to disrupt chemical bonds into its constituent ions. In contrast,
the radiation is classified to be non-ionizing, when the energy is feeble to break
chemical bonds. The borderline case of ionizing and NIR lies roughly at the higher
end of the UV band, i.e., a region of 100–200 nm [5].

2 Discovery of Radioactivity

The discovery of radioactivity seems to have been initiated with the origin of the
concept of X-rays by Becquerel that emanated from the portion of bright glowing
Crookes tube due to fluorescence or phosphorescence. Marie and Pierre Curie too
investigated this property of certain materials and named this phenomenon as
radioactivity (Fig. 2). Marie Curie performed many researches on the nature of
radioactivity and recognized that the activity of any given material is unaffected by
any physical or chemical process like chemical or heat and that the activity of any
radioactive salt is directly proportional to the quantity of material [6].

We must not forget that when radium was discovered no one knew that it would prove
useful in hospitals. The work was one of pure science. And this is a proof that scientific

Fig. 1 Correlation between wavelength, frequency, and their corresponding measure
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work must not be considered from the point of view of the direct usefulness of it. It must be
done for itself, for the beauty of science, and then there is always the chance that a scientific
discovery may become like the radium, a benefit for mankind.

—Marie Curie

3 Types and Sources of Radiation

All life has evolved in an environment filled with radiation. The literal meaning of
radiation is the type of energy given off from the source of its origin. Thus, radiation
can be redefined as the form of energy propagating as particle waves. Some of the
high-frequency radiations are gamma, X, and UV rays; while lower energy spec-
trum includes micro- and radio waves. The high-energy radiations include cosmic,
gamma, and X-rays are imperceptible and invisible to human are classified as
‘ionizing radiations,’ while all low-energy radiations consisting of UV, visible, IR,
lw, and radio waves are categorized as ‘NIR’ and are considered as safe by many
scientists at common exposure levels. NIR is further sub-categorized as: (1) ELF
energy waves that are produced and emitted by power stations, power lines, and
some electrical equipment; and (2) radio and lw frequencies given off by wireless
communication technologies, cordless and cellular phones, and some electrical
materials [7]. Radiations exist in forms, i.e., (a) non-ionizing and (b) ionizing
(Fig. 3). This categorization is based on the energy of radiation for the ability to
ionize matter.

Fig. 2 Marie Curie and Pierre Curie along with Henri Becquerel
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3.1 Non-ionizing Radiations

The sources of origin for NIR can be:

(a) Natural source (from sunlight and lightning discharges).
(b) Man-made source (from wireless communications, medical treatments, indus-

trial applications, and research development).

The band of NIR is essentially further categorized as optical and EM field
radiations (Fig. 4). On the basis of energy, the optical radiations have been further
sub-categorized into UV, visible, and IR regions; EM fields have been collectively
subgrouped into RF region that has lw, very high-frequency and low-frequency
radio waves [8, 9].

On the basis of frequency, NIR part of the EM spectrum can be divided into five
energy regions [1–5]:

1. Static electric and magnetic fields: 0 Hz.
2. ELF fields: 0–300 Hz.
3. RF and lw radiations: 3 � 103–300 � 106 Hz.

Fig. 3 Distinction between ionizing and non-ionizing radiations on the basis of wavelength

200 nm 280 nm 320 nm 400 nm 480 nm 620 nm 700 nm 800 nm

UV-C UV-B UV-A BLUE RED FAR RED

wavelengths reaching Earth surface
Photosynthetically active radiation

550 nm

GREEN

Fig. 4 Optical radiations as a part of NIR
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4. Optical radiations: infrared (IR): above 3 � 109–300 � 109 Hz and visible
300 � 109–1.5 � 1012 Hz.

5. UV radiations: 1.5 � 1012–30 � 1012 Hz.

NIR region comprises the long-range wavelength (>100 nm) having low pho-
tonic energy (<12.4 eV) of the EM spectrum, with frequency ranging from 1 to
3 � 1015 Hz. Most forms of NIR are non-perceivable by any of the human senses,
unless the intensity is high enough to be felt as heat. Most of the health effects of
NIR are dependent upon the penetration power into human body and are
frequency-dependent. The optical radiations are the portion of NIR and are for-
mulated under UV–Vis radiations, while those with subsequently lower energies
form the part of IR region. The origin of NIR is as follows:

(a) The natural source of UV–visible radiation is the sun.
(b) The man-made sources include oxy-gas welding, arc welding, sunlamps, ster-

ilization (germicidal) lamps lasers (UV), low- and high-pressure gas discharge
lamps. Many medical applications utilize UV rays for surgical and neonatal
phototherapy, as lasers in physiotherapy heat lamps.

(c) The sources of IR radiation are superheating processes that include synthesis of
glass, steelmaking, welding, and lasers (IR) [10–12].

3.1.1 EM Field Radiations

They can be subgrouped into RF region that has lw, very high-frequency and
low-frequency radio waves. Most of the electronic gadgets utilize non-ionizing
radiations as in GPS, television stations, cellular telephones, radio stations, cordless
phones, garage door openers, and in many more devices. In some other forms, ELF
and EMF radiations form a part of Earth’s magnetic field, along with the magnetic
field exposure from nearness to electricity transmission lines, electrical machinery,
home appliances, and electric wiring. Moreover, most of the ELF waves do not
pose any health risk [13]. Some of the hazardous risks emerging from overexposure
of NIR are summarized in Table 1.

The biological effects of NIR exposures significantly depend upon some dom-
inant factors like instance energy, intensity and influx of the incident radiations,
characteristics of emission source, distance of source from subject, extent of
exposure, prevailing environmental conditions, biological characteristics, and spa-
tial orientation of the radiation-affected tissues (molecular composition, skin col-
oration). The prolonged exposure of human body to UV rays (from sunlight) can
cause acute or chronic health effect on the immune system, eyes and skin, the most
common being tanning and sunburn.

The qualitative effect of ELF radiations is insufficient, and most of the data
relates IR, visible, and UV radiations to physiological response in animal and plant
tissues. The biological effects which are the consequence of tissue heating by RF
radiation are referred to as ‘thermal’ effects. In majority of the cases, biological
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Table 1 Effect of continuous exposure to different radiations

Radiation Wavelength Biological Effects

UVC

UVB

UVA

Visible

IRA

IRB

IRC

100 nm

280 nm

315 nm

400 –

780 nm

14 μm

3 μm

1 mm

Skin – Erythema

Eye – Photokeratitis

Skin – Erythema

Skin cancera

Eye – Photochemical cataract

Photosensitive skin reactions

Skin – Erythema

Skin photo–ageing, Skin cancera

Eye – Photochemical & thermal retinal injury

Eye – Thermal retinal injury

Eye – Thermal retinal injury, thermal cataract

Skin burna

Eye – Corneal burn, cataract

Skin burna

Eye Corneal burn, cataract

Heating of body surface

μw

Static

1 – 10 cm

1–10 km

100 Mm

Heating of body surface

Heating with penetration depth of 10 mm

Raised body temperature

Cumulation of charge on body surface
Disturbance of nerve & muscle responses
Magnetic field vertigo/ nausea

Electric field charge on body surface

aIndicates long-term effect on continuous exposure to the radiations for prolonged time

Adapted from Ref. [13]; open-source content for public information
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systems have preventive methods to normalize their body temperature, but in case
of intense exposures, the organism can collapse. Today, research is extensively
based on low RF radiation levels of exposure from mobile phones and their base
stations thereby producing nonthermal effects.

The long-term UV exposure promotes cell degeneration, damage to fibrous
tissue and blood vessels that eventually leads to premature skin aging and
inflammatory reactions to the eye, such as photokeratitis (as in Table 1). Some of
the recent studies prove that with the rise in environmental UV radiation levels,
there is alarming risk of contagious diseases. Thus, there is an urgent requirement
for creating awareness related to the health hazards due to UV rays and to promote
such lifestyle deviations that may inverse the trend in skin cancers [14–16].

3.1.2 RF and lw Radiations

The long wavelength RF radiations transmitted from the towers of mobile base
stations have received considerable attention. Most common public locations for
exposure are ground-level-facing antennas and the buildings beneath those anten-
nas. NRPB has measured exposure levels at most common public locations around
the base stations, and the average exposure levels were found to be 0.00002% of the
ICNIRP public exposure guidelines, and maximum levels of exposure were found
to be within 0.02% of the permissible limits. The typical power density of radiation
exposure was less than 0.0001 mWcm−2 (i.e., less than 0.01% of the ICNIRP
public exposure guidelines). Moreover, indoor power flux intensity was substan-
tially lower than outdoor power flux density.

The key radiation exposure arising at work, home, or school is measured using
electric fields that depends upon the voltage and distance from the source. Any
exposure to magnetic fields is a result of some fluctuations in electric power lines
and the use of electrical appliances. The electric fields from the power lines are
present everywhere and thus expose the whole body, whereas the appliance sources
fluctuate and temporarily expose parts of the body [5, 17–20].

3.2 Ionizing Radiation

The radiation in the form of particles (alpha, beta, and neutron particles) or EM
waves (X and c-rays) with distinct energy is capable of ionizing the materials.
These radiations have a symbolic representation as shown in Fig. 5. Owing to the
difference in energy, these particles and radiations have variable penetrating power,
which significantly affects the living tissues (Fig. 6). The more energetic radiations
are capable of striking electrons out the orbits from the nucleus. The source of
ionizing radiation can be both natural as well as artificial radioactive product and
materials. The effect of ionizing radiations along with its destructive power can be
understood in details.

8 G. Kaur and J. Singh



3.2.1 Alpha Radiation (a)

Alpha particles consist of two protons and two neutrons carrying double positive
charge (Fig. 7). Owing to the high mass/charge ratio, they have partial ability to
penetrate matter. The increase in charge signifies the extended interaction with the
surrounding atoms which reduces the energy and hence penetrating power of the
particle. Thus, a-particle rays can be blocked even by a thin paper or even the upper
layer of human skin and do not tend to have any significant radiation hazard. But in

Fig. 5 Signatory for potentially disastrous radiations

Fig. 6 Penetration power of different types of ionizing radiations
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case a-particles from emitted nuclear materials are absorbed inside human body (by
inhalation or ingestion), the energy emitted by them is completely absorbed into the
bodily tissues, so they are just an internal hazard [5, 6, 11, 21].

3.2.2 Beta Radiation (b)

Beta radiations comprise negatively charged electron-like particles ejected from the
nucleus of an atom (Fig. 7). Since b-particles carry less charge (in comparison to
alpha particles) and much less mass, they have more charge/mass ratio that provides
them higher penetrating power in comparison with a-particles. These particles can
easily pass through one/two centimeter(s) of any living tissue but still can be
blocked by 1-mm-thick shielding of glass, metal, or plastic. b-particle rays have
sufficient energy to penetrate soft outer walls of plants and animals especially
humans, and they deposit energy at inner layer of skin that can initiate a disease. In
spite of this, b-particles have restricted ability to infiltrate into the deeper tissues and
organs of the body. b-particle discharging nuclear materials are hazardous, if pre-
sent inside the body. For example, if a nuclear emitter like tritium is inhaled, it can
cause some internal radiation damage [5, 6, 11, 21].

3.2.3 Neutron Radiation (N)

The spontaneous fission of an unstable nuclide is the natural source of neutrons (n)
(Fig. 7). One of the highly common neutron sources is the nuclear reactor, where
radioactive isotope of uranium or plutonium is split into stable nuclide that is
associated with neutron emission. The neutrons, produced by the emission from an
unstable nucleus or due to atomic fission or nuclear fusion or has natural occurrence
as a constituent of cosmic radiations, have a very high penetrating power. The
neutrons have tendency to initiate chain reactions where an emission from a fission
bombards the adjacent atomic nucleus and initiates another fission event. The
reaction can go on indefinitely until complete consumption of nuclear material. The
bombarding of nucleus with photon radiation or alpha particles can too lead to
neutron emission. Neutron radiations have the power to infiltrate human tissues and
organs, in case of external radiation source. Neutron radiation can be blocked by
absorption of hydrogen atoms-rich organic/polymer materials, such as paraffin wax

Fig. 7 Formation of alpha particle, beta particle, neutron, and high-energy gamma rays from
nucleus
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and plastics, due to alike atomic weights of neutrons and hydrogen atoms and rapid
collisions between them [5, 6, 11, 21].

3.2.4 High-Energy Photon Radiation (Gamma [c] and X-Rays)

The high-energy EM photonic radiation comprises two types of radiations: (a) c-
and (b) X-rays (Fig. 7). The de-excitation of electrons from inner nuclear shells
emits c photonic radiations, while X-rays originate outside the atomic nucleus, and
is much lower in energy in comparison with c-rays. The penetration power of these
photonic radiations is very deep, and the reduction in intensity is feasible only by
the use of thick dense materials, such as steel or lead. Since X- and c-rays are
high-frequency radiations, they can travel to longer distances un-deflected and
easily penetrate all type of tissues and organs, even when in case of external
radiation source. These kinds of radiations have devastating effect on the envi-
ronment, i.e., flora, fauna, and animals. The decay of cobalt-60 (60Co) to nickel-60
(60Ni) is associated with c photonic ray emission [5, 6, 11, 21].

4 Natural Sources of Ionizing Radiation

Radiations being omnipresent and invisible have created the evolutionary trend in
life adapting to the environment in substantial way toward ionizing radiations,
creating transformations in human bodies too. The natural occurrence of
radioisotopes is a consequence of cosmic rays’ interaction with atmospheric
molecules. For example, radioisotope of hydrogen, i.e., tritium, is created as a result
of cosmic rays’ interaction with atmospheric hydrogen gas molecules. But most of
the other radioisotopes of thorium and uranium were formed with the origin of
Earth from sun and still exist in our environment. The UNSCEAR identifies four
major sources of public exposure to natural radiation:

4.1 Radon

Radon is another abundant naturally occurring radioactive gas released from
radioactive Earth elements, like uranium present in variable quantities in soils,
water, and rocks. Radon is present everywhere and accounts for the largest pro-
portion of our annual average radiation dose, i.e., approximately 56%. The
unavoidable and longer exposure to radon gas intensifies the risk of lung cancer
[21–24].

Effects of Radiation on the Environment 11



4.2 Cosmic Radiation

Cosmic rays are irradiated by ultra-high-energy solar flare radiations and have very
high energy that penetrates our atmosphere consistently. The only sources of cos-
mic rays are galaxies and the sun and, thus, are also known as GCR. Most GCR
originates from sources external to our solar system that consists of 98% baryons
and 2% electrons. Baryons are the particles that consist of protons (87% of the
baryons) and to some extent of helium ions (11%) and heavier ions like carbon and
iron, possessing energies in the range of 108–1020 eV. The cosmic ray interactions
also result in cosmogenic radionuclides (e.g., 3H and 14C), which are naturally
radioactive. As a result of these interactions, alpha particles, electrons, muons,
neutrons, pions (charged and neutral), positrons, protons, and gamma radiations are
formed in the air. Several secondary particles are produced by the breakup of
cosmic ions and atoms of interstellar and atmospheric gas. The radiation doses from
these cosmic rays are greater at higher altitudes, and those traveling regularly by
airplane regularly receive an additional dose (discussed in Sect. 7.11) [25, 26].

4.3 Natural Radioactivity in Food

Owing to the existence of radioactive material in soil and oceans, their absorption to
our body is in insignificant quantity from soil and water. The incorporation of
radioactive material into food is accumulated by plant, which at later stages is
passed on to the animals (Fig. 8). The prime contribution to this radiation dose in
plants is in the elemental form of potassium-40 (40K) which is an essential element
in most of the fruits and vegetables. But due to the limited uptake of potassium in
our body, the effects are not amplified.

Ionizing radiations directly influence the basic structures in tissues like DNA,
proteins, RNA, and carbohydrates. The photochemical degradation of such mole-
cules produces free radicals, which in turn leads to chain reaction in an organism.
The cytochemical effect of overexposure to radiations may be classified as

Fig. 8 Natural sources of radioactivity. Adapted from Ref. [33]; open-source content for public
information
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deterministic or random leading to cellular damage or in acute case death which is
determined by the threshold radiation dose [27, 28]. The amount of radiations
received from natural sources are listed in Table 2.

5 Artificial (Man-Made) Sources of Ionizing Radiation

Humans are consistently susceptible to synthetically modified radiation sources
which are the result of medical treatment machines and radioactive material-related
research and power generation. Most of the radioisotopes are the by-products
formed from operative nuclear reactors and radioisotope cyclotrons. The extensive
use of radioisotopes in industrial manufacturing, nuclear medicine, and the agri-
culture makes up most of the synthetic application. The common sources of radi-
ation are as follows.

5.1 Medicine

The highest exploited medical application is X-ray machines to diagnose diseases.
The radioactive nuclear isotopes assist in the diagnosis of certain diseases; for, e.g.,
thyroid-related diagnosis requires the use of iodine-131 (131I) labeled isotope, and
diagnostic imaging procedures use technetium-99 (99Tc) as radioactive tracer.
The CNSC regulates all these applications related to the use of nuclear products in
medicine and its application for biomedical equipment production. Along with it,
CNSC also certifies all those reactors and particle accelerators that synthesize such
isotopes required for various industrial and medical applications. In industries, the
radiation finds its use in nuclear gauges used during laying of roads and in the
density gauges that channelize and regulate material flow through pipes.

Table 2 Average public
exposures by radiation

Source Radiation intensity (mSv)

Natural sources

Food 0.29

Cosmic 0.39

Soil 0.48

Radon 1.3

Artificial sources

Nuclear power plants 0.0002

Chernobyl accident 0.002

Weapons 0.005

Medicine 0.03

Radiology 0.65
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Sometimes, radioactive nuclides find application in smoke sensors and in dark
glowing exit signboards. Some other applications of radiation are listed in
Scheme 1 [29–31].

5.2 Nuclear Fuel Cycle

NPPs require radioactive materials like uranium and plutonium to kick up a chain
reaction that generates energy to produce steam, which in turn drives turbines for
electricity production. NPPs release small and quantified amount of radioactive
material to the surrounding environment in a controlled manner. But in most of the
cases, the radioactive waste release is regulated to confirm the public dose to be
within regulatory limits.

5.3 Atmospheric Testing

The testing of atomic weapons since the World War II till today has released
immense concentrations of atmospheric particulate radioactive content, called
fallout, into Earth environment, most of which have sedimented on the ground, but

Scheme 1 Medical applications of non-ionizing and ionizing radiations
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still some percentage it have been incorporated into our biodiversity. Most of the
radioactive fallout was decomposed due to short half-lives, but some of the content
still continues to decay, and people receive dosages from the radioactive fallout
every year but to a much lesser extent [32, 33].

5.4 Chernobyl Accident

The night of April 26, 1986, at Chernobyl Nuclear Power Plant, Ukraine, witnessed
an explosion that released substantial amount of radioactive content into the
atmosphere. The accident uncontrollably released by-products from the decompo-
sition of radioactive uranium-235 (235U) for ten consecutive days. The principal
content in radioactivity that disrupted population was the short-lived iodine-131
(131I) and long-lived cesium-137 (137Cs). As per emission amounts, the estimation
is that all the xenon gas, about 50% of the iodine and cesium, in Chernobyl from the
core of the fourth reactor (almost 192 ton) was released into the environment. The
radioactivity spread throughout the atmosphere is still present in our environment
[34, 35].

5.5 Radiation in the Workplace

People working with instruments using radioactive materials have numerous
advantages, especially in education/research, medicine, and industry (Fig. 9). But
these people receive radiation doses, which are below the threshold level as shown
in Table 3 [33–35].

Fig. 9 Unavoidable radiation exposures. Adapted from Ref. [33]; open-source content for public
information
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6 Radiation Units

Roentgen: It defines the measurement of energy produced by gamma or X-ray in a
cubic centimeter of air. It is abbreviated with the capital ‘R’. One milliroentgen,
abbreviated ‘mR’, is one-thousandth of a roentgen. One microroentgen, abbreviated
‘lR’, is one-millionth of a roentgen.

Radiation Absorbed Dose: It represents the measuring unit for expressing the
absorption of all types of ionizing radiations (alpha, beta, gamma, neutrons, etc.)
into any medium. It is abbreviated as RAD. One RAD has an equivalence of
absorbing 100 ergs of energy per gram of tissue.

Roentgen Equivalent Man: It is the measurement of dose of any type of
radiation that has potential biological effect on tissues. It is abbreviated as REM.
Since different radiations have variable biological effects, the dosage is represented
by ‘quality factor’ (Q). For example, a person receiving a dosage of gamma radi-
ation will suffer much less damage than a person receiving the same dosage from
thermal neutrons, by a factor of three. So thermal neutrons will cause three times
more damage than gamma rays. Therefore, thermal neutron radiation has a quality
factor of three. The Q factor for a few radiation types is shown in Table 4.

Table 3 Health effect of radiation dosage

Dose
(mSv)

Health effect/radiation equivalence

5000� Immediate death within minutes (found at fourth reactor core of Chernobyl)

5000–2500 Radiation poisoning, nausea, and vomiting

2500–1000 Initiation of cancer to death within few days

1000–500 Risk of cancer is very high; radiation from Fukushima Reactor 2

500–400 Decrease in blood count that returns to normal in few days

400–250 Radiation levels in Fukushima

250–100 Upper limit for radiation emergency workers

100–50 Radiation dose is equivalent to computed axial tomography (CAT)

50–30 Upper limit for radiation workers in disaster management; smoking two
cigarette packs in a day

30–10 Average annual radiation exposure for workers of nuclear energy plants

10–7 Average radiation experienced by human in Brazil

7–5 CT scan of chest

5–2 Annual radiation exposure of normal human from atmosphere and soil

2–1 Radiation dose from medical care

1–0.4 Gastrointestinal X-ray scan

0.4–0.1 Radiation gained during one complete trip from New York to Tokyo

0.1–0.05 Chest X-ray scan

0.1–0.01 Standard radiation dose at clearance level; eating a banana
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The only dissimilarity among REM and RAD is that the REM measures bio-
logical effect of absorbed radiation whereas RAD measures the amount of radiation
absorbed by tissue. For general purposes, most physicists agree that the roentgen,
RAD, and REM may be considered equivalent.

6.1 SI Units

The measurement of ionizing radiation can be carried out in four different ways and
expressed in eight different units. The amount of radiation energy absorbed per
kilogram of tissue is called the absorbed dose and is expressed in units called grays
(Gy) named after the English physicist and pioneer in radiation biology, Harold
Gray. The comparison between absorbed doses of various radiations should be
subjected to their potential to cause certain types of biological damage. This
weighted dose is called the equivalent dose, which is evaluated in units called
sieverts (Sv), named after the Swedish scientist Rolf Sievert. The SI units for
radiation measurements are ‘grays’ and ‘sieverts’ for absorbed dose and equivalent
dose, respectively.

The activity of the source can be determined in the units of disintegrations per
second/Curies/Becquerels: the radiation to which an object is exposed in roentgens;
the radiation absorbed by the object in units of RAD or Gy; or the radiation dose in
units of REM or Sv. The Curie (Ci), originally defined as the activity of one gram of
226Ra, is now defined as 3.7 � 1010 disintegrations per second. The Becquerel
(Bq), which is 1 disintegration/s, is the SI unit for activity, and 1 Curie is therefore
3.700 � 1010 Bq. The roentgen (R) is the quantity of X or c radiation needed to
produce 1 esu of charge per cm3 of dry air at STP. The units of roentgen are
however limited to the use with X- or c radiation with an energy less than 3 MeV.
The literal meaning of word radiation only refers to ionizing radiation. Roentgen
was bestowed with Nobel Prize in Physics in 1901 for his recognition of the
extraordinary discovery. This radiating energy is capable of damaging living tissue,
and the amount of energy deposited in living tissue is expressed in terms of a
quantity called dose.

The conversion from one system to another is simple and is given Table 5.
Threshold Radiation Value: The occupational worker can be exposed to a

maximum limit of 5000 mREM/yr, whereas for rest of population, the exposure
limit is set at 500 mREM/yr above background radiation. The long-term exposure

Table 4 Quality factor of
various radiations

Radiation type Quality factor (Q)

b, c, and X-rays 1

Thermal neutrons 3

Fast n, a, and protons 10

Heavy and recoil nuclei 20
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for background radiations is set at 1 mSv per year above the background radiation
level.

The calculations for this value give us information about radiation uptake in a
year.

1 mSv to an hourly radiation exposure rate.
There are 365 days/yr � 24 h/day = 8760 h.
1 mSv/8760 h = 0.000114 mSv/h = 0.114 lSv/h.
This in fact is extremely low level of radiation exposure.

But, typical background radiation averages 3.0–3.5 mSv/yr [6, 13, 36].

7 Effects of Radiation to Environment

The deprivation in air quality is among one of the key environmental threats in front
of modern society. The human activities have resulted in the emission of different
toxic chemicals to our atmosphere, which further create lethal compounds on
exposure to appropriate UV rays. UV radiation generates ground-level ozone (O3)
and some particulate matter (PM, frequently called aerosol) that include nitrate,
sulfate, and organic aerosols causing adverse effect on human health and the
environment. UV promotes the formation of hydroxyl radicals that act as cleaning
agents for troposphere. The radicals restrict the lifetime of many gases like
methane, HFCs, CFCs, sulfur, and nitrogen oxides that are important to tropo- and
stratosphere and control the climate change. The ozone layer concentrations in
urban area are determined by some key factors; i.e., the quantity of ozone in the air
of urban environment is essential along with the reactions that involve the chem-
icals, like VOCs and NO, and produce ozone via UV-driven photochemistry. The
origin of these chemicals is from both biogenic and anthropogenic sources. Some
processes like dry deposition (loss at the surface) help in removal of ozone from the
stratosphere. The ozone concentration can be altered by modifying troposphere or
stratosphere exchange along with the modification in worldwide atmospheric
composition, especially the greenhouse gases. The atmospheric cloudiness is

Table 5 Interconversion
between various radiation
units

1 mSv = 100 mREM

1 mSv = 100 mRAD

1 mGy = 100 mRAD

1 mGy = 100 mREM

1 mGy = 1 mSv

1 mSv = 114 mR

1 mRAD = 1 mREM

1 mREM = 1.14 mR

1 mRAD = 1.14 mR
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widely affected by human activity, and the evidence is that uncontrolled air pol-
lution has exaggerated effect of solar radiation at many locations worldwide. These
climate changes have adverse effect on human health and have led to allergic
respiratory diseases including bronchial asthma having direct impact from exces-
sive by-products formed by the interaction of air pollution with UV radiations. The
presence of allergenic pollens in the atmosphere sometimes prolongs due to climate
change and thus can increase the frequency and severity of such diseases [37–41].

The exposure to radiation has been continuously declining due to consistent
physical decay of the radionuclides and their deeper vertical penetration into the
soil. The radiological sciences have made enormous strides for the development of
an accurate assessment of radiation hazards for humans. The past six decades have
made fruitful modifications for radiation protection of humans with respect to dose,
relative biological effectiveness on radiation quality, nuclide-specific distributions
within the body, and the lifetime body burden of the contaminant. The 7% of
radiations emitted from the sun lie in the UV range (200–400 nm). Upon traveling
through stratosphere, the composition of the UV radiation gets modified and the
total flux transmitted is significantly condensed. The short UV-C rays (200–
280 nm) are totally absorbed by the atmospheric gases, while UV-B rays (280–
320 nm) get absorbed by ozone cover, thus limiting the transmission to the Earth’s
surface, and UV-A radiation (320–400 nm) completely passes through ozone. The
un-absorbed UV-B rays that reach Earth’s surface cause serious implications for all
living organisms [17, 42, 43].

The exposure to UV(B/C) radiation has both benefits and risks for human health.
The best defined direct benefit is the synthesis of vitamin D from cholesterol. Some
of the indirect benefits include change in food quality and disinfection of surface
drinking water. The depletion of ozone shell has led to an enormous increase in
input of solar UV-B radiation penetrating Earth’s surface, causing major penalties
for human health. The optimal exposure is variable as per individual and region
thus having both direct and indirect effects on health. The adverse effects include
cataracts, skin cancers, and recurrence of some viral infections. The long duration
exposures to UV radiation suppress immune response and may be beneficial for
certain disorders such as for autoimmune disease (e.g., multiple sclerosis) and
allergy, but is harmful owing to initiation of skin cancer. A specific example is the
increase in conjunctival melanomas for population closer location to the equator.
The presence of UV-induced mutations in form of tumors strongly supports UV-B
radiations to be the culprit [16, 44].

The adverse health effects of ionizing radiations were revealed after the dis-
covery of X-rays, in 1895. Higher exposure to ionizing radiation leads to increase in
risk of cancer throughout the lifespan. The exposure to high-energy ionizing
radiations, even at mild dosages, damages genetic material in cells that eventually
results in either radiation-induced cancer at later stage of life or inheritable disease
in the descendants of the exposed individuals. This effect is known as stochastic
effects. The most sensitive organ to these effects is testicles that cause heritable
abnormalities which get induced in the germ cells or gametes [45, 46].
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7.1 Impact of UV Radiations on Atmosphere

All these processes are easily altered by the change in the amount and intensity of
UV radiation, caused by the variation in elevation of the sun levels and diminution
by air pollutants and clouds. Thus, the reduction in ozone concentration has led to
increase in UV-B radiation intensity in troposphere, with increase in the rate of the
photolytic processes. An indirect consequence of this environmental composition
change is the rise in average temperature and increase in rate of several reactions. It
has led to high concentration of ozone in polluted regions, increasing mortality rate.

The solar UV-B and UV-A radiations drive many chemical transformations
occurring in the atmosphere. This wavelength region results in photodissociation of
few atmospheric gases like nitrogen dioxide (NO2), ozone (O3) (Eq. 1), and
formaldehyde (HCHO). This directly links stratospheric ozone depletion, air
quality, and climate change.

O3 �!hv ð32 nmÞ
O2 þOð1DÞ ð1Þ

The hydroxyl radical cleans stratosphere by converting air pollutants into
water-soluble forms and is easily detached from the atmosphere via precipitation.
ȮH radicals further react with sulfur and nitrogen oxides producing sulfuric and
nitric acids, respectively, and on reacting with hydrocarbons and other VOCs, it
produces alcohols, aldehydes, ketones, etc. (as shown in Fig. 10). Along with UV
radiation, other factors that affect the concentration of ȮH, O3, and aerosols are
various nitrogen oxides (NO)x, VOCs, water vapor, temperature, and meteorolog-
ical transport, some of which are also influenced by changes in climate.

UV rays strongly influence the destruction of ozone layer in troposphere,
through the series of photochemical reactions. Ionizing radiations can easily eject
electrons from any atom, thus creating charged atom. The drastic climate changes in
atmosphere may vary stratosphere or troposphere ozone flux and can lead to
long-term chemical changes in stratosphere and troposphere. UV radiation strate-
gically controls the formation of photochemical smog that initiates the formation of
ȮH radicals, which in turn controls the climate change and the concentration of

O3 OH O2H RO2

Oxidation
of VOCs

Oxidation
of CO

RegenerationRegeneration

Fig. 10 Proposed changes in chemistry of ȮH radical in atmosphere. The arrows represent
reactions in atmosphere
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ozone inhalation gases, such as methane and HCFCs in the atmosphere. The
damage to biomolecules generally occurs via direct photochemical deterioration or
by the synthesis of oxygen-free radical species like hydrogen peroxide and
superoxide, which enhances the oxidative impairment within the cell. The overall
stress is revealed in relation to improved energy requirement for protection and
repair. The fluctuations in the composition of lipid content affect the cellular
nutritious quality for advanced trophic levels. The growth rate impairment is due to
the photochemical damage and increase in energy requirements under severe light
exposures. Moreover, the UV radiations also result in the bleaching of pigmented
cells, at high UV fluxes [41, 47–51].

Stratospheric ozone layer depletion is the most dangerous phenomena arising as
a consequence of anthropogenic interaction with the global environment. The
depletion of the ozone layer is promoted by chlorofluorocarbons and other chlo-
rinated and brominated substances that are directly or indirectly emitted into the
atmosphere. In the troposphere, ozone gas reaches the stratosphere, where UV
radiations break fragments into separate chlorine and bromine molecules, with the
subsequent release of halogen atoms. These halogen atoms/radicals initiate the
catalytic cycles that progressively destroy stratospheric ozone layer; one chlorine
atom has the potential to destroy as many as 100,000 ozone molecules before finally
being removed from the stratosphere.

The effects of UV rays on biotic (microbial) and abiotic (photodegradation)
developments are interdependent, and certain evidence proves that the pho-
todegradation can alter (wholly or partially) compounds in such a way that it can
improve or inhibit consequent microbial decay of litter, known as photopriming.
Thus, the direct photodegradation creates negligible effect on the loss of litter mass,
but the subsequent biological turnover can be interrelated with the extent of pre-
vious exposure to radiation. These UV radiation-mediated modifications in plant
tissue chemistry involve stimulation for the synthesis of phenolic substituents that
protects plants against excess UV rays, though the amount of various chemical
constituents like C, N, P, K, and lignin can too vary [52].

7.2 Implications of Radiation on Human Health

The intense research has been carried out to study the effect of radiation on human
health and its role in the destruction of benign tumor cells with radiation, and this
treatment is popularly known as radiotherapy. The extent of radiation dose required
in radiotherapy treatments depends upon the category and phase of cancer under
treatment. Some of the other effects of radiations on various parts of human body
are given in Table 6.
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7.3 Delayed Health Effects

The prominent health effects occur after prolonged exposure to the radiations. The
maximum deferred health effects are stochastic effects where the probability of
occurrence depends upon the amount and the type of radiation dose received. In
most of the cases, such health effects are supposed to be due to the changes in the
cellular genetic material upon subsequent to radiation exposure. The radiations
effect is observed especially in the form of leukemia, bone, and thyroid cancer that
starts to appear within few years after exposure. The radiation damages reproduc-
tive cells, especially the sperms or ovum, that can permanently cause heritable
mutant offspring defects.

7.4 Effects on Fetus/Children

A fetus or embryo can be exposed to radiations through the mother via nutrition,
i.e., internal exposure or directly through external exposure. For most radiation
exposure events, fetus is safe inside the uterus, since the radiation dose is signifi-
cantly lower than that received by the mother. But, the embryo and fetus are
predominantly delicate to radiation effect; the health effect of exposure can be
severe or extreme, even at the radiation doses that are much lower than those that
immediately affect the mother. Some of the deformities are impaired brain function,
growth retardation, and cancer. In case, the embryos and/or fetuses get severely
affected, survival is impossible!

The health effects in human beings depend on certain physical factors, i.e.,
anatomical and physiological differences among children and adults. Owing to the
smaller size of kids, the organs are close together and thus the concentration of
radionuclides is intense in specific organ than it would have been for adults. The
epidemiological studies reveal that the people below the age of 20 years are about
twice more susceptible as adults to be infected by leukemia following the same
levels of radiation exposure [52].

The high-energy radiation (X-rays or c-rays) has severe effect on fetus growing
in the mother’s womb. The exposure to X-rays during the first month of onset of

Table 6 Effect on body parts in case of radiation overexposure

Organ Effect

Brain Fatigue, nausea

Hair Loss of hair follicles and baldness

Intestine lining Diarrhea and malnutrition

Bone marrow and white blood cells Immune system failure

Uterus Destruction of eggs

Body DNA cleavage
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pregnancy results in miscarriage and abortion. The exposure of fetus to X-rays at
later stages of pregnancy causes severe abnormalities in developing baby; i.e., any
radiation above 200 R creates deformities in newborn. In most of the cases, the
reported abnormalities are microcephaly, oxycephaly, microphthalmia, and optic
atrophy, along with the retarded growth and hormonal imbalance. In such cases, the
risk for development of cancer at some stage of life is quite high.

The risks of prenatal exposure to ionizing radiation vary and are based on the
stage of development. An embryo is most vulnerable to the effects of radiation
during organogenesis, i.e., the duration from two to seven weeks after conception
and in the early fetal period, i.e., two to four months after conception. The effects of
exposure can be mutagenic, carcinogenic, and/or teratogenic and are directly
associated with the level of radiation exposure. The estimation of risk for terato-
genic, i.e., non-cancerous fetal development, and the carcinogenic effect was
considered from the survivors of atomic bomb and nuclear fallout during initial
diagnosis in pregnant women, and other animal studies [53–58]. The effect of
radiation on fetus from the time of conception is elaborated in Table 7.

Table 7 A fact sheet for clinics (open-source content for public information)

Fetal development stage
Fetogenesis

Radiation
dose

2 weeks
postconception

3–7 weeks
postconception

8–15 weeks
postconception

16–25 weeks
postconception

26–38 weeks
postconception

Below
50 mSv

Undetected non-cancerous health effects Non-cancerous health effects are
unlikely

50–
500 mSv

Failure to
implant the egg
increases
slightly, and
the surviving
embryos will
not have any
cancerous
effects

Chances of
major
malformations
increases;
embryo growth
may be
restricted

Restriction in
growth along
with decrease
in IQ level
which may be
accompanied
by mental
retardation

Above
500 mSv

High
probability of
egg implant
and the
surviving
embryos will
not have any
cancerous
effects

Chances of
miscarriage
and high
chances of
major
neurological
deformities

Restriction in
growth along
with decrease
in IQ level
which may be
accompanied
by severe
mental
retardation.
Chances of
malformation
increase by
20%

Chances of
miscarriage;
restriction in
growth along
with decrease
in IQ level
which may be
accompanied
by severe
mental
retardation

Incidence of
miscarriage
and neonatal
death likely

Reprinted with permission from Elsevier from Centres for Disease Control and Prevention, Radiation and
pregnancy, Atlanta, USA
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7.5 Effects on Genetic Materials

Many studies have been carried out on cultivated plants after exposing them to
various degrees of ionizing radiations. The effects of high levels of radiation on
plants include damage to DNA molecules that include DNA sequence ‘inversion’
(TCAG converted to GACT) and in few cases sequence deletion or chromosomal
aberrations, i.e., changes observable in growth reduction due to chromosome
structure deformation and is defined by the reduction in the rate of plant growth
along with diminished power of seed germination. DNA is highly sensitive toward
UV-B irradiation thus causing phototransformations and increased production of
cyclobutane pyrimidine dimers and pyrimidine pyrimidinone (6:4) dimers.
Since DNA and RNA polymerases are incompetent to read complete photoprod-
ucts, their exclusion is important for DNA replication and transcription. To cir-
cumvent the cytotoxic effects of UV-persuaded DNA damage, most organisms have
established some multifaceted repair mechanisms including removal, recombina-
tion, repair, and photoreactivation of damaged ribonucleotides (Fig. 11) [59–61].

7.6 Effect on Plants

The elevation in UV-B radiation intensity promotes pleiotropic effects on plant
growth, morphology, and physiology, but plants respond variably to low and high
UV-B radiation, due to stimulation of protective and repair mechanisms that deal
with any change in stress. Plants grown at higher geographical altitudes are more
UV-B-tolerant in comparison with the those sown at lower altitudes having less
UV-B radiation exposure levels. Photomorphogenesis in seedlings is primarily
regulated by red-/far-red-absorbing phytochromes (phy A-E) and by blue/
UV-A-absorbing cryptochromes. Interestingly, the lower dose of UV-B can too
develop photomorphogenesis in etiolated sprouts, since they get initiated by
wavelengths in the range of 250–280 nm. Thus, UV-B rays have potential to
stimulate a broad biosynthetic pathway that leads to disruption in normal
morphogenesis.

The most common defensive mechanism against potentially harmful radiations
is the automatic biosynthesis of high amounts of UV-absorbing phytochemicals that
are essentially secondary phenolic metabolites like substituted flavonoids and

α particles (no effect)
β particles (breakage of single strand)
γ rays (breakage of double strand)

γ

β

γ
γFig. 11 Extent of damage

caused by different types of
radiations on DNA
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hydroxycinnamate esters. These secreted chemicals get accumulated in epidermal
cell vacuoles as a response to UV-B rays which diminish the infiltration of the
UV-B rays into deeper cell layers causing minimal effect on the absorption of
visible light region. Thus, the use of sunscreens by human beings to minimize UV
infiltration is mimicking of common plant protection response behavior. Most of
these sunscreens contain high levels of phenolic compounds secreted by plants.

Terrestrial ecosystem is the largest storehouse of active organic carbon-rich
biosphere that includes biomes of variable climate regimes having various organ-
isms accommodated to these conditions. The important ecosystem facilities are
food and fiber, along with the protection of watersheds and regulation of water
quality in the lithosphere. The response is characterized by insignificant reduction
in leaf area and growth rate, since increase in UV-B radiation intensity leads to the
biochemical and physiological changes. The plant exposed to UV-B radiations
modifies frequently and has huge effects on the interactions between plants and
consumer organisms where the expression of several genes are involved in natural
senescence phenomena [48, 51, 58, 59, 61].

7.7 Effect on Animals

Most of the vertebrate animals and insects are well protected from UV radiations by
their external body coverings like fur, feathers, and pigmentation. But, some of the
other species, like amphibians, are much less protected than other vertebrates. On
southern hemisphere region with extreme cold conditions, the reduction in intensity
of solar UV-B radiation has led to the modification in soil microbes that has further
transformed the quality and/or quantity of root exudates. The importance of root
exudations lies in the fact that they offer adequate amount of the energy and carbon
for microbes present in soil. Solar UV-B radiations prevent the plant growth,
though to smaller extent, i.e., less than 20%, and are enhanced in herbaceous
species in comparison with woody perennial species. These radiations provoke
diverse acclimation responses, including increased DNA repair capacity, activity of
antioxidant enzymes, and accumulation of phenolic compounds [51].

In case of mammals, the ionizing radiations produce detrimental effects on
health. Some of the animals investigated are donkeys, pigs, bulls, cows, sheep,
monkeys, dogs, rabbits, and goats. The widely studied radiations are the external
c-rays, a few in vitro studies (administered to the animals via ingestion) using b
emitters (<10 keV and >10 keV) and neutrons of various energies. The effects on
reproductive system were extensively analyzed that is followed by mutation
induction, mortality, and morbidity. An extensive range of doses and dose rates has
been used in studies with non-human mammals. The procedure considered for
reproductive capacity demonstrated impaired fertility that includes reduction in
fertility span, induction of sterility, declination in female and male reproductive
cells count, or fertility-related parameters like litter number, litter size, embryos
with malformations, sex ratio, preimplantation, or postimplantation death. The
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prolonged exposure to UV radiations results in impairment of immune response in
mammalian systems, including humans. This effect is caused by a variety of his-
tological and biochemical mechanisms that occur due to the induction of inter-
leukins by keratinocytes, reduction in numbers of Langerhans cells in the skin,
change in their response to antigens, and possible DNA damage (Fig. 12) [47].

Fig. 12 Pathways from UV radiation exposure to cellular stress
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7.8 UV Damage to Aquatic Organisms

Solar UV-B radiation has potentially wide range of detrimental effects in aquatic
species and is usually revealed as reduced productivity on freshwater and marine
organisms, including bacterioplankton and phytoplankton. Most of the UV radia-
tions, till wavelength of 320 nm, get strongly absorbed by ozone and to some extent
by oxygen. The short-term and cumulative times at which the aquatic organisms are
exposed to UV radiations are determined by the duration of time and periodicity
that aquatic organisms spend in and out of the UV photic zone (Fig. 13). This
represents the equilibrium between organism damage and organism repair.

UV radiations have high impact on cellular constituents like biomolecules and
their physiological responses to environment that include mitigating strategies and
repair mechanisms. The duration and altitude of solar UV rays have also modified
the morphology of filamentous cyanobacteria (Arthrospira) which has been
popularly known to have natural resistance against any type of solar radiation
[47, 62, 63].

Fig. 13 Effects of solar UV radiation on biomolecules, cellular components, and physiological
responses as well as mitigating strategies and repair mechanisms. Reprinted from [63], ©2015 with
permission from The Royal Society of Chemistry
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7.9 RF-EMFs’ Exposures in Kindergarten Children

Human population is always and continuously exposed to artificial sources of
RF-EMFs. The RF-EMF radiations are classified on the basis of sources of radiation
with respect to human body, i.e., near-field sources (cell phones, iPad, laptops, and
tablets) and far-field sources (Wi-Fi routers, mobile phone base stations, radio/
television, broadcasting towers, and so on). The exposure to RF-EMFs has resulted
in antagonistic health effects as well as biological effects in human beings, espe-
cially the children. The exposure of radiations from mobile phone base stations is
among the biggest source of environmental and far-field individual exposures.
Wi-Fi cellular radiations contribute insignificantly to the overall personal and
environmental RF-EMF exposures in comparison with other RF-EMF sources like
mobile phone stations. The study is really important since it describes the 16 radio
frequency bands detected at the mobile phone base stations. Among all those bands,
GSM 900 MHz frequency band contributes maximum to the total environmental
and personal RF-EMF exposures in kindergartens in Melbourne. Though the
studies have shown no major effect on children, still the investigations are ongoing
to know any type of effect on the kids [64–69].

7.10 Solar UV Exposure in Construction Workers

Short-term UV dosimetric measurements in labors working under direct sunlight
during cloudless periods displayed high radiation exposures. The daily effective
exposure was exceeded, in most cases, and international recommendation for solar
occupational exposure of unprotected skin by several orders of magnitude. As per
the Lucas report findings, the severe consequence of overexposure to UV radiations
is malignant melanoma, which can be treated, if detected at initial stages. UV
radiations are the only major global cause of melanoma and other skin cancers.
Melanoma and skin cancer are rising problems at locations having high perceptions
of UV rays, especially in Spain and the rest of Europe, since its incidence has
amplified significantly in the past 20 years [70–72].

7.11 Effect of Cosmic Radiation on Airline Flyers

The growing mobility of our society is associated with continuous increase of air
travel. This has led to an enormous increase in the number of persons being
exposed to cosmic radiation, essentially the pilots and cabin crews. Moreover, the
number of frequent travelers and astronauts is too exposed to cosmic radiation
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during their travel and mission, simultaneously. In addition to occupational and
non-occupational radiation exposures, cosmic radiation also impacts microelec-
tronic components onboard of aircraft, spacecraft, and space stations. Our atmo-
sphere acts as natural shield for prevention of most of the high-energy radiations
coming from our galaxy. But the jets fly at an altitude of 8–16 km above the sea
level where the atmospheric shield has lesser effect (Fig. 14). Moreover, the impact
of cosmic radiations is enhanced at poles in comparison with equator. The study
indicates that the effective dose rate of cosmic radiations at an altitude of 8 km is six
times higher at poles as compared to equator, while at 16 km the dose rate is nine
times than that at equator [73–75].

Fig. 14 Level of radiation experienced at various altitudes
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8 Radiation Disasters in History

8.1 Chernobyl Nuclear Disaster

The most severe radiation accident in human civilization occurred at the Chernobyl
Nuclear Power Plant on April 26, 1986. The accident was caused due to human
negligence and resulted in the largest uncontrolled radioactive release into the
environment ever recorded for any civilian operation for about ten days. The ear-
liest signs of contamination included an abrupt change in the short-lived radionu-
clide iodine-131 (131I) generally found in fresh milk with a half-life of eight days;
subsequent deficiency of rapid counteractions led to high doses to the thyroid gland,
especially in kids. The severe radiobiological effects were recognized in the
Chernobyl, and after 30 years, the radiation levels have plunged to 1% of the
original levels due to continuous decay in radionuclide and the penetration of some
radionuclides into the soil. Till today, many cytogenetic anomalies due to contin-
uous radiation are still being reported from plants and animals within the 30-km
exclusion zone [76–80].

8.2 Fukushima Nuclear Disaster

Another massive nuclear accident befell on March 11, 2011, at the coastal city of
Japan that was triggered by and earthquake with magnitude of 9.0 on Richter scale.
Since the epicenter was 180 km away from the reactor site, it was previously
assumed to be of category 5 nuclear accident by the INES, but later on measuring
the activity and severity of disaster, it was labeled as level 7, the highest after
Chernobyl disaster [72, 81, 82]. The assessment of any nuclear disaster into any
category is labeled in Table 8.

Table 8 Classification of nuclear accidents on the scale

Level Category name Reported accidents Cause

7 Disastrous Chernobyl (1986) Man-made

Fukushima (2011) Natural

6 Major NA NA

5 Serious Three Mile Island (1979) Man-made

4 Large Windscale (1957) Man-made

3 Accident NA NA

2 Incident Medical negligence Man-made

1 Anomaly Research work Man-made

NA Not available
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8.3 Three Mile Island Nuclear Disaster

The second nuclear disaster was a result of multiple human negligence at unit 2 of
nuclear reactor situated on Three Mile Island, Dauphin County, Pennsylvania,
USA. The incident occurred on March 28, 1979, when the reactor unit was running
to 97%; its capacity was not cooled thermally due to technical and manual snag in
supply of water, which eventually resulted in meltdown of core of the reactor. The
radioactive materials were dispersed into the environment, and the disaster was
categorized under level 5 [83].

8.4 Windscale Nuclear Disaster

The first-ever nuclear disaster was witnessed by Great Britain on October 10, 1957,
when Unit 1 of two-pile Windscale facility caught fire owing to massive over-
heating of reactor beyond 673 K of temperature. The fire continued for three
consecutive days thereby releasing huge amounts of radioactive contaminants into
environment that spread across the UK and Europe. This accident falls under level 4
category that led to significant increase in a number of thyroid cancer patients [84].
During all these radiation disasters, there was enormous release of radioactive
isotopes like 131I, 137Cs, 133Xe, and 90Sr that contaminated Earth’s atmosphere.

The number of radiation disasters occurred in history is listed in Table 9.

9 Summary

Life is impossible without radiations, and the origin of Earth and nature is gift of
radiations. The evolution of life since billions of years was possible owing to
ionizing radiations. The continuous exposure of animals and plants to both natural
and man-made radiations from sources from time to time has induced prominent
effects to either cope up with these radiations or to mutate. There have been
enormous efforts to investigate health effects of radiations, and the results indicate a
striking balance between societal benefits and the risks of radiation toward the

Table 9 Worldwide estimate of serious radiation accident

Type of accident 1945–1965 1966–1986 1987–2007

Accident at nuclear facilities 19 12 4

Industrial accidents 2 50 28

Orphan source accidents 3 15 16

Accidents in academia and research 2 16 4

Accidents in medicine NA 18 14
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health and the environment. The role of society is to develop more comprehensive
knowledge of the environment, i.e., from global scale down to the chemical reac-
tions that take place in air, water, and soil and within living organisms. Some of the
novel and more powerful detection methods for analyzing radiations will be
required. Moreover, it will be essential to develop a systematic approach to this
complex networking of chemical, physical, and biological processes that can be
monitored and evaluated.

10 Conclusion

The need of time is the monitoring of environmental radiation via some programs
that must be carried out using nuclear facilities to safeguard people, animals and
vegetation and climate from the ill effects of radiations. There must be certain
government and industry radiation control programs routinely to countercheck the
levels of radioactivity in the air, drinking water, surface water, soil, and food. This
further requires the implementation of science and engineering to resolve and abort
such problems and increase the level of understanding for the relevant issues. The
expansion of knowledge will help in full protection, restoration, and preservation of
our environment.
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Radiation Physics and Chemistry
of Polymeric Materials

Paramjit Singh and Rajesh Kumar

Abstract The material properties can be modified/tailored by either of the tech-
niques available such as top-down method, bottom-up method, composite ratio
variation, doping of a suitable dopant, ion beam-related methods and many others.
The modifications by ion beam and radiation treatment are quite effective tech-
niques to calibrate the physical, chemical, surface and structural properties of the
materials. Polymeric materials are highly radiation sensitive and their properties can
be modified by exposing the material to different ions and radiation such as
gamma rays, electron and proton beams as well as swift heavy ions. The focus of
the present discussion is pointed towards the radiation (mainly swift heavy ions and
gamma rays) induced modification of polymeric materials and their physical and
chemical aspects. The fundamental concepts of energy transfer of swift heavy ions
and the post-irradiation effects such as cross-linking and chain scissoring of poly-
meric materials have been discussed in this chapter. The polymeric chain scissoring
and cross-linking are related to the structural, chemical, surface, electrical and free
volume properties of the polymers. The concept of free volume is further related to
gas diffusion and separation properties of some of the polymers. The discussion is
limited up to the radiation-sensitive polymers such as polymethyl methacrylate,
polyethylene terephthalate and polyallyl diglycol carbonate polymers in the present
chapter. The applications related to ion beam technology have been discussed in the
last section of this chapter.
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Keywords Swift heavy ions � Polymers � Free volume � Positron annihilation
lifetime spectroscopy � Cross-linking � Chain scissoring

Abbreviations

CS Crystallite size
Eg Band gap energy
FFV Fractional free volume
FV Free volume
I3 Intensity of o-Ps
LET Linear energy transfer
o-Ps Ortho-positronium
PADC Polyally diglycol carbonate
PALS Positron annihilation lifetime spectroscopy
PET Polyethylene terephthalate
PITMs Polymer ion track membranes
PMMA Polymethyl methacrylate
p-Ps Para-positronium
R Hole radius
RGA Residual gas analyses
Se Electronic energy loss
SHI Swift heavy ions
Sn Nuclear energy loss
SRIM Strength and range of ions in matter
SSNTDs Solid-state nuclear track detectors
TRIM Transport of ions in matter
XRD X-ray diffraction
Z Atomic number
s3 Lifetime of o-Ps

1 Introduction

Radiation is simply an energy emitted from a suitable source such as heat and light.
The amount of energy or intensity of the radiation decides its category that whether
it is ionizing or non-ionizing. The ionization potential of atoms ranges from a few
electron volts for alkali elements to 24.5 eV for helium (noble gas) [1]. The
non-ionizing radiation can move the atoms in a molecule or make them vibrate
(called excitation), but unable to remove any electron from those atoms, for
example, sound waves, visible light and microwaves. The ionizing radiations, on
the other hand, have enough energy to ionize atoms, e.g. X-rays, beta rays, alpha
rays, swift heavy ions (SHI) and gamma radiation. Coulomb per kilogram (C/kg) is
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the SI unit of ionizing radiation exposure. Gamma rays are electromagnetic radi-
ation of high-frequency and high-energy photons. Gamma rays are denoted by
Greek letter ‘c’. An unstable nucleus decays gamma rays to get stability. These rays
were discovered in 1900 by a French chemist and physicist Paul Villiard and so
named as gamma by Ernest Rutherford in 1903. The SI units of gamma rays are
grey (Gy) which is measured in J/kg. 1 Gy is the amount of radiation required to
deposit 1 J of energy in 1 kg of matter. Various types of radiation including heavy
ions (in MeV range), light ions (in keV range), highly focused microscopic beams
and high-intensity pulses, soft and coherent X-rays, gamma rays, electron, proton
and neutron beams are used for irradiating the materials depending upon the type of
modification one needs for required applications. Accelerated ions and electron
beam have an advantage over radioactive radiation that the problem of disposing of
the radiation source (or shielding from the environment, when not in use) is
eliminated.

Polymers are already familiar in the industries as well as research fields. There
are hundreds of polymeric materials existing in the market for various applications.
The scientific community is continuously modifying and mixing polymers to
blends, clays or composites to modify their properties. The field of polymer study
and research is broad and the available information is diverse which is too wide to
be explained here. The polymeric properties can be tailored or modified by irra-
diating the polymer with suitable ionizing radiation. The radiation physics and
chemistry of polymeric materials are widely applicable in modifying the structural,
chemical, mechanical, optical, thermal, magnetic, surface, electrical and many other
properties of the polymeric materials.

2 Polymer Ion Interactions

The energy transferred dE
dx

� �
by impinging ion is divided into threemain components:

dE
dx

¼ dE
dx

� �
nuclear

þ dE
dx

� �
electronic

þ dE
dx

� �
radiation

The first one is nuclear energy loss, and the second one is electronic energy loss.
The third component of energy loss is in the form of bremsstrahlung and Cerenkov,
which is negligibly small in case of SHI. The most of energy loss is shared by
nuclear (elastic collision) and electronic (inelastic collision) components.
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2.1 Elastic and Inelastic Collisions

(i) The nuclear energy loss (Sn) is caused by scattering of the projectile by the
screened nuclear potential of the target atoms (Rutherford scattering) [2]. The
atoms are displaced from their sites creating vacancies and interstitials. The
nuclear energy loss leads to two main effects mainly: displacement of atoms
and/or creation of phonons. The maximum Sn occurs near the end of ion track
because ion speed becomes comparable to the Bohr velocity (orbital electron
velocity) [3].

(ii) The inelastic collision of SHI with the atomic electrons of the matter is known
as electronic energy loss (Se). In this collision, SHI leaves a trail of changed
material along its path through the medium, which is called latent ion track.
These tracks can have different shapes such as conical, cylindrical and funnel
like and their size varies from micrometer to nanometre range. The mechanism
responsible for ion track creation can be explained by two popularly known
models: Coulomb explosion model and thermal spike model.

2.1.1 Coulomb Explosion Model

When SHI passes through the atoms or molecule of the target, it produces the long
cylindrical zone of positively charged ions. This cylinder containing positively
charged ions explodes rapidly due to Coulomb repulsion of these positively charged
ions. Due to this cylindrical shock wave, ion tracks are formed along the trajectory
of the ion [4, 5].

2.1.2 Thermal Spike Model

The inelastic collision of SHI with target molecules ejects electrons from the
molecular atoms. These ejected electrons have sufficient kinetic energy to induce
electronic excitation by transmitting energy to the lattice through electron–phonon
interactions. Due to this, the local lattice temperature of the material is increased
above the melting point followed by rapid quenching of the molten matter resulting
in the track formation [6–8].

The tracks can be tailored by projectile energy transfer and polymer type to some
extent, and their size and shape can be tailored by controlled chemical etching as a
function of etching time. The schematic of track formation and etching is shown in
Fig. 1 [9]. There are numerous applications based on the size of these tracks which
can be controlled by optimizing the etching time and conditions. Some of the
polymers have been reported for gas separation applications after controlling the
size of these tracks. The details are discussed in this chapter.
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2.2 Stopping and Range of Ions in Polymers

The amount of damage produced by irradiation in solid target, particularly elec-
tronic energy loss (Se), nuclear energy loss (Sn) and projected range can be esti-
mated by using Monte Carlo simulation techniques such as stopping and range of
ions in matter (SRIM) and transport of ions in matter (TRIM). This code is based on
the binary collision approximation (BCA) approach and uses statistical algorithms
to calculate how the moving ion loses its energy in the target. The distribution and
ionization energy lost by the ion into the target, backscattered and transmitted ions
and energy transferred to recoil atoms can be calculated using TRIM. In addition to

Fig. 1 Schematic for
preparation of etched tracks in
polymer membrane.
Reproduced with permission
from [9]

Radiation Physics and Chemistry of Polymeric Materials 39



it, the detailed calculation with full damage cascades monolayer collision, surface
sputtering calculations, neutron/electron/photon cascades and various ion energy/
angle/positions and multi-layer biological targets can be estimated using TRIM
[10]. There are other computational atomistic methods used for modelling irradi-
ation effects in solids such as molecular dynamics with empirical potentials, density
functional theory (DFT) based methods, tight-binding methods, time-dependent
DFT simulations, phenomenological descriptions of electronic excitation and
kinetic Monte Carlo approach. The discussion of these methods is beyond the scope
of this chapter and can be read elsewhere [2].

The nuclear energy loss dominates in the range of 10−3–10−2 MeV of ion energy
(*1 keV/amu), while electronic energy loss is prominent at higher energies in the
MeV to GeV range (*1 MeV/amu or more). The different ions can have different
energy loss ranges depending upon their atomic number (Z), velocity as well as mass
and atomic number of the target material. The Se and Sn values increase with the
increase of atomic number (Z) of impinging ion. Heavy Z value ions have the maxi-
mum Se value up to 10,000 MeV energy, which is not practically possible for normal
accelerators to produce such a huge amount of energy. The Fig. 2 explains a typical
example of the variation of dE/dx of different energetic ions in polymethyl
methacrylate (PMMA) polymer (calculated using SRIM code, density of PMMA
1.19 g/cm3) over a wide range of energy (1 eV to 100 GeV). The peak values shift
towards higher MeV range as the Z value of impinging ion is increased. The stopping
power of any compound in SRIM is estimated by linear combination of stopping
powers of its individual elements using Braggs rule [11]. The accuracy of Braggs rule
(and hence SRIM) depends on the detailed orbital and excitation structure of the
matter and the bonding changes may alter the strength of ion’s interaction with the
target medium. Still, the deviation is less than 20% [10]. Hence, a good estimate about
variation of Se and Sn values can be taken from these energy loss plots for a given ion. It
is clear from Fig. 2a–c that Sn value is negligibly small in case of SHI irradiations, so it
has a little effect upon the modifications of the ion irradiations. The peak value of Se
ranges between 10 and 100 MeV energy for most of the ions. The accurate sample
thickness of the target polymer and energy range of the ion to be irradiated can be
estimated by using SRIMprojected range and Se calculations, respectively, at the time
of framing the experiment. The Fig. 2 is a typical example of PMMA polymer;
the similar effects can also be estimated for other polymers.

2.3 Irradiation Effects on Polymers

The nuclear and electronic energy losses, i.e. Sn and Se values in the target polymer,
lead to certain modifications such as cross-linking (gelling) and scissoring
(degradation) of polymeric chains which affect the physical, chemical, electrical,
surface and many other properties of the material. Table 1 describes the list of
polymers which mostly cross-link or degrade after ion irradiations [12].
Qualitatively, the polymeric chains get cross-linked and scissored simultaneously
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Fig. 2 SRIM calculated plot
of energy versus nuclear
energy loss (−dE/dx)n and
electronic energy loss (−dE/
dx)e for irradiation of different
ions upon PMMA polymer
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during irradiation of polymers, but the dominance of one factor over the other for a
given polymer depends upon number of factors such as polymer structure, type and
energy of ion, sample thickness and ion fluence (number of ions per unit volume)
[13, 14]. The structural and composition changes in the polymers have been
reported in the last decade by many groups; some reports are discussed below.

Inelastic collisions produce the excitation and ionization of the orbital electrons
of the atoms of the target material and as a result of it, liberation of gasses species
such as hydrogen, carbon dioxide, carbon monoxide, helium, less abundant heavier
molecular species and their reaction products occur [15–17]. The gas liberation can
be estimated from residual gas analyses (RGA) at the time of irradiation. Wang
studied the liberation of hydrogen gas and cross-linking of 50 keV nitrogen
ion-implanted polystyrene-co-acrylonitrile polymer films of thickness in the range
of 500–2500 Å [18]. He reported the dissociation of hydrogen atoms from the C–H
bonds near the surface region (0–900 Å), thereby producing carbon-based free
radicals due to electronic ionization/excitation. The liberated hydrogen gas diffused
out of the sample, and carbon-based free radicals cross-linked each other as the
matrix cooled down and eventually formed a large three-dimensional (3D) carbon
network near the surface. Similar results of hydrogen gas liberation were reported
by Hnatowicz et al. in their 3 MeV Si2+, 3.25 MeV Cu2+ and 4.8 MeV Ag2+

ion-irradiated polyether-ether-ketone polymer samples [19]. They reported that
gaseous release increased with increase of ion fluence from 1012 to 1013 ions/cm2.
Similar results were reported by their group in earlier reports upon polyimide
polymer by keV ions irradiations [20]. Similarly, the RGA analyses of low-energy
(keV) proton and nitrogen ion-irradiated ethylene tetrafluoroethylene polymer
showed the liberation of H2 and HF gasses in another report [21].

Table 1 Radiation
characteristics of generic
polymers

Mainly cross-linking Mainly scission

Polyethylene Polyisobutylene

Polyacrylates Polymethacrylates

Polyvinyl chloride Polymethylstyrene

Polysiloxanes Polymethacrylamides

Polyamides Polyvinylidene chloride

Polystyrene Polytetrafluoroethylene

Polyacrylamides Polypropylene ether

Ethylene vinylacetate Cellulose

Reproduced with permission from [12]
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3 Concept of Free Volume

The cross-linking and chain scissoring of polymeric chains actually modify the
polymeric free volume, which is further related to some other properties such as
transport properties, glass transition temperature, ion conductivity, degree of
polymerization and permeability of gasses which are related to the free volume [22–
28]. There are static and pre-existing holes in the amorphous phase of polymers,
which occur due to irregular packing of molecular chains. Another category is
dynamic and transient holes, which occur due to molecular relaxation of polymeric
chains. The density of amorphous polymer decreases by 10% due to the presence of
these types of holes as compared to the density of the crystalline state of the same
material [29]. Thermal, mechanical and relaxation properties of polymers are
affected by the relative percentage of these holes [29]. The volume occupied by
these holes is called free volume, and it can be modified by ion beam treatment
[30]. Depending upon the polymer chains packing; free volume is further catego-
rized into following types [31].
Hole free volume: There is a free space among the perfectly aligned polymeric
chains of a particular polymer; this free space is called hole free volume.
Configurational free volume: The insufficient chain packing causes creation of an
additional free space which is called configurational free volume.
Fluctuation (dynamic) free volume: The movement of polymeric side chains
creates transient gaps, which create an extra free volume called fluctuation free
volume.

Although it is difficult to determine the concentration or type of the defect
generated, the overall change in free volume can be calculated using either of the
techniques available such as positron annihilation lifetime spectroscopy (PALS),
Doppler broadening spectroscopy (DBS) or angular correlation of annihilation
radiation (ACAR). Presently, we will discuss PALS technique.

3.1 Positron Annihilation Lifetime Spectroscopy

Positron annihilation lifetime spectroscopy (PALS) is a non-destructive and reliable
technique used to find free volume of the polymers. This technique is used to find
lifetime of a positron and its bound state with an electron called positronium. The
spin state of electron and positron with respect to each other further divides the
positronium into two categories: ortho-positronium (o-Ps, parallel spin, 3S1 spin
state) and para-positronium (p-Ps, antiparallel spin, 1S0 spin state) [32]. The elec-
tron density is small in an open volume defect (such as vacancy or its agglomerates)
of any material (semiconductor or amorphous), so the lifetime of positron increases
with respect to defect-free region after it is trapped in such defects. The spectrum of
positron annihilation counts obtained from PALS experiment looks like Fig. 3 [33].
After the data analyses obtained from the PALS experiment, three lifetimes (s1 for
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p-Ps annihilation, s2 for free positron annihilation and s3 for o-Ps annihilation) and
corresponding intensities (I1, I2 and I3) are obtained. Annihilation of o-Ps and hence
its lifetime (s3) are directly correlated to polymeric free volume. The intensity (I3)
of o-Ps is directly related to defect concentration. It represents the o-Ps formation
probability. Hence, the PALS technique gives useful information about kind and
concentration of the defect. The graphical representation of free volume modifi-
cation by ion beam technology is shown in Fig. 4 [3, 34].

The Tao-Eldrup model is used to find the value of hole radius (R) [35, 36] by
using Eq. (1),

s3 ¼ s0 � 1� R
RþDR

þ 1
2p

� sin 2pR
RþDR

� �� ��1

ð1Þ

The value of so is 0.5 ns and DR = 0.166 nm. These values were obtained by
fitting Eq. (1) in holes of known mean radii in porous materials [37]. DR is the
thickness of the homogenous electron layer in which the positron annihilates.

The free volume (FV) in polymers can be calculated using the formula given by
Eq. 2.

Fig. 3 PALS spectra of pristine and C5+ ion-irradiated PMMA polymer at various fluences.
Reproduced with permission from [33]
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FV ¼ 4
3
pR3 ð2Þ

Here, R is hole radius calculated using Eq. (1) considering the cavities to be nearly
spherical.

Another term which is called the fractional free volume (FFV) is calculated
using the formula given by Eq. 3.

FFV ¼ C � FV � I3 ¼ C
4
3
pR3

� �
I3 ð3Þ

Here, C is a structural constant, and its value is *0.0018 [38]. All these dis-
cussed parameters (R, FV and FFV) will be used in the next sections.

4 Polymethyl Methacrylate

The polymethyl methacrylate (PMMA) polymer is a thermoplastic polymer with
chemical formula [C5H8O2]n. It is a transparent and colourless polymer having a
melting point of 160 °C and approximate density of 1.19 g/cm3. The glass tran-
sition temperature of PMMA varies in the range of 100–105 °C. PMMA polymer is
used by medical accessories manufacturing industries for producing various
products such as acetabular cups, patellar prostheses, cements for fixing hip and
joint prostheses and filler in dentistry or vertebroplasty [34, 39, 40].

Fig. 4 Graphical representation of free volume modification of polymeric chains by ion
irradiation. Reproduced with permission from [3, 34]
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PMMA is a radiation-sensitive polymer. It is considered to be degrading (chain
scissoring) type polymer after irradiation because the increase of its solubility and
high emission rate after ion irradiation is related to chain scissoring [41]. One of the
prominent reasons of this chain-scissoring property is the presence of side chains
around quaternary carbon atom in the structure of PMMA (Fig. 5) which restrict the
chain mobility and hinder cross-linking [34]. Nathawat et al. reported chain scis-
soring after electron beam (10 keV energy) irradiation upon PMMA films of 20 lm
thickness [42]. But prolonged irradiations give contrary results; i.e., it can show
both cross-linking and chain scissoring after ion irradiation [41]. There are other
reports which claim PMMA to be cross-linked after ion irradiation [13, 43–45]. The
emission of volatile gasses plays a vital role in the modification of ion-irradiated
PMMA. In a report, Hossain et al. performed on- line RGA of PMMA while
irradiating with 4.5 MeV/u Au ions as shown in Fig. 6 [46]. Their RGA analyses
showed that the main volatile fragments of irradiated PMMA polymer were H2,
CH3, CH4, CO and CO2, the latter presumably produced from the unstable
CH3OCO radical originating from the side chain scission. This mechanism is
shown in Fig. 7 [46]. This was initiated by homolytic bond breaking by the highly
energetic d-electrons [46].

So, the above discussion implies that both the effects of cross-linking and
degradation occur after ion irradiation, but the overall modifications depend upon

Fig. 5 Structure of
PMMA [Reproduced with
permission from [34]]

Fig. 6 Outgassing spectra of
PMMA polymer irradiated
with 4.5 MeV/u Au ions.
Reproduced with permission
from [46]
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ion fluence, ion energy and its Z value. The linear energy transfer (LET) plays a
vital role in degradation and/or cross-linking of polymeric chains. The high LET
ion irradiation of PMMA can modify surface mechanical properties which can be
used in the industry where highly cross-linked surfaces are necessary [13].

Lee et al. investigated the degree of scissoring and cross-linking in details for
2 MeV He+ and Ar+ ions, 4.5 MeV e-beam and 1.1/1.3 MeV Co60 gamma
radiation-irradiated PMMA samples (for low and high LET ions) [13]. They carried
out gel permeation chromatography (GPC) analyses and measured hardness
changes to analyse the degree of cross-linking. The number density of spurs (a
discrete loss of energy by SHIs) and their separation are the deciding factors for the
degree of cross-linking and degradation for a given LET of irradiated ions [47–49].
In their experiment, the spur distance and scission yield decreased with the increase
of LET as shown in Fig. 8 [13]. It shows that low LET implies widely separated
spurs which means a significant fraction of deposited energy remains within chains,

Fig. 7 A possible mechanism of volatile products formation of PMMA foil. Reproduced with
permission from [46]

Fig. 8 a Scission yield G (s) and b spur distance as a function of LET for PMMA irradiated by
various radiation sources. Reproduced with permission from [13]
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leading frequently to chain scissoring, and thus degrades the material. The number
of spurs per unit track length increases with the increase of LET which forms a
continuous column of overlapping radicals and hence cross-links the polymeric
chains. It concludes that low LET affects single molecular chain due to which the
chain scission occurs, but on the other hand, high LET produces a high concen-
tration of free radicals, as a result of which the tracks get overlapped and cross-link
the molecular chains [13].

Our group reported effects of 50 MeV Li3+ and 70 MeV C5+ ions and gamma
radiation exposure upon free volume of the PMMA polymer using PALS analyses
at various fluences and doses, respectively [33, 34]. After data analyses, variations
of R and I3 as a function of ion fluence and gamma dose are shown in Fig. 9. The
value of R and FV for lithium ion-irradiated polymers was observed to be decreased
at fluences of 1.0 � 1011 and 5.0 � 1011 ions/cm2 from pristine value, followed by
a small increment in their values up to maximum increment at a fluence of
5.0 � 1012 ions/cm2. The value of R remained almost unchanged for the case of
gamma exposure as shown in Fig. 9. The carbon ions exposure gave similar results
as those of lithium ions irradiations as shown in Table 2 [33]. The irradiation causes
cross-linking, and the polymer chains come closer due to the free radical formation,

Fig. 9 Variation of a hole radius and b o-Ps intensity versus ion fluence of the Li3+ ions irradiated
PMMA samples. Variation of c hole radius (R) and d o-Ps intensity versus gamma dose of the
gamma radiation exposed PMMA sample. Reproduced with permission from [34]
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which results in the decrease of hole radius and hence the free volume [50]. So the
polymeric chains cross-linked at a fluence of 1.0 � 1011 ions/cm2. In addition to it,
the increased surface roughness is related to cross-linking of polymeric chains that
leads to change in free volume fraction in modified surface layers [51, 52]. The
value of I3 remained almost constant and decreased at a fluence of 5 � 1012 ions/
cm2, and gamma exposure showed irregular variations of I3. The value of I3
depends upon several parameters like the chemical composition of material under
study, the type and energy of incident ion/radiation and mechanical history of the
sample and its polarity [53]. The probability of formation of o-Ps decreased at a
fluence of 5 � 1012 ions/cm2. In addition to it, there is a certain probability that
o-Ps could have reacted chemically with molecules either by chemical inhibition
due to which s3 decreased or by chemical quenching which is responsible for
decrease in value of I3 [54]. The free volume increased due to increase in value of
R at higher fluences. There are two factors which may be responsible for the growth
of hole radius. The rise in temperature factor is considerable at a fluence of
5.0 � 1012 ions/cm2, which may increase R and FV [55]. There is another expla-
nation reported, according to which the carbon clusters act as positron scattering
centres and decrease the positron mobility due to which the positron formation
probability increases, thereby increasing the value of FV [53]

In addition to the free volume, the radiation treatment modifies the structural as
well as optical properties of the polymers. The X-ray diffraction (XRD) studies
reveal the modification of crystallite size (calculated using Scherrer formula, see
Appendix). The ion irradiation increased the crystallite size (C.S.) by *11% (8.7–
9.7 Å), while gamma exposure decreased C.S. by *10%. The amorphous nature
increased after SHI and gamma irradiations. UV–visible studies revealed the shift of
optical absorption edge towards longer wavelength leading to decrease in band gap
energy (Eg) of the sample gradually with increase of gamma dose and ion fluences.
The value of Eg (calculated using Tauc’s relation, see Appendix) decreased by 12%
(from 5.04 to 4.43 eV) in case of lithium and gamma exposure for direct transition
and 24% (from 4.23 to 3.21 eV) in case of carbon ion irradiation for indirect
transitions. These variations are shown in Fig. 10 [34].

Table 2 Calculated values of radius of free volume hole (R), free volume (FV) and fractional
volume (FFV) in pristine and irradiated PMMA samples

Fluence (ions/cm2) R (Å) FV (Å3) FFV

Pristine 3.04 117.78 6.67

5 � 1010 3.00 113.84 5.92

1 � 1011 2.99 112.16 5.88

5 � 1011 2.97 110.63 5.90

1 � 1012 2.99 112.52 5.75

5 � 1012 2.99 112.62 5.82

Typical errors in the quantities are 0.01Å, 1.15 Å3 and 0.21, respectively
Reproduced with permission from [33]
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The irradiation conditions can be optimized to obtain cross-linking of PMMA
polymeric chains. Unai et al. reported two-step irradiation method (low flux fol-
lowed by high flux) to achieve short exposure time to induce cross-linking of
PMMA polymeric chains while maintaining the exposed regions free of blisters
[56]. The thin-film transistors can be produced by using cross-linked PMMA gate
dielectrics, which have high carrier mobility and can be operated at low voltages
[57]. Hong et al. fabricated waveguides in PMMA by proton implantation in order
to increase the mode number and refractive index [58].

The surface hardness and conductivity can be tailored/increased by doping the
polymer with suitable metallic nanoparticles followed by ion irradiation. Singh
et al. reported the increase in ac conductivity of copper-doped PMMA after the
radiation treatment of 140 MeV silver ions as shown in Fig. 11 [59]. The Fig. 11
clarifies that ac conductivity increased with increase of frequency, filler concen-
tration as well as ion fluence [59]. This concludes that ion irradiation promotes
metal to polymer bonding by depleting the hydrogen from the carbon network of
the polymer due to the emission of gaseous species [60, 61].

The doping of metal nanoparticles or grafting of the polymers with other suitable
nano-sized materials modifies the material properties significantly in terms of small

Fig. 10 UV–visible spectra of pristine and a Li3+ ions irradiated and b gamma radiation-exposed
PMMA polymer. The dependence of (ahm)1/2 on photon energy (hm) for pristine and c Li3+

ions irradiated and d gamma radiation-exposed PMMA polymer. Reproduced with permission
from [34]
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size, surface and quantum size effects as well as macroscopic quantum tunnel effect
[62–64, 66]. The silane coupling agents (having ability to form a bond between
organic and inorganic materials) can be used to cover the surfaces of polymer
composites doped with magnetic particles; these composites are used for wave
absorbers for the quasi-microwave band which are thinner (2 mm) than conven-
tional spinel-type ferrite absorbers (6–7 mm) [65]. This property of least thickness

Fig. 11 Frequency dependence of the conductivity of PMMA/Cu composites at different
concentrations of Cu filler (10–40%) for a pristine samples, b irradiated with silver ions at a
fluence of 1 � 1011 ions/cm2 and c irradiated at a fluence of 1 � 1012 ions/cm2. Reproduced with
permission from [59]
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(or more thinness) results from permeability and permittivity values that are higher
than those of conventional systems [65]. Gavade et al. reported the effects of
lithium ion irradiation on dielectric properties of NiO nanoparticles dispersed in
PMMA polymer matrix [66]. The conductivity and dielectric constant were mea-
sured as a function of frequency (1–10 MHz range) for 2 and 10% NiO doping for
pristine and irradiated samples, respectively. The plots are shown in Fig. 12 [66].
The conductivity and dielectric constant increased with increase of doping con-
centration. The potential barrier depleted due to increase of conduction between
filler particle aggregates in the doped composite, as a result of which conductivity
and dielectric constant increased; both of these properties further increased with ion
irradiation. The gaseous emission during irradiation converts polymeric structure
into hydrogen-depleted carbon network, which promotes metal to polymer bonding
and hence makes the composite more conductive [66].

5 Polyethylene Terephthalate

Polyethylene terephthalate (PET) is a semi-crystalline thermoplastic polyester
derived from polyethylene terephthalate. Its chemical formula is [C10H8O4]n. Its
melting point is 260 °C, and the density is approximately 1.31 g/cm3. The glass
transition temperature of PET varies between 67 ºC and 81 °C. PET polymer has
commercial applications in the fabrication of various electrical instruments, pack-
aging, X-ray sheets, plastic bottles and blood vessel disease treatments
(atherosclerosis) [67, 68].

PET membranes have great utilization for gas separation applications. The
permeability (rate of flow of gas) and selectivity (ability of a membrane to
accomplish a given separation) are important parameters of a membrane to be used
as a gas separating membrane commercially. The other commercially available

Fig. 12 Variation of a ac conductivity and b dielectric constant as a function of log frequency for
pristine and irradiated samples [Reproduced with permission from [66]
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polymer membranes are polysulfone, polyimides, tetrabromopolycarbonate, cellu-
lose acetate, poly(phenylene oxide), polyimide, silicon rubber, silicon rubber, poly
(trimethylsilyl propyne) and many more [69]. PET membranes have an advantage of
high gas permeability and permeation selectivity among the other commercially
available gas separating membranes such as metal and ceramic membranes. The
permeability coefficient (P) is related to diffusion coefficient (D) and solubility
coefficient (S) by the relationP = DS. The value ofP varies in the range of 10−4 to 104

Barrer in case of polymer membranes [69]. Generally, the permeability of the
membrane increases at the cost of permeation selectivity, but ion beam irradiation
technology for the production of tracks has overcome this limitation. The pore size and
porosity are two parameters in case of track-etched polymeric membranes that make
them distinct advantageous over conventional membranes. Both of these parameters
are independent of each other and can be varied in an easily controlled manner over
several orders of magnitude [9]. Pore size is a function of etching time, while porosity
is a function of irradiation process [70]. The polymeric membrane is subjected to
chemical etching process after the tracks are formed by ion irradiation. The etching
time and irradiation fluence can be calibrated in order to get membranes of desired
pore size and porosity. The membranes with pore sizes from about 10 nm to several
micrometres are commercially available [71]. The conditions of chemical etching
affect the pore shape [72]. The pore size of PET can be controlled by the track
formation by ion irradiation followed by chemical etching. The mechanical stability
and permeability can be increased simultaneously by performing gelation in the pores
of track-etched PET membranes [71, 73]. Further improvements can be achieved
through functionalization of membranes via different routes as explained in details by
Ulbricht et al. [71]. One such example is shown in Fig. 13 [74]. This figure shows the
SEM image of track-etched PET membranes functionalized via ‘grafting from’ with
an amino-functional polyacrylate [74].

The pore size of the membranes can be controlled by changing the etching time
for suitable applications. Awasthi et al. increased the permeability of different
gasses by controlling the pore size of 25-lm-thick PET membranes after irradiating
with 100 MeV Cl9+ ions as a function of etching time [9]. They reported outer
diameter of the pores to be 2 lm as shown in Fig. 14 and pore size of 70–120 nm
for different etching times [9]. The etching time affected the permeability of the
gasses. The permeability of different gasses increased with increase of etching time
as shown in Fig. 15 [9].

The free volume and distribution of the effective micropore size of the free
volume elements are interconnected [75, 76]. The gas diffusion properties are
related to amount and distribution of free volume [31]. The gas permeability and
free volume are directly related to each other [30]. So, it is important to study free
volume so that permeation can be estimated. Our group reported the modifications
in the free volume of PET polymer by controlled irradiation of carbon, lithium and
gamma radiation. The value of R and FV increased after lithium ion irradiation as
shown in Fig. 16 [77]. The variations of R and FFV as a function of carbon ion
fluence and gamma dose have been plotted in Fig. 17a–d [78]. The values of R, FV
and FFV were almost unchanged after gamma exposure. The gamma exposure is
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Fig. 13 SEM cross-sectional images of a nanoparticle composite membrane—the base
track-etched PET membrane. a Filled pores before coupling reaction overnight, b cross section
after coupling reaction and complete washing and c cross-sectional detail demonstrating the
distance between neighboured bound nanoparticles. Reproduced with permission from [74]
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almost an electronic energy loss process. The nuclear energy loss is almost negli-
gible in this case. It has been reported that nuclear energy loss is responsible for the
defects creations in the target materials. The free volume is a kind of defect which is
almost constant in gamma exposure due to the absence of nuclear energy loss and
hence due to the lack of defects creation.

The PET polymer is semi-crystalline in nature. Its XRD peaks are sharp and
intense as compared to other amorphous polymers. The X-ray diffraction studies
showed amorphization after lithium ion irradiation due to decrease in the intensity
of the diffraction peaks as shown in Fig. 18 [77]. The crystallite size was increased
after ion irradiations (from 36.5 Å for pristine value to 64.6 Å for fluence of
5 � 1012 ions/cm2). However, the polymer crystalline nature was observed to be
improved after carbon ion irradiation and gamma radiation exposure, although the
improvement was independent of the ion fluence. The band gap energy (Eg) was
analysed to be decreased by 15.8% (at 5 � 1012 ions/cm2), 16.4% (at 5 � 1012

ions/cm2) and 12.3% (1250 kGy) in case of lithium ion, carbon ion and gamma
radiation exposure, respectively, for direct transitions. Awasthi et al. reported
decrease in crystalline nature of PET in XRD studies after 100 MeV oxygen ion
irradiation [79]. They reported decrease in the value of Eg by 11.3%. Ramola et al.
also observed decrease in peak intensity of XRD after 120 MeV nickel ion irra-
diation and decrease in Eg by 39% in UV–visible studies [80]. Biswas et al.
reported decrease in peak intensity of X-ray diffraction after 180 MeV silver ion

Fig. 14 SEM image of track-etched PET membrane. Reproduced with permission from [9]
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Fig. 15 Gas permeability of PET membrane at different etching times. Reproduced with per-
mission from [9]

Fig. 16 Variations of hole
radius (R), free volume
(FV) and fractional free
volume (FFV) as a function of
lithium ion fluence.
Reproduced with permission
from [77]
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Fig. 17 Variation of a hole radius (R) and b fractional free volume (FFV) as a function of ion
fluence of the C5+ ions-irradiated PET samples. Variation of c hole radius (R) and d fractional free
(FV) volume as a function of gamma dose of the gamma radiation-exposed PET samples.
Reproduced with permission from [78]

Fig. 18 X-ray diffraction
patterns of pristine and Li3+

ions irradiated PET polymer
samples. Reproduced with
permission from [77]
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irradiation [81]. Prasad et al. observed no changes in the XRD studies after gamma
exposure (50, 90 and 135 kGy doses) to PET polymer [82].

PET polymer has advanced applications in medical science. It is used as a
sewing cuff around the circumference of heart valves to promote tissue in-growth
and to provide a surface to suture the valve to the surrounding tissue [83].
Endocarditis is an infection of the heart’s valves or inner lining. It occurs when
germs get into the bloodstream and settle inside the heart, often on a valve. The
infection is usually caused by bacteria (in rare cases, it is caused by fungi [84]). The
silver coating of prosthetic valve sewing rings is used to protect against prosthetic
endocarditis [85, 86]. Jin et al. reported that toxic effect exerted through the release
of silver ions into the tissues or body fluid is the important parameter which decides
the clinical potentiality of PET modified by Ag ion implantation (Ag-ion-PET)
[87]. They observed that Ag-ion-PET sample has a large potential to kill bacteria,
and the adhered colonies of a particular species of bacteria [called staphylococcus
epidermidis (SE)] on the surface of Ag-ion-PET sample were as less as 24% on the
control PET surface. Similar bacterial adhesion behaviour of Ag-implanted PET
was studied by Li et al. [88]. They also reported 24% less concentration of SE on
the surface of Ag-implanted PET.

6 Polyallyl Diglycol Carbonate

Polyallyl diglycol carbonate (PADC) is used as solid-state nuclear track detector
(SSNTD) due to its ability of ion track detection [89]. Its trade name is CR-39. The
literature of gamma and neutron ray’s exposure on CR-39 polymer with various
fluences and doses is available. Ramola et al. reported the increase in polymer
crystalline nature and decrease in band gap energy from 4.8 to 3.4 eV after oxygen
ion irradiation of PADC [90]. Although, in a recent study by El-Saftawy et al., the
polymer crystalline nature was reported to be decreased by 20%. In addition to
decrease in the band gap energy, they reported colour transformation due to the
trapped free radicals or charged species in the polymer [91]. In a similar study, Singh
and Prasher observed 22% fall in band gap energy as well as shift of absorption edge
towards visible region after 40 MeV lithium ion irradiation of PADC polymer.
A minute decrease in band gap energy (3.88 to 3.85 eV) of PADC polymer by
neutron irradiation has been reported [92]. Zaki irradiated PADC polymer samples
of thickness 500 lm with gamma radiation (Co-60 source, 7.5 kGy/h dose) up to
quite a high dose of 5715 kGy and reported the decrease in band gap energy from 3.6
to 1.9 eV in case of indirect transitions (47.2%) and 4.2 to 2.7 eV in case of direct
transitions (35.7%) [93]. El-Badry, a year later, reported similar results with keV
ions irradiations upon PADC polymer samples. He reported 40.4% (4.2 to 2.5 eV)
and 64.8% (3.7 to 1.3 eV) decrease in direct and indirect band gap energies,
respectively, after 320 keV Ar ion irradiations as well as 47.5% (4.0 to 2.1 eV) and
66.6% (3.6 to 1.2 eV) decrease in direct and indirect band gap energies, respectively,
after 130 keV He ion irradiation [94]. In addition, he reported the decrease in
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photoluminescence intensity due to defects and clusters induced by these ions. In a
reported study by our group, 125-lm-thick and 250-lm-thick PADC films were
irradiated by 50 MeV Li3+ and 70 MeV C5+ ions, respectively. A sharp decrease in
the band gap energy was observed in both cases of irradiations due to the formation
of conjugated system of bonds. The carbon ion irradiation showed a 24% (3.98 to
2.82 eV) decrease in band gap energy as compared to 19% (3.98 to 3.03 eV)
decrease in case of Li ion irradiation for indirect transitions [95]. The Li3+

ion-irradiated samples showed increase in the amorphous nature at higher fluences as
shown in Fig. 19 [96]. The free volume was observed to be decreased with increase
of ion fluence due to cross-linking of polymeric chains. The cross-linking effects in
polymeric chains find applications in the field of microelectronic devices and
printing process [89]. Kader reported decrease in the band gap energy for silver
ion-irradiated PADC polymer samples from 4.2 to 3.6 eV and 3.2 to 2.5 eV for
direct and indirect transitions, respectively [89].

7 Applications

Polymers have wide applications in radiation dosimetry, a field of health physics
and radiation protection, such as PADC which is used in SSNTDs as explained
earlier.

Polymer ion track membranes (PITMs) have applications in the processes of
filtration, drinking water treatment, extractive industrial water processes and

Fig. 19 X-ray diffraction
pattern of pristine and lithium
ion-irradiated samples of
PADC polymer. Reproduced
with permission from [96]
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effluent treatment, industrial gas separation, domestic air filtration, biochemical
sensing, cell culture and fuel cells [97]. Nowadays, the PET, polypropylene and
polycarbonate membranes are commercially available in a wide range of pore size
diameter (10 nm–few microns). The use of these PITMs reduces environmental
contamination as well as consumption of energy and natural resources. In recent
developments, the PITMs are composited with other nanomaterials for fabrication
of microfluidic sensor and photocatalytic reactor elements designed for the detec-
tion and deactivation of biological hazard substances in solutions [98].

The ionic conductivity of polymer electrolytes can be increased by electron
beam irradiation [99]. The mechanical properties, tensile strength and rigidity of
Teflon and polyester can be improved by ion-induced cross-linking. Radiation-
induced cross-linked chains of polymers have applications in the development of
cables, wires and rubber tires [77, 100].

The gaseous emission during irradiation can affect certain properties of poly-
mers. The emission of hydrogen followed by oxidation of surface layers of poly-
ethylene by ion implantation increased wet ability and can be used for biomedical
applications (revealing bacteriostatic effect) after doping with some impurity atoms
[101]. The dielectric properties of polymers due to the emission of volatile and low
molecular gasses have been studied by Singh and his group [102–107].

The band gap energy can be decreased and controlled with ion irradiation. The
optical modifications occurring in the ion beam-modified polymers may produce
new electronic levels in the forbidden gap of the electronic band structure, which
enhances the electrical conductivity of the target polymer. This property can be
utilized in producing special materials for electronic applications [108]. The ion
beam irradiation induces defects in the polymers which may improve the transport
property of protons and may promote the dissociation of water molecules at the
surface, resulting in an increase of proton concentration, thereby increasing the
electrical properties as per the reports available [109, 110]. The increase of elec-
trical conductivity of polycarbonate after He and Ar ion irradiation has been
reported [110]. The polymeric material with good surface conductivity and the poor
bulk conductivity can be utilized as frames for sensitive measuring systems to
overcome the problem of static charge accumulation [110]. Ion-implanted PMMA
can be used in biosensors and biomedical fields for electrical applications [111].
The enhanced electrical properties of PET membranes by ion irradiation have been
reported [112, 113]. The effects of electrons and proton irradiations upon the
electrical and optical properties of some other polymers are reported [114–117].

The surface modifications of polymers by radiation treatment improve their
adhesion, friction, wetting and biological compatibility. The use of ion beam has
been reported for the evolution of nanostructures which are essential in the
development of devices that incorporate nanoscale functionality for mechanical,
chemical and optical features [118–123].
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8 Summary and Conclusion

The polymeric properties can be tailored/modified by radiation treatment-swift
heavy ions (MeV range), electrons, protons, low-energy ions (keV range) and
gamma rays. The radiation physics and chemistry of polymeric materials are widely
applicable in modifying the structural, chemical, mechanical, optical, thermal,
magnetic, surface, electrical and many other properties of the polymeric materials.
Ion irradiation leads to excitation, ionization and gas liberation. All these modifi-
cations are related to cross-linking (gelling) and scissoring (degradation) of poly-
meric chains which occur simultaneously during irradiation of polymers, but the
dominance of one over the other depends upon polymer structure and other factors
such as ion energy and fluence. The linear energy transfer (LET) plays an important
role in degradation and/or cross-linking of polymeric chains. There are certain other
parameters which can optimize the yield of modification such as type and energy of
ion, sample thickness and ion fluence (number of ions per unit volume).

Ion implantation can increase the mode number and refractive index of a
polymer for the use of waveguides. The polymer doping or grafting with other
nano-sized materials can be used to tailor or calibrate the certain properties. The
surface hardness and conductivity can be tailored/increased by doping the polymer
with suitable metallic nanoparticles followed by ion irradiation. The structural
modifications occurring in the ion beam-modified polymers may produce new
electronic levels in the forbidden gap of the electronic band structure, which may
enhance the electrical conductivity of the target polymer. So, the ion beam tech-
nique can be utilized in producing special materials for electronic applications

Polymer ion track membranes (PITMs) have a wide range of industrial and
commercial applications. These membranes have advantage of high gas perme-
ability and permeation selectivity among the other commercially available gas
separating membranes such as metal and ceramic membranes. The polymeric
material is subjected to chemical etching process after the tracks are formed by ion
irradiation. The pore size of the membranes can be controlled by changing the
etching time for suitable applications.

Conducting polymers can be doped with nanofillers such as carbon nanotubes
(CNT) for advanced applications such as supercapacitors. The controlled dopings of
ternary composites of polymers and CNT graphene may increase the cycling
capacity of the supercapacitors. These composites can be further tested by ion beam
modification (using low- and high-energy ions) The composites of CNT, ethyl vinyl
acetate and PANI with a 3D co-continuous phase structure having SC of 1105 Fg−1

and excellent cycling performance over 45,000 cycles have been reported [124].
The future perspective of the nanocomposites with high surface area lies in the
ternary composites of graphene, CNTs and CPs which can have high cyclic stability
as well as effective in accession of the electrolyte to the electrode in the redox
mechanism [125].
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Appendix

The crystallite size (C.S.) can be calculated using Scherrer formula given below
[126]:

L ¼ kk
b cos h

Here, b is the full width at half maximum (FWHM) of the XRD peak (in radian), k
is the wavelength of the X-rays used (1.54 Å in most of the cases for Cu Ka

radiation), and h is the angle which is calculated by taking 1
2 of 2h value in above

equation. k is a constant of proportionality (called the Scherrer constant), and its
value depends on how the width is determined and the shape of the crystal. The
value of k is 0.9 for polymeric samples.

The optical band gap energy (Eg) can be calculated from the absorption spectra
by extrapolating the linear portion of the plot of ahmð Þn against hmð Þ to the energy
axis. The value of Eg is calculated using Tauc’s relation given below [127]:

ahmð Þn¼ B hm� Eg
� 	

Here, Eg is average band gap energy of the material. B in the above equation is the
band tailing parameter that depends on the transition probability and can be
assumed to be constant within the optical frequency range. The value of n char-
acterizes the transition processes in K-space. Its value is 2, 3, 1

2 and 3
2 for direct

allowed, direct forbidden, indirect allowed and indirect forbidden transitions,
respectively. Here, a is known as the optical absorption coefficient and its value is
calculated from the absorbance (A), after correction for reflection losses using the
equation: a mð Þ ¼ 2:303A

l . Here, l is the sample thickness in centimetres.
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High-Fluence Ion Implantation
of Polymers: Evolution of Structure
and Composition

Vladimir N. Popok

Abstract The chapter presents an overview of the effects and phenomena leading
to structural and compositional evolution of polymer materials under high-fluence
ion implantation. Ion stopping mechanisms and degradation of polymer structure
due to radiation damage are discussed, giving examples for different ion species and
polymer types mostly focusing on the low- to medium-energy regimes. Typical
depth profiles and tendencies in depth distribution of impurities as well as the
related changes in composition of the implanted layers are analysed. The emphasis
is put on the high-fluence implantation of metal ions leading to the nucleation of
nanoparticles and formation of composite materials. A special case of cluster ion
implantation is also discussed. Change in mechanical, electronic, optical and
magnetic properties of the ion-implanted polymers is under the consideration in the
final part of the chapter also including a brief overview on applications of these
materials.

Keywords Ion implantation � High fluences � Polymers � Radiation damage �
Metal-polymer composites � Metal nanoparticles � Applications of ion-implanted
polymers

1 Introduction

Ion implantation has become a widely used research and industrial method for
doping of semiconductors since the late 1960s–early 1970s [1–4]. About the same
time, the study of ion beam treatment of metals and alloy has been started in order
to improve wear resistance of surfaces and later to form protection layers [5]. In the
1980s and 1990s, the ion beams have begun to be applied for surface analysis as
well as synthesis and modification of a wide range of materials, among which the
ion beam-treated dielectrics have shown an increasing interest [5–7]. In particular,
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ion implantation was considered to be one of the effective technological approaches
to modify electrical, optical, magnetic and mechanical properties of polymers [8–
17]. It became a hot topic in the late 1990s quickly reaching the level of over
hundred papers published every year. Since then, the number of publication has
been gradually increasing demonstrating a keen interest to the subject. Since the
area of research on ion implantation of organic materials is very wide, the focus of
the chapter will be on polymer modification using low-to-medium-energy beams
covering the interval from approximately a few tens to few hundreds of keV. Thus,
the effects caused by swift ions will be excluded from the analysis. The chapter will
also predominantly discuss the cases of high-fluence (� 1 � 1014 cm−2)
bombardment.

One of the primary interests in ion implantation of dielectric polymers is based
on turning them into semiconductor materials [8, 9]. It is realised by the disruption
of chemical bonds in atomic collisions leading to cross-linking and formation of
conjugated systems favouring the charge carrier transport [12, 14, 17–19]. Since the
majority of polymers are carbon based, the radiation damage introduced by ener-
getic ions can lead to escape of volatile chemical elements (degassing) from the
implanted layer causing enrichment by carbon (carbonisation) which also facilitates
higher conductance. Controlling the ion fluence allows rise in the conductance of up
to approximately 20 orders of magnitude. Thus, ion beam modification of polymers
opens a way for passive and active electronic element fabrication [15, 20–23].

Modified by implantation, organic materials are also attractive for applications in
optics as passive devices, for example light filters and waveguides [24–29]. It is
found that the optical properties correlate well with electrical and mechanical
parameters of the ion-modified polymers [30, 31], thus allowing to use these
materials for electro-optical modulators, stress gauges, etc. The radiation-induced
phenomena also cause changes in surface properties, for instance, smoothness,
adhesion, wear resistance and chemical resistance [32–35]. Hence, ion bombard-
ment is suggested to be one of the possibilities to control bio-compatibility of
polymers by the formation of appropriate surface topography and creation of
centres for cell adhesion [36–42].

High-fluence metal ion implantation into polymers has become an area of special
attention and interest because the embedded metal atoms are tended to aggregate
into nanoparticles (NPs), thus forming metal-polymer composite materials with
properties attractive for many applications. It is worth mentioning that this potential
was already recognised in the beginning of 1980s [11, 43]. An implantation with
high fluences leads to increase in metal concentration originating nucleation and
growth of NPs due to very large difference in surface energies of metals and
polymers [44]. Development of nanotechnologies in the 1990s caused intensive
research on the formation of metal NPs in organic matrixes with an aim to fabricate
composites with attractive electrical, optical and magnetic properties [45–53].
These activities have led to high level of understanding of fundamental physical and
chemical aspects of radiation-modified polymers [19, 54–57]. On the other hand,
these studies indicated a number of challenges in the production of polymeric
materials with required properties.
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Thus, a considerable level of understanding on ion stopping as well as related
compositional and structural alterations in organic matrixes has been acquired in the
past 20–30 years. A number of application-oriented research results on
ion-implanted and radiation-modified polymers have been published. The intension
of this chapter is to provide an analytical overview of these studies.

2 Ion Stopping and Change of Polymer Structure

2.1 Latent Tracks and Thermolysis

Polymers are formed by long macromolecules or their networks. Every macro-
molecule consists of hundreds or thousands of joint monomers which are units of
the polymer chain. The monomers can be of different types ranging from the
simplest unit –CH2–CH2–, which is a basis for polyethylene (PE), to complex
structures including benzene rings and different functional groups like poly(ethy-
lene terephthalate) (PET), polyimide (PI) or polycarbonate (PC) [57]. Polymers are
characterised by strong (typically covalent) bonds between atoms in the macro-
molecule but weak intermolecular interactions.

Under implantation, the bonds become broken in the collisions with incoming
ions and formed recoils (due to elastic nuclear collisions) as well as in the inter-
action of electronic system with charged projectiles (due to inelastic electronic
interactions) [55]. These processes depend on the implantation energy and ion
species as well as on the composition and structure of the polymer. Even for
low-implantation energies, the density of energy can reach a few hundreds of
eV/nm of ion track length. Since typical bond dissociation energy in polymers is
below 10 eV [19], the energy transferred to the matrix by the projectile causes
massive rapture of chemical bonds, i.e. displacement of atoms from their positions
in chains. Some of them form volatile molecules or compounds (H2, CH4, C2H2,
CO, CO2, etc.) and leave the polymer by diffusion. Thus, so-called latent track
along the ion trajectory is formed with the core (between 1 and 10 nm in diameter)
of lower density compared to the pristine material. The core is surrounded by
penumbra representing the less damaged, usually cross-linked material [58–60].
The phenomenon of radiation-induced degradation of polymer structure is often
called a radiolysis [19].

Ion stopping leads not only to bond breakage and scission of macromolecules
but also to the vibration excitation of the polymer atoms on the femto- to
pico-second scale after the impact causing the energy transfer in the form of heat
[14, 18]. This phenomenon is called thermalisation or thermolysis, and it causes
abrupt temperature (T) increase around the ion track [16, 19]. The phenomenon can
be described using the “thermal spike” model developed by Seitz and Koehler [61]
with further refinements implemented by Sigmund [62], Kelly [63] and Bitensky
with co-workers [64]. According to the model:
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Tðr; tÞ ¼ T0
1þ 4td=r20

exp � ðr=r0Þ2
1þ 4td=r20

( )
; ð1Þ

where r0 is the track core radius, d is the thermal diffusivity of the medium and T0 is
the initial temperature given by

T0 ¼ cS
pqCVr20

; ð2Þ

where q is the polymer density, CV is the heat capacity, S is the total stopping
power (it will be described in more detail below) and c is the part of the deposited
energy converted to heat in the collision spike. The dependence of normalised
temperature on the distance from the track core and its time evolution evaluated
using Eq. (1) is presented in Fig. 1. This is a qualitative approach. There is
widening of the heated zone with time. T0 values corresponding to the implantation
of ions with energies of a few hundreds of keV are found to be ranging between 103

and 104 K, while quenching of the track down to the typical temperature of a
polymer target under implantation (350–400 K) occurs for 10−10–10−9 s.

As a particular example, the molecular dynamic simulations of 240 keV
implantation of C+ ions into makrofol E (C16H14O3) show temperature of up to
1300 K in the track core [60]. The area around the track axis cools down to 370 K
at radial distance of 7–8 nm. Thus, the polymer within the cylindrical area just
around the core can also degrade due to the pyrolysis-like effects. Actually, both the
radiation and thermal mechanisms interplay, and therefore, the chemical modifi-
cation of the polymer structure and composition during the ion implantation rep-
resents a joint process of radiothermolysis.

Fig. 1 Dependence of
normalised temperature (T/T0)
on normalised track radius (r/
r0). s = 4td/r2 has meaning of
specific time
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Polymer disorder decreases with increasing distance in radial direction and also
along the track (in longitudinal direction) due to energy loss by the projectiles.
Thus, every ion produces a relatively narrow in width damaged region which can
be developed into an individual pore by etching [65]. However, under fluence
increase, the tracks start overlapping. This transition occurs in the fluence range of
5 � 1012–5 � 1013 cm−2 in the case of light ions, while for heavy ions, the flu-
ences can even be lower because the tracks are larger in diameter [14, 66]. Thus, at
high fluences, a continuous layer of radiation-modified material is formed.
Thickness of the layer depends on the ion energy and mass as well as on the
structure and density of the polymer. These effects should be discussed in terms of
ion stopping power.

2.2 Structural Changes Due to Nuclear and Electronic
Stopping

The ions under embedding into material lose energy in elastic nuclear and inelastic
electronic interactions which are characterised by the nuclear and electronic stop-
ping power, Sn and Se, respectively. The ratio between the nuclear and electronic
stopping depends on the mass of the projectile which can be arbitrary divided into
heavy and light (with masses approximately below 20 a.m.u.) ions. Examples of the
stopping power depth profiles for C+ (light) and Ag+ (heavy) ions in PE calculated
using Stopping and Ranges in Matter (SRIM) code [67] are presented in Fig. 2.

Fig. 2 Calculated depth distributions of electronic (Se) and nuclear (Sn) stopping power for
a 50 keV C+ and b 150 keV Ag+ ions implanted into PE
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One can see that the loss on electronic interaction dominates in the beginning of
tracks and its ratio to nuclear stopping is higher for light ions. For heavy ions, the
energy loss on nuclear collisions prevails with maximum at the depth near the mean
projected range (Rp) of ions.

The primary energy transfer from an impinging ion to a target atom leads to the
displacement of the latter causing direct bond rupture. The ion can impart enough
energy to the replaced atom (recoil) to generate next atomic displacement, thus
producing a nonlinear collision cascade [55]. The energy transfer through electronic
interactions results in electronic excitation of polymer units. This excitation can
propagate from the track core forming a kind of penumbra [16]. Relaxation of the
excited states can cause selective scission of the weakest bonds. Thus, both the
nuclear and electronic stopping mechanisms lead to the bond termination with two
possible scenarios: scission of macromolecules and cross-linking. The scission has
meaning of polymer chain breakage into smaller fragments as schematically shown
in Fig. 3a, thus resulting in depolymerisation. The cross-linking occurs due to the
formation of free radicals and causes bond conjugations. An example for PE is
presented in Fig. 3b. A recoiled carbon atom can react with a macromolecule that
leads to a cross-link with the neighbouring one. Efficiency of the scission or
cross-linking depends on the polymer structure. For instance, the chain fraction
formation is found to be the most typical for polyisobutylene and poly(methyl
methacrylate) (PMMA), whereas in PE and polysterene (PS), the cross-linking
dominates [57, 68, 69]. When the number of cross-links reaches a critical value, the
gel fractions characterised by a 3D network of bonds between macromolecules can
form [69].

The bond scission can also be caused by electron excitations. This is found for
polymers with heteroatom-containing functional groups [19, 70]. For example, the
implantation of Ne+ or N+ ions into PI (in this case Se/Sn > 6.5) first leads to
degradation of the ether linkages and then to conversion of the imide groups into
amide ones. In this case, CO is found to be the main released gaseous product
[71–73]. The aromatic rings in PI are more stable against the electronic stopping
and typically do not degrade [13, 14]. This is an important finding in terms of
polymer evolution towards the formation of polyaromatic structures, in which
p-electrons promote the conductance. Radiation damage of polyethersulphone

Fig. 3 Schematic pictures of a scission of macromolecules in a polymer and b cross-linking in PE
under ion implantation
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(PES) under dominating electronic stopping leads to selective reduction of sulphone
groups to sulphoxide ones and further to sulphide groups for the high-fluence
implantation [13, 14]. In PET, the heterocyclic groups are found to be more stable
against the electron excitation but, nevertheless, can also be transformed due to the
asymmetric system of delocalised p-electrons [74]. In the electron beam-irradiated
poly(2-vinylpyridine), the pyridine rings are found to degrade towards amino
groups [13]. In general, it can be concluded that the energy transferred to the
polymer host during the electronic stopping of ions mainly affects weak bonds
yielding low-mass fragments: this process becomes more efficient with increase in
the electronic stopping power [75].

Under the implantation of heavy ions, contribution of the nuclear stopping
increases and Se/Sn ratio becomes smaller than unity. Elastic collisions lead to
massive rupture of strong chemical bonds. For example, in PI, the phenyl rings
become disrupted and imide groups degrade towards iminic and pyridinic-like
groups as well as tertiary amines [76]. Under very higher fluences, the formation of
extended polycondensed structures is proposed, as can be seen in Fig. 4, providing
network of conjugated bonds for charge carrier transfer [70]. In PES implanted by
50 keV As+ ions (Se/Sn < 0.2), the sulphone groups become broken and acetylene
splits out leading to the formation of 1.4-substituted butadiene [77]. For more
details about mechanisms of ion beam modification of different types of polymers,
one can refer to Sect. III of Ref. [16] or Chap. 4 of Ref. [57].

2.3 Degassing, Carbonisation and Oxidation

The above-mentioned implantation-induced processes change both the polymer
structure and composition. The major structural changes are already discussed. The
evolution of composition is first of all caused by the degassing. This phenomenon is
especially strong in the case of low-energy beams when the material is modified to
low depth. Gaseous products can easily diffuse towards surface through a thin
disordered layer, for example by the latent tracks, and escape from it due to the

Fig. 4 a Chemical formula
of PI unit and b structural
transformation of PI under ion
beam modification. Reprinted
with permission from [70]
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pressure difference because implantation is typically carried out in vacuum.
Residual gas analysis during the ion implantation gives an answer to the gasses
which are “emitted”. For the cases of implantation of PE and PS with 100 keV He+

and 200 keV Ar+ ions, H2, CH4, C2H2 and C3H5 are detected [7]. Saturated
hydrocarbons (methane, ethane) are found to be emitted under ion irradiation of
polypropylene (PP) and polybutylene [78]. Typical molecules escaping from the
implanted PI are H2, C2H2, CO and CO2 [59]. Therewith, the degassing of H2

results in dehydrogenation. Elastic recoil detection is one of the methods for direct
observation of hydrogen depletion in radiation-modified layers which is found, for
example, in Ni-implanted PI, PET and polyetheretherketone (PEEK) [79].
Dehydrogenation is also observed in the N-implanted CR-39 polymer [80]. Oxygen
can degas too from the oxygen-containing polymers. The near-surface depletion of
oxygen is found, for example, in PI implanted by 40 keV Fe+ ions [81].

As a result of degassing, the carbon ratio increases in the ion-treated layer, i.e.
carbonisation of polymers takes place [17, 54]. Since the nuclear stopping is more
efficient in bond breakage compared to the electronic one, it favours the degassing
and following carbonisation especially in the case of heavy ions. If one, for
example, compares the implantation of F+ and As+ ions into PE, the carbon con-
centration saturates at about 40 at. % (33 at.% in the pristine polymer) for the light
ions, while it reaches 65–85 at.% for the heavy species embedded with the same
fluences [72, 82–84]. The level of carbonisation is very much dependent on the type
of polymer. If the concentration of carbon is high in the pristine polymer like in PI
(78 at.%) or polyamide-6 (PA) (77.5 at.%), the carbon content after the implantation
can reach almost 90 at.% even in the case of light ions. This is proved for the cases
of 100 keV B+ ion implantation with high fluences (5 � 1016–1 � 1017 cm−2)
[85]. It is worth mentioning that the carbonisation process is practically accom-
plished (carbonisation is saturated) at the fluence level of (1–5) � 1015 cm−2 for
heavy ions, while higher fluences are required for light ions [86–89].

Depth profiles of carbon “excess” can be obtained by RBS measurements. As
found in [90] for the case of 100 keV Sb+ ions implanted into PE, the carbon
concentration increases with depth, reaches maximum and then decreases to the
value of pristine polymer. The obtained profile is found to be very close to the depth
distribution of energy losses on the nuclear stopping of ions. This correlation makes
sense because in the case of heavy ions, the bond breakage is predominantly caused
by the elastic collisions causing the hydrogen release and, thus, drastic
carbonisation.

Carbonisation also leads to structural rearrangement. With fluence increase, a
significant number of carbon atoms become unbound; they can meet free radicals
causing the formation of unsaturated fragments, aromatic six and fifth atom rings as
well as conjugated structures with sp2-bonded carbon. One of such transformations
is shown in Fig. 4b. Thus, one can talk about carbon-rich zones or carbon clusters
[57, 86, 88]. Their formation is confirmed by neutron scattering and transmission
electron microscopy (TEM) investigations; cluster sizes vary from a few to few tens
of nm depending on the implantation conditions.
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Cluster sizes can also be estimated from optical spectroscopy measurements [29,
80, 91]. In this case, the absorption spectra of implanted polymers are plotted in the
so-called Tauc co-ordinates allowing to find optical band gap (Eg) through
extrapolation of the absorption edge on the photon energy scale as shown in Fig. 5.
Typical gap values of untreated polymers can vary between approximately 2 and
4 eV, indicating insulators with very low conductance. However, in the implanted
polymers, the optical gap decreases with fluence increase and can reach values
around 0.5 eV, which is typical for amorphous carbon being relatively good con-
ductor [92]. Thus, one can adopt an equation developed by Robertson and O’Reilly
for disordered graphite [92], which allows to calculate the average number of
aromatic rings (N) belonging to the conjugated carbon clusters and to estimate their
mean sizes:

Eg ¼ 2 bj jffiffiffiffi
N

p ; ð3Þ

where b is the parameter characterising the nearest neighbour interactions between
the p-orbitals in the one-electron tight-binding model and it is estimated to be
2.9 eV [92]. For example, in the implanted PS, PE and PA, the optical gap is found
to saturate at about 0.6 eV [29, 94, 95]. This value corresponds to a carbon cluster
consisting of around 100 benzene rings, thus to be *2.0–2.5 nm in diameter [29,
88]. The provided estimate is approximate because the equation is developed only
for compact clusters. Moreover, the Hückel theory involved in this calculation can
overestimate the optical transition energies of the p-systems. Nevertheless, using
optical spectroscopy, one can monitor the evolution of carbonisation in polymers
depending on the implantation parameters.

The p-bonded carbon clusters have a tendency to grow in size and aggregate
forming a network of conjugated C=C bonds with fluence increase. At some point,
this networking can lead to the formation of a quasi-continuous carbonaceous layer
with enhanced conductance. Depending on the implantation energy, this layer can

Fig. 5 Plots of a2 squared
optical absorption coefficient
versus photon energy hm for
low-density PE/ethylene–
propylene diene monomer
blend implanted by 320 keV
Ar+ ions with different
fluences. Reprinted with
permission from [93]
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form at different depths below the surface, i.e. be buried [21]. Carbonisation also
leads to the compaction of the radiation-modified layer: for high fluences, its
density can increase by a factor of 2 compared to the pristine polymer [96].

So far, only parameters such as ion fluence and implantation energy have been
mentioned to affect the modification of polymer structure and composition. It is
worth noting that an ion current density is one more important implantation char-
acteristic. Use of higher current density allows decrease in the implantation time.
However, a high rate of power transferred to the polymer in this case can cause
significant temperature rise and thermal degradation. It is found that for the ther-
mally resistant polymers (materials with high glass transition temperature), high ion
current densities can be used. For example, for PI implanted by Ar+ ions, the value
of 16 lA/cm2 is reached without visual thermal degradation [70]. Nevertheless, the
structure and properties are found to be strongly dependent on the ion current
density despite the same accumulated fluence as can be seen in Fig. 6. Thus, it can
be concluded that the thermolysis becomes more pronounced at high ion current
values providing significant polymer modification towards amorphous carbon
characterised by very low value of optical gap and high conductivity.

One more important phenomenon to be mentioned in connection to ion-induced
polymer modification is oxidation. After implantation completion, the produced
free radicals can survive for a long time: some days or even weeks depending on the
polymer type [57]. Since implanted polymer samples are typically taken from
vacuum chamber, where the treatment is performed, into air, the species present in
ambient atmosphere can diffuse into the modified layer and react with the free
radicals. Penetration of oxygen is the most typical phenomenon. For example, in
PE, the reactions involve formation of peroxide radicals which can interact with
free alkyl radicals yielding peroxide cross-links. Formation of hydroperoxide and
hydroxyl groups is also detected [19, 57]. In the case of severe carbonisation, free
radicals reside on the edges of the condensed aromatic cycles and hydroxyl,
aldehyde, carboxyl, ether and peroxide groups can be produced [19, 57]. In some
implanted polymers, for example PE, the oxidation is found to be carried out very

Fig. 6 Dependences of
resistivity and optical gap on
ion current density for PI
implanted by 40 keV Ar+ ions
with fluence of
1 � 1016 cm−2. Reprinted
with permission from [70]
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quickly [82, 83, 90], while in others, for instance, in the ion-modified PP, it takes a
several weeks to be completed [83, 97]. RBS spectroscopy shows that the con-
centration of incorporated oxygen increases with ion fluence until reaching a
threshold at (1–5) � 1014 cm−2 for heavy and (1–5) � 1015 cm−2 for light ions
[82, 83, 86, 88, 90, 97]. The depth distributions follow well the profiles of energy
loss on either electronic or nuclear stopping (depending on ion species), indicating
the oxygen trapping on free radicals, thus “decorating” the radiation damage.
Above the threshold, the oxygen depletion is found with minimum correspondence
to the carbon “excess” maximum (see Fig. 7). Formation of carbon clusters with
limited number of free radicals prevents catching of oxygen.

Depth profiles of radiation damage can also be decorated on purpose using
post-implantation diffusion of special chemical elements or compounds. Such
experiments are carried out, for example, using molecular iodine and metallo-
carborane in F- and As-implanted PE [98–100] and LiCl in Ar-implanted PET [101].

3 Depth Distribution of Implanted Impurities

Due to the electronic and nuclear collisions, the ions penetrating into a matter lose
their energy, slow down and stop at some depth which is characterised by Rp. This
process can be modelled, for example, using Monte Carlo or molecular dynamics
methods. One of the widely used simulation codes is SRIM [67]. It can predict a
number of implantation parameters for various ions in different solid-state materials.
However, in polymers, the simulated depth distributions of implanted species can
significantly deviate from the experiments. This problem is related to the dynamical
change in structure and composition of organic matrixes under ion treatment.
The changes introduced at the earlier implantation stages significantly affect the

Fig. 7 Depth distributions of
carbon “excess” and oxygen
in PE implanted by 150 keV
As+ ions with fluence of
1 � 1015 cm−2
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stopping of later coming ions. In the case of high fluences, one should also take into
account sputtering of surface atoms and incorporation of implanted impurities into
the polymer host. The former is proved, for example, for ion-implanted PMMA
where the decrease in the sample thickness for 300–600 nm is found for fluences of
(1–5) � 1016 cm−2 in the cases of H+, B+ and N+ ions [28]. The filling with
impurity atoms can reach about 20–25 at.% at the maximum depth distribution for
very high fluences (1 � 1017 cm−2) as shown, for example, for 40 keV implanta-
tion of Fe+ and Co+ ions into PI [102, 103]. Such high metal concentration sig-
nificantly increases the polymer density and, therefore, changes the stopping of ions
penetrating into the layer already containing the impurity atoms. One of the
examples is presented in Fig. 8 showing the evolution of Ni depth profiles with ion
fluence in PEEK [79]. It can be seen that the concentration maximum is shifted to
the surface, the profiles broaden out and their shapes are converted from the
Gaussian-like to asymmetric ones with fluence. This happens due to the polymer
compaction (carbonisation and restructuring), change in composition (degassing of
volatile compounds and significant increase in metal fraction) and surface sput-
tering. Similar changes in the impurity depth profiles are found for various metal
ions and different types of polymers [50, 102–106].

It is worth mentioning that the dynamic changes in target composition can be
taken into account in modelling. One such code is called TRYDIN [107]. It allows
improvement of the predicted projected ranges. Nevertheless, the experimentally
obtained distributions still show significant difference as can be seen in Fig. 9 by
the example of 30 keV Ag+ ion implantation into PMMA [106]. In the same work,
it is found that about 500-nm-thick polymer layer becomes sputtered under fluence
of 1 � 1017 cm−2.

One more phenomenon affecting the final depth distribution of the implanted
atoms is diffusion. It is especially pronounced for the implantation of gas ions. For
example, in the case of 50 keV xenon, the projected range of ions is short; thus, the
gas atoms can undergo diffusion towards surface and escape from the polymer that

Fig. 8 Depth profiles of Ni
implanted into PEEK with
energy of 40 keV and various
fluences. The profile
calculated using SRIM is
presented as dashed line.
Reprinted with permission
from [79]
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leads to significantly lower concentration of the impurity compared to the expected
one [108]. The same effect is observed for Ar+ ions implanted into PI [70]. For
implantation energy of 80 keV and very high fluences, the argon concentration is
found to be much lower than the expected one, while for the 40 keV implantation,
Ar is not found in the polymer at all [70]. In this case, the implantation depth is low
and the diffusion-stimulated escape of the impurity is also accompanied by heavy
sputtering of the polymer. As found by atomic force microscopy (AFM), the surface
is highly disordered with roughness of about 30 nm which is comparable with Rp

for 40 keV Ar+ ion implantation. The phenomenon of “missing Ar” is also
observed for low-energy and high-fluence implantation of polytetrafluoroethylene
[109].

Diffusion of light atoms implanted into polymers is also found to be consider-
able. One of the examples is 6Li+ and 10B+ ion implantation. In these experiments,
the impurities diffuse towards the surface and the depth profiles are observed to be
very similar to those simulated for the electronic stopping. Since the electronic
stopping dominates in the total energy loss of light ions, one can suggest that the
diffused atoms become trapped by the defects created in ionisation [110, 111]. With
fluence increase, the depth distribution can be converted to bimodal with one
maximum at the surface and the second one in a bulk, as shown for 100 keV
implantation of boron into different polymers (see Fig. 10) [88, 112]. The bulk part
of the profiles resembles the ions stopped at the end of range, while the surface peak
can be related to the atoms diffused to the surface and trapped on the free radicals.
The concentration minimum between these two maxima is most probably caused by
the carbonisation area with polycondensed network having limited number of free
radicals and, thus, less efficient in capturing the diffusing boron atoms.

Fig. 9 Experimentally
obtained using RBS and
simulated by SRIM and
TRIDYN codes depth
distributions of silver
implanted into PMMA with
energy of 30 keV and various
fluences. Reprinted with
permission from [106]
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4 Metal Nanoparticle Formation Under High Fluences

Under high-fluence implantation of metal ions, concentration of the impurity (filling
factor) reaches very high values in the implanted layer leading to the formation of
NPs. The driving force for the particle nucleation is the high surface energy of
metals, which is one to two orders of magnitude larger compared to polymers
[113–116]. Hence, for the high filling factors, when the distances between the
impurity atoms are small, it is energetically more favourable for them to bind to
each other than combine with free radicals or other polymer constituents. Thus, at
the initial stage, nuclei of a few atoms in size are formed which then grow into
nanoscale particles by adding more metal atoms. The NPs typically have spherical
or close to that shapes which follow the classical nucleation theory. Under ion
implantation, the particle formation and growth are statistical processes leading to
the spread of NP diameter, from a few to few tens of nm. In most cases, for
example, for Ag, Cu, Au, W, Ti and Ni implantations, NPs are found to be on the
scale of up to 10–15 nm in diameter in different polymers such as PMMA, PI, PET,
PS, PC, epoxy resin and polydimethyloxane [47, 52, 105, 117–123]. Under
implantation of the same metal into different organic matrixes, the particles have a
tendency to decrease mean sizes with increase in the polymer specific density [124].

The size dispersion occurs both in lateral and transverse directions, i.e. parallel
and perpendicular to the surface plane under the conditions of normal ion incidence.
Examples of TEM images are shown in Fig. 11a, b. Typically, the larger NPs are
nucleated at the depth corresponding to highest metal concentration, i.e. around Rp,
and then sizes decrease both towards surface and bulk inwards. On the one hand,
the size dispersion can be considered to be a disadvantage of the implantation

Fig. 10 Depth distributions
of 100 keV boron implanted
with fluence of
5 � 1016 cm−2 into
polyethylene, polyamide-6
and cellulose
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method. On the other hand, varying the ion energy allows to form buried layer of
NPs at different depths in the polymer matrix which is obviously an advantage of
ion implantation in comparison with other synthesis methods.

In some cases, for example, for very high-fluence implantation of iron into
PMMA and PI, the particle sizes are found to reach a few tens of nm [125]. In this
case, the NPs can also start percolating forming labyrinth-like structures [117, 125–
127]. One such example is shown for the cobalt implantation in Fig. 11c where the
dark areas are the agglomerated particles and small dark spots represent the NPs
which are still individual.

Threshold fluences of NP nucleation are found to be between approximately
(0.5–1.0) � 1016 cm−2 depending on the ion species and polymer type. For the
case of low implantation energies, the accompanying sputtering can lead to baring
of the particles formed in the shallow layer. In this case, NPs are easily recognised
using AFM, and good correlation between AFM and other microscopy techniques
such as TEM and SEM has been obtained [127, 128]. One of the examples of AFM
measurements is shown in Fig. 12 where an ordinary topography (height) image is
presented together with the phase scan for PMMA with silver NPs formed by
30 keV implantation with fluence of 7.5 � 1015 cm−2. Comparing these two
images allows to conclude that small bumps (bright spots) in panel (a) are the partly
naked NPs because they show very different contrast (dark spots) compared to the
surrounding polymer in panel (b). One can also see in panel (b) the bright vertical
strips in association with some of NPs. These stripes indicate that the cantilever
interacts with the particles and pushes them a bit in vertical direction at every
horizontal scan until they come to rest at some point. Thus, these measurements
also indicate low adhesion of the surface-located silver NPs.

Fig. 11 a TEM cross-sectional image of polycarbonate implanted by 60 keV Cu− ions with
fluence of 1.5 � 1017 cm−2. b, c In-plane TEM images of viscous epoxy after implantation by
40 keV Co+ ions with fluences of 3.0 � 1016 cm−2 and 2.5 � 1017 cm−2, respectively. Panel
(a) is reprinted with permission from [123], and panels (b) and (c) are reprinted with permission
from [120]
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5 Nanoparticle Implantation Using Cluster Beam
Technique

One more approach for the formation of polymer films with embedded metal NPs,
which is worth to mention in this chapter, is the cluster beam implantation. This
method is already known for a few decades as a versatile tool with a number of
unique capabilities for material synthesis and manipulation on the nanoscale
[129–136]. Using this technique, the clusters (aggregates of atoms) are formed from
a gas phase (vapourised or sputtered materials) and collimated into a beam which
can be used for deposition on a surface or implantation into a matter. For more
details about the cluster production, one can refer to [134, 137–141]. The advan-
tages of the method are (i) a very good control of cluster composition because the
particles are formed in vacuum from ultra-pure targets or sources, (ii) a possibility
of cluster size (mass) selection and (iii) tuning the cluster kinetic energy to adjust
the mechanisms of cluster–matter interaction [141]. However, only recently the
experiments with metal clusters and polymers have been performed showing great
capabilities in producing thin composite layers [142–144].

A big difference in cluster beam method compared to traditional ion implantation
is that NPs can be embedded almost without radiation damage of polymer matrix,
which is important for a number of practical applications. To explain why it hap-
pens, one needs to consider that a cluster can contain hundreds or thousands of
atoms. If kinetic energy of the cluster is on the keV scale when divided by the
number of constituents, it is reduced to a fraction of eV or even to meV per atom
(for large clusters). Such energy level minimises radiation damage of organic
matrix. For example, a gold cluster of 3 nm in radius would consist of approxi-
mately 6000 atoms in spherical approximation. If this particle is accelerated with
energy of around 10 keV, the energy per atom will be below 2 eV, which is a very
low value to produce any considerable number of radiation defects. However,

Fig. 12 AFM a height and b phase images of PMMA implanted by 30 keV Ag+ ions with fluence
of 7.5 � 1015 cm−2. Reprinted with permission from [106]
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one should remember about the phenomenon of collective stopping on cluster
impact, i.e. all cluster constituents will transfer the energy to the target very locally
and almost simultaneously (on the very short, ps time scale). This can lead to
significant local thermal spikes. For instance, in the case of 3 nm in radius gold
particle having energy of 2 eV/atom, the impact with polymer can cause local
heating up to 600 K (see Fig. 13) [145]. This temperature is above glass transition
point for majority of polymers. Thus, chain mobility becomes significantly
increased and since polymer specific densities are relatively low (approximately
between 0.9 and 1.5 g/cm3), these conditions facilitate the NP embedding into the
organic host. The driving force for the immersion has been thermodynamics nature
originated from an intension to reduce the surface tension at the particle/polymer
interface [116, 146].

The experiments show that the palladium clusters of a few nm in diameter
having equivalent kinetic energy per atom of about 0.5 eV can become embedded
into approximately 50-nm-thick PMMA layers [142]. Additional heating of the
polymer target up to 95 °C during the implantation leads to increased penetration
depth of NPs up to 70 nm that supports the above-mentioned thermal nature
phenomenon. Even higher penetration depth (90–135 nm) at room-temperature
implantation is shown for gold clusters in polydimethylsiloxane (PDMS) which has
lower density compared to PMMA, thus facilitating deeper NP embedding [147].

Metal clusters can also be soft-landed on polymer surface with extremely low
kinetic energy on the level of meV per atom or below, and thus, no radiation
damage is introduced. In this case, the NPs preserve their almost spherical shapes
and original sizes. Their immersion into the polymer is initiated by the
post-deposition thermal annealing at temperatures just above the glass transition
one. Such experiments have been carried out with silver and copper NPs on a few
different types of polymers [115, 148, 149] showing that the degree of embedding
into the polymer can be controlled by the annealing time. An example can be seen
in Fig. 14 where the same copper clusters on PMMA are monitored by AFM under
the annealing.

Fig. 13 Time evolution of temperature in polydimethylsiloxane during the implantation of Au
cluster (radius of 3 nm) with energy of 2.0 eV/atom. Reprinted with permission from [145]
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6 Properties of Polymers Implanted with High Fluences

6.1 Surface Properties and Mechanical Characteristics

Ion implantation especially with high fluences drastically changes the composition
and structure of polymers, thus leading to the evolution of mechanical, electrical,
optical and magnetic properties.

It has been shown that surface morphology is significantly affected by ion
impacts which can cause sputtering of the target atoms. Even in crystalline poly-
mers, some amorphous areas are present. Thus, in any polymer, one can expect
significant variations in local surface density, composition and structure leading to
changes in sputtering yield from place to place and, thus, causing quite uneven
topography after the high-fluence ion treatment. An example for the surface evo-
lution of PI under 40 keV Ar+ ion implantation with fluence increase is shown in
Fig. 15 [70]. As can be seen, for fluence up to 1 � 1015 cm−2, the surface
roughness is low but craters are observed which can be related to pore openings
through which Ar diffuses out. With fluence increase up to 1 � 1016 cm−2, the
swelling areas are observed. And finally, for fluence up to 7.5 � 1016 cm−2, the

Fig. 14 AFM images of the same area of PMMA with a as-deposited Cu NPs (mean height of
17 nm) and b after thermal annealing at 125 °C for 5 min. Embedding of individual clusters can
be identified by comparing panels (a) and (b)

Fig. 15 AFM images of PI implanted by 40 keV Ar+ ions with fluences of a 1 � 1015 cm−2,
b 1 � 1016 cm−2 and c 7.5 � 1016 cm−2 at ion current density of 8 lA/cm2. Circles in panel
(a) show the craters described in the text. Reprinted with permission from [70]
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surface becomes very rough. Similar increase in surface roughness is observed for
PET implanted at 100 keV N+ ions with fluences up to 1 � 1016 cm−2 [150].

Treatment of polyurethane using 20 keV nitrogen plasma immersion ion
implantation leads to the formation of well-pronounced wrinkles, which are asso-
ciated with deformations of the surface layer due to the stresses introduced by
carbonisation and cross-linking [22]. The carbonisation changes the solubility of
polymers. For instance, PS is easily solvable in toluene, but after the implantation,
the films become insoluble or selectively soluble, yielding swelled or wrinkled
structures after the treatment in toluene and drying (see Fig. 16) [151]. Depending
on the polymer type and ion beam treatment conditions, the morphology can
become bizarre: parallel wrinkles in PE or worm and star structures in ethylene–
propylene diene monomer rubber [57].

Significant modification of surface under implantation, in particular, change in
polar component of the surface energy, formation of stable radiation defects (free
radicals), new chemical states and adsorption centres lead to increase in chemical
reactivity and adhesion of surface as well as better wetting [57].

Mainly untreated polymers have low surface energy. Thus, a water droplet
should have a high contact angle u when deposited on an organic film. u is found
to be around 90° for PE, 120° for polytetrafluorethylene (PTFE) and as large as
150–160° for expanded PTFE having a fibre structure [57]. After ion implantation,
polymer surfaces become more polar and polar liquids wet the surface better
leading to decrease in wetting angle. This tendency is found for a number of
different implanted polymeric materials: PE, PS, PTFE, PA, etc. [152–155].

Specific surface centres created by ion impacts favour cell adhesion and promote
the implanted polymers as biocompatible materials as they also show low toxicity,
long lifetime in organism media and comparable elastic properties to bio-tissue. The
studies show a possibility of efficient cell adhesion and protein coating [36, 37, 156,
157]. Good overview on the biological and medical applications of ion
beam-treated polymers can be found in Ref. [57, 158, 159]. It is worth mentioning
that in the last years, polymers with metal NPs have attracted a special attention in

Fig. 16 SEM micrograph of
PS surface after plasma ion
immersion implantation of
5 keV Ar+ ions with fluence
of 1 � 1015 cm−2 and
following treatment in
toluene. Reprinted with
permission from [151]
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biological and medical research not only due to improved surface adhesion but also
because of antibacterial properties and biosensor applications [160–162].

Evolution of structure and composition of organic materials under ion implan-
tation causes significant change in mechanical characteristics such as hardness,
elasticity, brittleness and related parameters. In the beginning of the 1990s, special
study of the mechanical properties was started by a few groups. Rao, Lee and
co-workers published quite a few papers showing the significant change in hard-
ness, elastic modulus, friction coefficient and wear resistance for a number of
polymers implanted by different ion species under various conditions [32, 163–
166]. The hardness is found to rise for tens times reaching the values typical for
stainless steel (3–12 GPa) for some implantation conditions [32, 166]. And the
hardness value is shown to be a function of ion fluence and beam energy [165, 167]
because these parameters significantly affect the structure and composition of
polymers. Main factors for the increase in hardness and elastic modulus are the
formation of three-dimensional conjugated networks through the carbonisation and
cross-linking of polymer chains in the implanted layer. Thus, these mechanical
parameters vary with depth. As shown for CR-39 polymer implanted by 130 keV
Ar+ ions when the load is increased and the depth of indentation becomes more than
the thickness of the ion-modified layer, the measured microhardness suddenly drops
to the values close to that of the pristine polymer [31]. The increase in polymer
hardness and stiffness leads to improving of such tribological characteristics such as
abrasive wear resistance [34]. Higher adhesive wear resistance is also conferred
because of the limitation of plastic deformation and the promotion of elastic
deformation as well as due to the augment of wettability improving lubrication
[168]. However, the carbonisation may also lead to rise in brittleness that decreases
the abrasive wear resistance. It is also found that there is no specific correlation
between friction values and improvements in wear behaviour for implanted poly-
mers: boron implantation into PE exhibits reduction in the friction coefficient while
oxygen implantation into PC leads to its rise [34]. Hardening effect is also
dependent on ion species and type of polymer. It is observed that in the case of
metal implantation, the nucleated metal NPs dramatically change the surface
mechanical parameters [164, 169]. Under high filling factor, NPs can start perco-
lating leading to increase in Young’s modulus, as shown for low-energy Ti+ and
Au+ ion implantation into PDMS [170, 171].

Metal implantation under conditions promoting aggregation of NPs and for-
mation of percolating network allows correlation of electrical properties with
mechanical loads applied to the polymer. It is shown in Fig. 17 that the load-unload
cycles are reproducible and represent only very small hysteresis effect, thus sug-
gesting the metal-implanted organic films as simple strain gauges [122]. The similar
effect of resistance correlation with applied mechanical strain is demonstrated for
PDMS implanted by Au clusters [147]. Since the polymer structure is almost not
damaged in this case, the produced composite films keep the elasticity close to that
of pristine polymer and, thus, they are characterised by superior capability to
sustain very large deformations (up to 40%) under 50,000 of cycles. Since the
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cluster implantation can be combined with shadow masking, it opens a way for
microfabrication of elastomeric electrodes.

6.2 Electrical Conductance

Implantation-induced evolution of polymer towards formation of polycondensed
structures with networks of conjugated bonds at high fluences drastically changes
the electronic properties. An increase in conductance is associated with the
carbonisation-related and restructuring effects rather than doping except the cases of
metal implantation when at high filling factors, the conductive channels build up
through the percolating metal clusters. These examples will be discussed separately
at the end of this section.

For implantation of non-metallic species, the conductance only slightly depends
on the nature of embedded chemical element being mainly affected by the structural
and composition modifications of the organic target, thus, determined by the energy
transferred to the matrix under the implantation. By choosing appropriate polymers
and varying the implantation parameters (fluence, energy, ion current density and
temperature), it is possible to tune the resistivity within approximately 20 orders of
magnitude from ca. 1015 to 1018 X cm typical for pure dielectrics to approximately
10−1–10−3 X cm which are the values typical for not very good but conductors. An
example of how the resistance changes with ion fluence can be seen in Fig. 18 for
PI implanted by 80 keV Xe+ ions [172]. The dependence shows no change in low
fluences (region I) and a quite sharp decrease in resistivity for fluences above
1 � 1014 cm−2 (region II) with saturation at fluences >1 � 1016 cm−2 (region III)
corresponding to completed carbonisation of the implanted layer. The resistance
decreases for about 8 orders of magnitude. Very similar types of resistance/

Fig. 17 Variation in
electrical resistance as a
function of the applied
load-unload for 60 keV Ni+

ion-implanted (with fluence of
1 � 1017 cm−2) PC.
Reprinted with permission
from [122]

High-Fluence Ion Implantation of Polymers: Evolution … 89



conductance dependences on ion fluence are obtained for different polymers and
various ion species [54, 70, 128]. It is worth mentioning that ion current density
also plays role in change in resistance. At higher values of ion current, the energy is
transferred to a target at higher rates leading to more dramatic thermalisation effects
affecting the structural modification and, hence, electronic properties. As shown in
Fig. 6, the resistance decreases with ion current density for the same fluence value.

As discussed in Sect. 2, the carbon atoms have the tendency to formation of
conjugated structures with sp2 hybridisation under high-fluence implantation of
polymers. In these structures, p-electrons can become charge carriers [173]. At low
density of conjugated structures (carbon-rich clusters), the charge carrier transport
occurs by hopping or tunnelling [108]. With increasing density of discrete clusters
(fluence increase), the percolation transition in conductance takes place for
approximately the same fluence range as for the track overlapping regime. This
percolation behaviour is found in the early publications about implanted polymers
[7, 174, 175] and discussed in detail later, for instance, in [16, 19]. An example of
quite abrupt change in the resistivity with fluence increase above 1 � 1014 cm−2

corresponding to the percolation transition is illustrated in Fig. 18.
Evaluation of temperature dependence of conductance allows to get deeper

insights into the mechanisms of charge carrier transport. The temperature depen-
dence of conductivity r can be described by following equation:

r Tð Þ ¼ r0 exp �ðT0=TÞmð Þ; ð4Þ

where r0 is the conductivity at temperature T ! ∞ and T0 is the characteristic
temperature. The power m determines possible conduction mechanisms. For band
conduction, i.e. extended electronic states, m = 1. m can be equal to unity also for
the cases of Andersen localisation facilitating a nearest neighbour hopping [108].
A few papers reported the conduction behaviour with m = 1 for MeV energy [176]
or high-fluence (1016 cm−2) [177] implantation of polymers. It has been also shown

Fig. 18 Fluence dependence
of surface resistance for
80 keV Xe+ ion-implanted PI.
Reprinted with permission
from [172]
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that m value can approach 1, for example be 0.7–0.8, at very high fluence of
1 � 1017 cm−2 [21]. However, in majority of cases studying polymer implantation
within wide range of fluences, m takes values of 1/4, 1/3 or 1/2.
Such temperature dependences can be well explained by an approach suggested by
Mott and Devis for disordered materials and describing a variable range hopping
(VRH) of electrons between the localised states [178]. In this case, m has the
following relation with the dimensionality D

m ¼ 1=ð1þDÞ: ð5Þ

A three-dimensional (3D) VRH, thus, corresponds to m = 1/4. 2D and 1D models
give the power equal to 1/3 and 1/2, respectively. Thus, by obtaining m from the
experimental dependences, one can judge about dominant mechanisms of charge
carrier transport in the radiation-modified polymers.

In many publications discussing implantation with low-to-medium fluences
(1013–1015 cm−2), the temperature dependence of conductance is well described by
Eq. (4) with m = 1/2 [77, 174, 179]. However, it is hard to believe that the
structures providing pure 1D conductance are formed in the radiation-damaged
polymers. To explain this inconsistency, Wang and co-authors [46] assumed that
the charge transfer can be 1D along the ion tracks, but at the depth corresponding to
the maximum of energy transfer (highly disordered region), the contribution should
be 3D. This model allowing to mix VRH of different dimensionalities gives rea-
sonable agreement with the experimental data.

With fluence increase, the experiments show transition to temperature depen-
dences with m reducing to 1/3 or 1/4, for example in the PI implanted by N+ and
Ar+ ions [72, 180] as well as in PE and PA irradiated by B+ and Sb+ ions [21, 181].
It is suggested that the dependences described by m = 1/3 can correspond to the
cases of a quasi-2D electron gas formation in the relatively thin carbonised by
implantation layers [88]. For the thicker highly disordered polymer layers, 3D VRH
dominates [72, 172].

Metal-implanted polymers represent a special case in terms of electrical prop-
erties. Under the implantation, conductance of these polymers changes due to both
the carbonisation and filling the matrix with conductive metal inclusions which
after the percolation introduce additional channel for charge transport [182]. Thus,
resistivity of layers implanted by metal ions can decrease to much lower values
compared to the cases of non-metal species. For example, 1.5 � 10−4 X cm is
measured for the high-fluence Cu- and Ag-implanted PET [183]. Similar values of
ca. 1 � 10−4 X cm are reported for the streaming plasma implantation of Au into
PMMA with fluence of 3.2 � 1016 cm−2 [184]. For Au- and Ti-implanted PDMS,
the conversion of the published values into bulk resistivity gives 2.2 � 10−6 and
4.2 � 10−5 X cm for gold and titanium, respectively, for the fluences above
2 � 1016 cm−2 [171]. Values between 1 and 1000 X/square are measured for
Co- and Fe-implanted PI, PET and PEEK at high fluences [104, 185].

Theory tells us that in metals, the electrons are delocalised and conductance is
not limited by energy barriers, but the electron transport is affected by scattering.
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In the disordered systems, the electrons also have a high opportunity to interact.
Thus, the conductivity can be expressed by

r Tð Þ ¼ r0 þAT1=2; ð6Þ

where the first term describes the temperature-independent conductivity, while the
second one represents the term related to phonon scattering or electron-electron
collisions which are both temperature dependent and at low T the term with power
½ dominates [186]. Thus, under increase in metal ion fluence, one should expect a
transition from the exponential dependence given by Eq. (4) to the square root one
as in Eq. (6) if the conductance through the metal channel starts prevailing.

For the PI implanted by Co+ ions in the fluence range 2.5 � 1016–
1.25 � 1017 cm−2 at ion current density of 4 lA�cm−2, VRH is found to be the
dominating mechanism [187]. Despite the high metal concentration in the relatively
thin layer (implantation energy of only 40 keV), the results do not show evidences
for insulator-to-metal transition (IMT) even for the highest fluence used. However,
Co+ ion implantation with fluence of 1.25 � 1017 cm−2 but at higher j = 8 and
12 lA�cm−2 leads to a drastic change in the temperature dependence [187].
Calculation of the local activation energy suggests the metallic type of electron
transport, thus, indicating IMT. The transition occurs due to the local heating
induced by higher ion currents facilitating agglomeration of Co NPs and formation
of percolation pass (quasi-continuous metal layer) with metallic type of conduc-
tance. Additionally, the measurements of temperature dependence of conductance
show the presence of quantum effects of weak localisation and electron–electron
interaction brinning a significant contribution to the final equation

r Tð Þ ¼ r0 þAT1=2 þB ln T ð7Þ

having additional logarithmic term compared to Eq. (6) describing the contribution
of 2D quantum effects. The IMT is also found in PET implanted by 40 keV Fe+

ions with high fluences [188].
According to the theories developed for electron transport in isotropic perco-

lating materials, the conductivity of a composite representing an insulator with
metal inclusions at concentrations near the percolation can be given by the
formula

r ¼ r0 /� /cð Þt; ð8Þ

where / and /c are the normalised metal concentration and the critical concen-
tration corresponding to the percolation, respectively. Power value t is predicted to
be less than 2 for the percolation regime [189]. The percolation threshold signifi-
cantly depends on the material composition and can vary in rather wide intervals
between 0.05 and 0.5 [189]. For the above-mentioned cases of cobalt and iron
implantation into PI and PET, /c is estimated to be approximately 0.20–0.25. For
the streaming plasma ultra-shallow implantation of gold into PMMA, /c is
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determined to be around 0.47 [184]. However, lower values of 0.06–0.08 for gold
and 0.11–0.13 for Ti are found for the cases of implantation into PDMS [171]. One
can clearly see a sharp increase in conductivity with fluence (volume filling factor)
in Fig. 19. In panel (b), two fit curves utilising Eq. (8) with /c = 0.064 and 0.11
and t = 1.0 and 1.6 are presented for the gold and titanium cases, respectively.

Study of electrical properties of implanted polymers, especially those filled with
metals, is of significant importance for plastic electronics, formation of stretchable
electrodes [147] or devices combining electrical properties with either mechanical
(strain gauges, which are already mentioned in Sect. 6.1 [122]) or optical ones. The
latter will be discussed in more detail below in Sect. 6.3.

6.3 Optical Properties

Optical properties of implanted polymers undergo significant changes. Transparent
films change colour with fluence increase from pale yellow to deep brown. At
fluences � 1 � 1015 cm−2, metallic lustre typically appears. This phenomenon is
consistent with the shift in absorption edge towards higher wavelength in optical
spectra and corresponding change in optical gap as discussed in Sect. 2.3 in relation
to the implantation-induced carbonisation.

Absorption and reflection spectra allow to calculate refractive index and
extinction coefficient showing considerable change in these parameters in
ion-implanted polymers [190]. Refractive index increases with fluence, and it also
depends on the implantation energy [28, 191]. Thus, tuning the refractive index can
be used for formation of planar waveguides combing ion implantation with masking
or photolithography [27, 28]. An example of specimens of Y-branches and inter-
ferometers produced by ion implantation is shown in Fig. 20 [27]. Reactive ion

Fig. 19 Electrical conductivity of PDMS implanted by 2.5–10 keV gold and titanium ions as a
function of a dose (fluence) and b corresponding volume (filling) factor of the metals. Two lines in
panel (b) show fitness of the data with Eq. (8) for 5 keV gold-implanted and 10 keV
titanium-implanted samples. See text for more details. Reprinted with permission from [171]
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beam etching of PI is suggested as a means for the formation of Mach-Zehnder
modulator [26]. Conjugation systems sharing p-electrons formed in ion-implanted
organic materials can cause high polarisability and lead to nonlinear properties such
as an electronic nonlinear refractive index and high values of a third-order sus-
ceptibility, thus, showing potential for utilisation of Kerr effect in an intense electric
field [25]. Increase in reflectivity of implanted polymers (acquire metal lustre) is
also of practical interest: in some organic matrixes, the reflectivity can rise up to
five times after the high-fluence implantation [192].

Ion implantation can also be used as a method to create optically active centres
in polymers. For instance, the high-fluence embedding of Si into PI causes pho-
toluminescence (PL) as shown in Fig. 21 [193]. The PL intensity is found to be a
function of fluence increasing up to 3 times in the case of 30 keV implantation.

Fig. 20 Schematic pictures of a 1:2 ray splitter planar device form in the shallow layer and
b Mach–Zehnder interferometer buried in polymer film. Reprinted with permission from [27]

Fig. 21 Maximum of PL
intensity versus implantation
fluence for 30 keV
Si-implanted PMMA. The
open symbols are for
excitation by laser power of
10 mW, the solid symbols—
30 mW. Reprinted with
permission from [193]
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For the case of 50 keV, an increase in PL intensity up to 5 times is observed.
However, it is not clear from the study if the PL enhancement is mainly related to
the formation of Si NPs or to some other effects.

The phenomenon of localised surface plasmon resonance (LSPR) of metal NPs
in dielectrics attracts special attention [194, 195]. It gives rise to characteristic
absorption, nonlinear optical effects and strong local field enhancement. Plasmonic
structures are widely used as optical transducers in sensing of gases, environmental
species and various bio-objects as well as for surface-enhanced Raman scattering
(SERS) [196–200]. Utilising LSPR of metal NPs also allows designing the meta-
materials with either almost perfect absorption of visible light [201] or fully
transparent in the visible interval of wavelengths [202]. Last couple of decades,
LSPR is intensively studied on NPs embedded into polymers. Interest to polymers
as host medium is caused by plasticity allowing to easily form or even print the
devices of required configurations as well as at low cost.

Noble metal NPs exhibit the most pronounced LSPR. For example, for gold NPs
formed in PI by implantation with fluence of 5 � 1016 cm−2, one can see a char-
acteristic absorption band at around 600 nm related to LSPR in Fig. 22a [52].
Formation of NPs in the implanted layer is confirmed by TEM cross-sectional
micrograph [52]. Graphs presented in panel (b) show the calculations of optical
density for pure gold NPs in a nonabsorbing medium with refractive index n = 1.6,
in pristine-absorbing PI and Au(core)-C(shell) structures in nonabsorbing medium
with n = 1.6. The last simulation is the closest one to the experimental data, thus,
indicating strong carbonisation of the implanted polymer.

Plasmonic absorption bands are also found for Ag-implanted epoxy resins [47],
PET [183, 203], PMMA [48, 50, 106] and PC [204]. Silver NPs in different

Fig. 22 a Optical absorption spectra of pristine PI and PI implanted with various fluences.
b Calculated spectra for Au NPs in nonabsorbing medium with refractive index n = 1.6 and in
pristine-absorbing PI and Au(core)-C(shell) structures in nonabsorbing medium with n = 1.6. The
experimentally obtained spectrum for fluence of 5 � 1016 cm−2 is also shown for comparison.
Reprinted with permission from [52]
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polymers typically demonstrate LSPR bands at around 400–450 nm for the
threshold fluences just corresponding to the particle nucleation. With fluence
increase, the bands become red shifted (up to*550–600 nm). Cu ions implanted to
high fluences into high-density PE, PS and PC [123] as well as into PMMA [50]
show the LSPR bands at around 610–640 nm. However, the extinction efficiency of
copper NPs is lower than that of silver ones, and therefore, band intensities are very
low: one needs to implant with fluences � 5 � 1016 cm−2 to resolve them. Hence,
it is difficult to make any conclusions about the red shift.

In general, the red shift of the plasmon band with fluence increase can be related
to the formation of larger particles due to higher local concentration of the
embedded metal and Ostwald ripening. Another important factor is the carboni-
sation. It is shown by simulations using the Mie theory [48] that in the case of Ag
(core)-C(shell) structures, the plamon band undergoes significant red shift com-
pared to the case of pure Ag NPs in the same dielectric medium. Simultaneously,
the LSPR band intensity decreases. Thus, increase in the carbonisation level at high
fluences is obviously very significant or maybe even a dominant reason for the red
shift in the optical spectra. It is also worth mentioning that the intensity of plasmon
bands in the metal-implanted polymers is typically lower compared to LSPR
intensities in other materials, for example glass or SiO2, for the same fluences [205–
207]. This difference is also related to the carbonisation of polymers accompanied
by the formation of conjugated systems, thus conductive medium. Electrons of the
NPs become poorly localised, and they can be transferred to the surrounding
material that leads to weakening of the plasmon resonance.

One of the solutions to remove the carbonisation problem is cluster beam
implantation as already discussed in Sect. 5. As described in Sect. 6.1, the plasticity
of polymers brings an advantage to fabricate devices in which the conductance
correlates with the applied mechanical stress. The similar approach is possible in
relation to optical properties opening a way for systems with stable plasmonic
tuning under cyclic strain conditions. Such systems, for example, are made by gold
cluster implantation into PDMS forming a near-surface layer filled with NPs [208,
209]. Figure 23 shows the evolution of the plasmon band position and intensity for
the film filled with 31% volume fraction subjected to a given number of stretching
cycles with different elongation represented in per cent. The longitudinal (in-plane)
stretching of the film leads to the red shift of the peak position that is explained by
compression of the film in the other direction leading to the decrease in mean
distance between the clusters along the wave propagation (normal to the surface)
causing stronger plasmon coupling. An advantage of the cluster beam technique is
in well-controlled cluster volume filling factor allowing to find the implantation
regimes providing stability in tuning the peak position after thousands of cycles.
Thus, one can conclude that the polymer nanocomposites produced by implantation
of noble metal clusters are promising media to be used as mechanically tuneable
optical filters or as components for stretchable optical devices.

Polymer films with partly embedded silver and copper clusters are reported to
have excellent plasmonic properties [115, 148, 149]. The clusters are soft-landed on
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PMMA and PS, and their embedding is achieved by following thermal annealing at
temperatures slightly above the glass transition point. As shown in Fig. 24, the
intensity of the band is significantly increased and the peak assigned to the plasmon
resonance on individual particles undergoes a red shift from 375 to 413 nm due to
partial immersion of the NPs into the medium with higher dielectric constant than
that of air [148]. PMMA films with silver NPs are tested as optical transducers for
protein sensing [210]. The procedure to attach antibodies and antigens to the NPs is
developed, and a detectable shift in the LSPR band is registered allowing to
recognise an antigen of interest. The composites also show very good stability
against wet chemistry procedures involved in the protein incubation on the
transducers.

Fig. 23 Absorbance spectra
of PDMS film filled with 31%
volume fraction of Au NPs at
different applied uniaxial
strains represented as
stretching in % compared to
original non-stretched film.
Reprinted with permission
from [208]

Fig. 24 Extinction spectra of
PMMA film with as-deposited
size-selected silver clusters
(approximately 13 nm in
diameter) and that after
thermal annealing at 125 °C
for 10 min. Reprinted with
permission from [148]
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6.4 Magnetic Properties

Typically, unmodified polymers are diamagnetic materials. Only some of them, for
example PI and poly(ether sulphone), can reveal a weak paramagnetism due to a
nonhomogeneous electron interaction caused by the presence of heteroatoms in the
macromolecules [77, 211]. Since ion implantation of polymers results in significant
structural and compositional evolution, the electronic structure is changed leading
to paramagnetic behaviour. An isotropic singlet with g-value of 2.0025 which is
close to that of free electron (2.0023) is registered in electron paramagnetic reso-
nance (EPR) spectra of polymers implanted with high fluences [57, 179, 212]. This
value also almost coincides with 2.0026 and 2.0027 reported for conducting and
pyrolised polymers [213–215]. These facts indicate the similarity of the paramag-
netic centres’ nature under different methods of treatment. However, the discussion
of this nature in the implanted polymers goes beyond the scope of this chapter. The
interested readers can be redirected to Ref. [54, 57]. Below, the focus is put on the
change of the magnetic properties in the metal-implanted polymers.

The first publications on ferromagnetic properties of metal-implanted polymers
in the middle of the 1980s [11, 216] were followed by about ten years pause and
only after that a series of papers studying various polymers with NPs of ferro-
magnetic metals formed by high-fluence implantation have been published
[49, 118, 125–127, 188, 217–222]. Ensembles of Ni, Co or Fe NPs produced in the
implanted layers are found to behave similar to a thin layer of ferromagnetic
continuum due to strong magnetic coupling between the particles. The ferromag-
netic resonance (FMR) measurements show a magnetic percolation transition
occurring at concentrations of the magnetic NPs which are high enough for inter-
particle coupling comparable with Zeeman energy in the external magnetic field
[223–225]. Let’s look into this phenomenon in more detail by the example of iron
NPs.

For the iron-implanted polymers, FMR signal is found for the fluences � 2.5
1016 cm−2 that is in good agreement with the observations on NPs nucleation using
TEM and other methods. The effective g-value is found to be 2.1 ± 0.1, which is
close to the g-value of bulk iron film [124]. The FMR signal intensity increases with
fluence, while the spectra become strongly anisotropic as shown in Fig. 25 for the
Fe-implanted PI [125]. The line intensity changes non-monotonically, and the
resonance position shifts to low or high fields depending on the orientation of
magnetic field. The data obtained on angular dependence of the effective anisotropy
allow the authors to conclude about uniaxial out-of-plane type of anisotropy;
magnetisation is in plane of the implanted (composite) layer [124]. The FMR
spectra demonstrate hysteresis and the presence of remanent magnetisation allow-
ing to conclude about the magnetic percolation transition in the samples implanted
with fluences above 6.0 � 1016 cm−2 [124, 125, 127].

The SQUID studies of the iron-implanted PET show the transitions between the
ferromagnetic and superparamagnetic states at blocking temperature Tb [220]. This
temperature is found to be increasing function of fluence, i.e. the metal filling factor,
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and for the samples implanted with fluences � 1.0 � 1017 cm−2, when a
quasi-continuous iron film is formed in the implanted layer, the dependences show
ferromagnetic behaviour for the entire range from cryogenic to room temperature.
Magnetoresistive measurements indicate good correlation between the electrical
and magnetic properties of these samples and percolation of the iron NPs at fluences
above 7.5 � 1016 cm−2 [188].

Magnetic response formed by implantation of Co NPs is found to be weaker than
the Fe ones, which is in correlation with bulk magnetic properties of these mate-
rials. To obtain room-temperature FMR signal for the cobalt-epoxy nanocompos-
ites, the implantation fluences as high as 1.8 � 1017 cm−2 is required [223, 226].
The Co-PI film obtained by implantation with similar fluence represents the fer-
romagnetic properties only after post-implantation thermal annealing or in the case
of implantation at high ion current densities (8 and 12 lA/cm2) [227]. At high ion
current, the film is heated up during the implantation which is in some analogy to
the annealing. To register FMR in Co-implanted samples without thermal treat-
ments, low temperatures are required to dump the thermal fluctuations in the
magnetic moments of the superparamagnetic particles. The FMR studies of these
samples show a good agreement with the magnetoresistance measurements
revealing “positive” magnetoresistive effect (dielectric side of the IMT) for the PI
samples implanted at ion current density of 4 lA/cm2, while the samples implanted
at high ion currents demonstrate “negative” magnetoresistive effect (metallic side of

Fig. 25 FMR spectra of PI implanted by 40 keV Fe+ ions with fluences: a 2.5 � 1016 cm−2,
b 5 � 1016 cm−2, c 7.5 � 1016 cm−2, d 1.0 � 1017 cm−2 and e 1.25 � 1017 cm−2. Left panel
corresponds to the field applied parallel to the film surface, while right one corresponds to the field
normal to the surface. Reprinted with permission from [125]
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the IMT) [219]. “Negative” magnetoresistive effect is also shown for PI implanted
by cobalt at similar conditions by another group, thus, demonstrating very good
correlations of the results [228].

7 Conclusion

The chapter presents an overview and analysis of data on different aspects of ion
beam treatment of polymers with focus on use of high fluences. The structural and
compositional changes induced by energetic interaction of ions with organic
materials are discussed in detail explaining the effects arising from stopping of
projectiles and related energy transfer. Both radiation and thermal-induced phe-
nomena are considered in the unified process of radiothermolysis. Detailed analysis
of the macromolecular scission and cross-linking allows foreseeing evolution of
various types of polymers under implantation by different ion species.

Considering the degassing, carbonisation and oxidation effects strongly affecting
the structure and composition of the implanted layers provides insights into the
practical ways for the modification of materials properties. Specificity of doping
and distribution of the implanted impurities are overviewed showing the difference
between polymers and other solid-state materials. One needs to consider dynamical
change in the structure and composition as well as diffusion in order to correctly
predict the final distribution of implanted ions in organic matrixes.

Special attention is paid to nucleation of metal nanoparticles under high-fluence
ion implantation as a practical means for the formation of metal/polymer
nanocomposites. Novel approach on cluster beam implantation allowing to avoid
a number of negative phenomena typical for conventional implantation and, thus,
facilitating production of composite layers with minimum of radiation damage is
presented.

Final part of the chapter overviews the possibilities to change mechanical,
electrical, optical and magnetic properties of polymers using implantation in order
to produce materials with required properties applicable in electronics, for
bio-medical purposes, as transducers for optical sensors, strain gauges, etc., thus
showing great potential of implanted polymers for practical use as well as the
present-day research challenges.
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Ion Beam Modification of Poly
(methyl methacrylate) (PMMA)

Raquel Silva Thomaz and Ricardo Meurer Papaléo

Abstract In this chapter, we review fundamental issues related to the damaging
processes of PMMA films induced by high-energy ions with kinetic energies from a
few keV to a few GeV, covering the regimes of energy deposition dominated by
nuclear collisions and by electronic excitation. Emphasis is given to present an
overview of the bond-breaking processes, the changes in the polymer chemical
structure, and the corresponding modifications in selected macroscopic physical
properties (optical, mechanical, and electrical).

Keywords Ion beam � PMMA � Physicochemical properties � Mechanical
properties

1 Introduction

Poly(methyl methacrylate) (PMMA) is one of the most important polymeric
materials available commercially. Due to its excellent mechanical properties,
chemical resistance, and optical behavior similar to glass, it has been widely utilized
across several industries, mainly as shatterproof windows, illuminated signs, and
optical parts, but also as a structural material for different electronic, construction,
and household goods [1]. The high biological compatibility made PMMA a com-
mon material for biomedical applications in ophthalmology, prosthetics, orthope-
dics, and dentistry, to name a few [2]. Resins based on PMMA have also been
widely used in microlithography with UV photons, X-rays, or electron beams [3–6],
or in direct micro-structuring processes such as proton-beam writing [7, 8]. More
recently, in the growing field of proton radiotherapy [9, 10], PMMA has been used
as a material for phantoms and beam-monitoring devices [11]. Therefore, the
interaction of various forms of radiation with PMMA has been a persistent topic of
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investigation for more than four decades [3, 12–14]. A deep understanding of the
radiation effects in PMMA is important not only to evaluate the stability and
behavior of this material under various high-energy radiation fields, but also to
optimize procedures in modern ion-beam-based processing techniques, where
PMMA plays an important role [5–8, 15].

In this chapter, we review fundamental issues related to damaging processes of
PMMA films induced by high-energy ions with kinetic energies from a few keV to
a few GeV, covering the regimes of energy deposition dominated by either nuclear
collisions or electronic excitation. Emphasis is given to present an overview of the
bond-breaking processes and the corresponding changes in macroscopic physical
properties, and their dependence on the energy loss of the ions.

2 Chemical Modification of PMMA by High-Energy Ions

Polymer degradation encompasses many reactions that change the material’s
structure, such as irreversible cleavage of bonds in the main chain, intermolecular
crosslinking, and formation of unsaturated bonds and of volatile products [16–18].
Both crosslinking and scission may occur simultaneously during irradiation of
polymers, but the relative magnitude of crosslinking to scission events depends on
the structure of the polymer [1], on the ion stopping power, and ion fluence [19,
20]. In this section, we review the degradation pathways of PMMA by high-energy
ions, starting with a discussion of the balance between scission and crosslinking and
how it is affected by the stopping power, dE/dx. We then review the radiolysis of
PMMA, the main degradation compounds formed, and the structure of highly
irradiated PMMA.

2.1 Chain Scission and Crosslinking

The chemical structure of the poly(methyl methacrylate) (PMMA) repeating unit is
shown in Fig. 1. For the majority of irradiation conditions, ion-bombarded PMMA

Fig. 1 Chemical structure of
the repeating unit of PMMA
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undergoes main chain scission, which leads to a decrease of the average molecular
weight [19, 21–24]. Chain scission is also dominant in the irradiation of PMMA
with c-rays, electrons, and UV photons [25–27]. The propensity of degradation has
been attributed to a steric hindrance due to the methyl ester (CH3OOC–) groups
attached to the PMMA backbone structure [19, 28]. Large pendant groups restrict
chain mobility and thus hamper crosslinking. The presence of a tetra-substituted
carbon atom in the main chain also favors degradation [29, 30].

Figure 2 shows the molecular weight distribution extracted from PMMA films
irradiated with 200 keV He+ [31]. Even at low fluences (2.5 � 1012 ions/cm2), the
molecular weight distribution (MWD) of bombarded PMMA exhibits a pronounced
tail at the low-mass side due to scission products. For higher fluences, the MWD
continues to shift toward lower molar masses, but a small fraction of high molecular
weight crosslinked molecules is also seen (Fig. 2a).

The solubility of irradiated PMMA increases with fluence (because of chain
scission) only until a certain maximum dose (Fig. 2b). For larger fluences, solu-
bility decreases progressively until an insoluble gel is eventually formed. Thus,
even for an easily degradable polymer as PMMA, crosslinking of the chains will be
extensive at large fluences. The change to a crosslinking dominant behavior occurs
in the first place due to the higher concentration of macroradicals at high fluences,
which favors bonding in between chains. In addition, at high fluences, PMMA is
transformed to a material resembling a sort of disordered polyethylene [32], a
polymer for which the probability for crosslinking is higher than for scission [21].
In general, the larger the dE/dx or LET of the ion beam, the lower is the fluence
required for the onset of crosslinking in irradiated PMMA. Table 1 illustrates this
for beams of H, He, and O ions of 1.5 MeV. The ability of PMMA to crosslink at

Fig. 2 a Molecular weight distribution of 24 kDa PMMA irradiated with 200 keV He+.
b 1=Mn � 1=M0

n

� �
as a function of dose for samples of 95 and 24 kDa PMMA irradiated with

200 keV He+. A fluence of 6 � 1013 ions/cm2 of 200 keV He+ corresponds to a dose of *23 eV/
g. Mn is the number-averaged molecular weight. Adapted from Ref. [31]
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high doses is also seen in electron beam irradiated PMMA, which changes from
positive to negative resist behavior (insoluble in the developer) at sufficiently large
exposures to the e-beam [33].

Several studies have been conducted to investigate the effect of dE/dx on the
yield of chain scission and crosslinking [19, 22, 24]. This is usually quantified by
the respective G-values (the number of crosslinks G(x) or chain scissions G(s) per
100 eV of absorbed energy). For irradiation with 60Co gamma rays (dE/dx =
0.2 eV/nm), for example, G(s) * 1.2 [24]. Similar G(s) values were observed for
low LET ion beams (Fig. 3). However, G(s) starts to decrease for beams with LET
larger than about 15 eV/nm [19, 22]. G(s) values as low as 0.3 was found at
LET = 577 eV/nm (90 MeV O4+) [24]. The lower yield of scission at high LET
were attributed to the reduced distance between radical pairs or dangling bonds,
which increases the probability for two neighboring radicals to be close enough for
crosslinking.

Table 1 Regions of dominance of scission and crosslinking for ion beams of various LET values

Radiation
source

LET
(eV/nm)

Scission regime (solubility
increases with fluence)

Crosslink regime (solubility
decreases with fluence)

20 keV e− 2 <1018 m−2 No decrease in solubility

1.5 MeV
H+

20 <1017 m−2 >1019 m−2

1.5 MeV
He+

200 <1016 m−2 >1018 m−2

1.5 MeV
O+

800 <10l6 m−2 >1017 m−2

Reprinted with permission from [19] by Publisher

Fig. 3 G-value of chain
scission, G(s), for PMMA as a
function of LET. Irradiations
were performed with different
ions and velocities. Reprinted
with permission from [19]
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An interesting effect related to the degradation of PMMA is ion-beam-induced
depolymerization (unzipping) [34]. Unzipping is the main mechanism of thermal
degradation of PMMA [35] and is characterized by sequential scissioning of the
chain ends, resulting in the preferential emission of the monomer methyl
methacrylate [36]. The monomer is found to be the most abundant product
(yield > 85%) in the pyrolysis of PMMA [21]. This phenomenon starts at the
so-called ceiling temperature (around 220 °C) [34] in the conventional thermal
degradation of PMMA. However, when the polymer was exposed to a beam of
200 keV He+ while heated, unzipping initiated at temperatures as low as 105 °C,
slightly above the glass transition temperature (Tg) [34, 37–40]. Thus, irradiation of
PMMA at temperatures above Tg may result in a stronger degradation rate and a
pronounced reduction in the polymer molecular weight. Up to now, irradiation-
induced depolymerization of PMMA has not been detected at room temperature, or
using swift heavy ions.

2.2 Radiolysis, Volatiles, and Changes in the Chemical
Structure

The radiolytic decomposition mechanisms of ion-beam-irradiated PMMA have
been extensively investigated, using beams in a wide range of energies and stopping
powers [19, 40–42]. While several details have yet to be clarified, especially at the
very large dE/dx of swift heavy ions, the general degradation scheme has been
established and is not very different from those obtained from “conventional” forms
of radiation such as X-rays, electrons, and c-rays.

A simplified scheme of the mechanism of PMMA degradation is shown in
Fig. 4. High-energy irradiation is very efficient for inducing backbone chain scis-
sion (Fig. 4-path II) compared to photoexcitation process (path I). Both processes
can provoke hydrogen abstraction from the polymer main chain (Fig. 4-path VI)
and main chain scission (Fig. 4-path III). Besides main chain scission (and the
consequent formation of unsaturated bonds), rupture and decomposition of the
side-chain methyl ester groups CH3COO– are the dominant events (Fig. 4-path IV–
V). The main volatiles formed from the decomposition of the pendent group are
CO, CO2, and CH4 [19, 32, 40, 43]. The amount of such gases will vary depending
on the stability of the fragments generated, and on the type of beam.

Figure 5 shows the G-values for CO, H2, CO2, and CH4 production as a function
of the track average LET. Again, at low LET, the G-values for ion beams are similar
to gamma rays. The G-values start to increase strongly with LET above a LET
around 10 eV/nm. Since most of the analyzed gases have the same precursor
(�COOCH3), the data of Fig. 5 indicate that the amount of the methyl ester radical
must increase with LET [44]. Studies of PMMA irradiated with gamma rays show
that the amount of CO, CO2, and CH4 are also temperature-dependent [44]. CO and
CO2 yields at T = 40 °C are 2.5–3 times larger than the values found at room

Ion Beam Modification of Poly(methyl methacrylate) (PMMA) 117



temperature. On the other hand, molecular hydrogen is produced from radicals that
are not thermally dependent.

Many other small molecules originating from the breakage of the chains or from
the subsequent decomposition of intermediate species are usually observed by
in situ mass spectrometry. Figure 6 shows an example of an in situ residual gas
analysis (RGA) of a PMMA film irradiated by 4.5 MeV/u Au ions [45], illustrating

Fig. 4 Radiolysis pathway of PMMA and main volatile products formed. Reprinted with per-
mission from [40]
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the multiplicity of emitted species. This includes H2, CH2, CH3, CH3O∙,
HCOOCH3, and unsaturated hydrocarbons, such as H2C=CH2, �CH=C=CH2,
CH2=C=CH2, and CH3CH=CH [40, 45, 46]. The abundant emission of
oxygen-containing small molecules is a clear indication that a significant fraction of
methyl ester groups is broken and easily eliminated by outgassing. The emission of
numerous unsaturated hydrocarbons supports the observation of significant scis-
sioning of the macromolecular chains [26, 32].

Fig. 5 G-values for the production of various volatile molecules as a function of track average
LET for beams of c-rays, H, He, and C ions. Reprinted with permission from [44]

Fig. 6 Outgassing spectra of PMMA irradiated with 4.5 MeV/u Au ions. Mass spectra recorded
before and after irradiation. Reprinted with permission from [45]
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The decomposition scheme described above is also supported by several spec-
troscopic studies [20, 31, 32, 40, 47–50]. In particular, infrared vibrational spec-
troscopy (FTIR) was widely used to probe bond breaking of irradiated PMMA. An
example is given in Fig. 7, where FTIR spectra of PMMA bombarded by ions of
low (500 keV He) and high dE/dx (*886 MeV Au) are shown. The reduction of
the peaks associated to the vibrational modes at 1150 and 1190 cm−1 (C–O
stretching vibrations) and the carbonyl (C=O) band at 1720 cm−1 are consistent
with the gradual elimination of the pendent methyl ester groups (Fig. 7) [20, 26, 47,
48, 51]. The diminishing of carbon–oxygen bonds (C=O and C–O–C) is also shown
in the XPS spectra of irradiated PMMA [27, 32, 52, 53] or in measurements of the
fraction of oxygen atoms derived from RBS data [26] (Figs. 8 and 9). It is inter-
esting to note that the ratio of oxygen to carbon in a sample irradiated with a beam
of low dE/dx ions (2 MeV H+, dE/dx * 0.019 keV/nm) is smaller by *20% than

Fig. 7 FTIR spectra of PMMA films bombarded by a 500 keV He and b 886 MeV Au ions.
Reprinted with permission from [45, 54]

Fig. 8 C1s XPS spectra of
PMMA films irradiated by
2 MeV H+ and 2.1 GeV Bi at
similar deposited energy
densities. The peaks
associated to C atoms directly
bound to oxygen are labeled
in the figure. These are C3

(O–CH3) and C4 (C=O). All
spectra were normalized to
the peak intensity of the C1

line (C–H) at 285 eV.
Reprinted with permission
from [52]
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in a film irradiated with a high dE/dx ion (2.2 GeV Bi, dE/dx * 14 keV/nm) at a
similar dose (in the case of Fig. 8 close to 100 eV/nm3) [52]. This suggests a
greater importance of particle ejection unzipping by PMMA chains at high dE/dx,
which would keep the O/C ratio closer to the pristine value.

FTIR [45, 47, 49], Raman [27], and UV spectroscopy [45, 49] reveal the formation
of conjugated C=C bonds in the irradiated polymer. In FTIR, this is seen by the
appearance of a new absorption band at 1600–1670 cm−1. In one study, the number of
C=C bonds generated in the films was similar to that of C=O groups removed by the
same incident dose, suggesting that removal of an ester group generates also a C=C
bond by main chain scission and H abstraction [40]. For low dE/dx, the efficiency of
C=C bond formation is smaller than that found at high dE/dx (Fig. 7).

At high irradiation fluences, the pristine polymer chemical structure is virtually
lost and FTIR spectra are almost featureless due to generalized bond breaking [21,
31, 32, 47, 49]. Carbonization is the fate of all heavily irradiated polymers, but the
type of carbonaceous material that is eventually formed depends on the monomer
structure and dE/dx of the ions. Most of the studies indicate that PMMA films
eventually turn into a form of hydrogenated amorphous carbon material a-C:H [27,
49]. The Raman spectra of PMMA irradiated by 400 keV Cr+ ions (Fig. 10) show
clearly the development of the characteristics broad peaks corresponding to the D
and G band of disordered carbon.

Although the general scheme presented above for the radiolysis of PMMA is
observed for irradiations with ions in a wide range of stopping powers, there are
some effects that are only observed at very high dE/dx due to swift heavy ions. For
example, GeV heavy ion irradiation of PMMA leads to the formation of various
aromatic compounds [56, 57], including large mass pure carbon clusters [58] that
are not observed at low dE/dx [51]. It was suggested that in the core of swift heavy
ion tracks, as a result of the very high transient temperatures a gas of electrons and
free carbon ions is formed. Carbon clusters and aromatic rings would form during
the subsequent expansion and cooling of this highly excited region [58]. The
proposed scheme is shown in Fig. 11.

Fig. 9 Change of the relative
contents of carbon and
oxygen of PMMA irradiated
by 350 keV H as a function of
fluence, measured by
Rutherford backscattering
spectrometry. Reprinted with
permission from [26]
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Fig. 10 Raman spectra of pristine and irradiated PMMA samples. The irradiation was performed
using 400 keV Cr+ ions with fluences up to 5 � 1015 cm−2. The solid lines indicate the measured
Raman spectrum, while the dashed lines indicate the two Gaussian-fitted D and G bands. Reprinted
with permission from [55]

Fig. 11 Suggested mechanisms for the decomposition of PMMA and carbon cluster formation in
the core of swift heavy ion tracks. Reprinted with permission from [58]
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2.3 Damage Cross Sections

In the previous section, the changes introduced in the chemical structure of irra-
diated PMMA were reviewed. Here, we discuss the problem of the degradation
efficiency and the rates of destruction (or formation) of various chemical bonds. The
damaging efficiency is usually quantified extracting the damage cross section r for
a certain process of interest. r is a probability of occurrence, which is interpreted as
an effective area around the ion path where a certain modification takes place. For
the quasi-continuous cylindrical damage track of a swift heavy ion, the geometrical
interpretation of r is intuitive. The value of r can be obtained by monitoring the
changes in the intensity I /ð Þ of a given signal (a FTIR band, UV absorbance, XRD
peaks, etc.) as a function of fluence. In most of the situations, an exponential
behavior is observed experimentally, which allows the extraction of a damage cross
section by fitting the data with the expression:

I /ð Þ ¼ I0e�r/ ð1Þ

where I0 is the intensity of the investigated signal for the pristine sample. If radi-
ation induces the creation of new structures, then the signal intensity can usually be
expressed as:

I /ð Þ ¼ Isat 1� e�r/
� �

; ð2Þ

where Isat is the signal obtained at high fluences.
Table 2 provides a compilation of cross-sectional values obtained from the lit-

erature. Some of them were already extracted in the original references, while
others were obtained by us from fittings of the available data. Cross sections for the
processes of chain scission, loss of various functional groups, decrease in oxygen
and hydrogen content, and formation of conjugated double bonds (chromophores)
are shown. The magnitude of the cross sections depends on the technique used to
probe the damage (e.g., chemical composition, optical properties, secondary yields)
[59], and on the dE/dx and ion velocity. Hence, a direct comparison between cross
sections of different processes is only meaningful when similar irradiation condi-
tions are used in the experiments. Despite the large amount of papers on ion beam
modification of PMMA, there is, unfortunately, no systematic study comparing
cross sections of different processes under similar irradiation conditions, similar to
those found, for example, for PET [60], PPS [61], or PC [62]. Yet, some general
considerations can be drawn.

The largest damage cross-sectional values are found for processes related to
changes in the polymer crystallinity and average molecular weight [60]. For these
processes, either the activation energies or the required number of hits by secondary
electrons to induce an observable effect is small. However, PMMA is usually in an
amorphous configuration (or semi-crystalline structure with high amorphous con-
tent). Hence, there are only few studies investigating the changes induced in the
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PMMA crystallinity and cross sections were not extracted [50, 63]. The rates of
amorphization nevertheless appear to be similar to those found for molecular weight
changes described below. Fragalà et al. [21] investigated the number-averaged
molecular weight Mn of PMMA irradiated by 200 keV He+. Figure 12 shows the
values of 1=Mn as a function of fluence. The fitting (dashed line) gives a cross
section of 9 � 10−14 cm2. In another study, also with 200 keV He bombardment, a
cross section of*3 � 10−13 cm2 was extracted [64]. The major difference between
those two measurements was the procedure used to quantify the signal. While in
Ref. [64] only the low-mass portion of the MWD chromatogram was used; Fragalà

Table 2 Ion energy, velocity, electronic stopping power (dE/dX)e, nuclear stopping power (dE/
dX)n, and cross sections (r) extracted from ion bombardment of PMMA films

Ion Energy
(MeV)

Velocity
(cm/ns)

(dE/
dX)e
(eV/
nm)

(dE/
dX)n
(eV/
nm)

Technique r (cm2) Refs.

Bond breaking

He 5 1.6 1.7 0.0027 FTIRa,b 5.1 � 10−16 Fink [20]

Li 5 1.2 3.3 0.0014 FTIRa,b 2.2 � 10−15 Fink [20]

B 2.5 0.7 5.9 0.1 FTIRa,b 2.2 � 10−14 Fink [20]

H+ 2 1.2 19 0.012 XPS (C–O) *4 � 10−16 Thomaz
[66]

Ar+ 0.005 0.01 69 432 XPSa (C–O) 4.1 � 10−15 Pignataro
[32]

He+ 0.2 0.3 200 1 MWD 9 � 10−14 Fragala [21]

He+ 0.2 0.3 200 1 MWD 3 � 10−13 Licciardello
[64]

He+ 1.0 0.7 250 0.7 Carbon erosiona 6 � 10−16 Calcagno
[68]

He2+ 0.5 0.5 270 0.6 Dehydrogenation 2.6 � 10−15 Davenas
[49]

Xe+ 0.7 0.1 580 1220 Dehydrogenation *10−15 Davenas
[54]

Bi+eq 2200 4.5 14,000 14.4 XPS (C–O) *3 � 10−13 Thomaz
[66]

Aueq+ 887.0 2.9 15,000 35 FTIRa (2994 cm−1) 1.5 � 10−12 Hossain [45]

Aueq+ 887.0 2.9 15,000 35 FTIRa (2842 cm−1) 9.2 � 10−13 Hossain [45]

Formation of new bonds

C5+ 70.0 3.3 300 0.2 UV–Visa,c 9.6 � 10−14 Singh [50]

Ne6+ 145.0 3.7 690 0.4 UV–Visa,c 5.5 � 10−13 Kumar [69]

Si8+ 100.0 2.6 1730 1.3 UV–Visa,c 5.6 � 10−13 Kumar [65]

Aueq+ 887.0 2.9 15,000 35 FTIR (1641 cm−1)a 1.3 � 10−11 Hossain [45]

Ueq+ 1980.0 4.0 18,000 21 UV–Visa,c 2.5 � 10−11 Hossain [45]
aThe cross sections were extracted from the data presented in the referred references
bData extracted from the whole FTIR spectra
cData extracted from the absorption in 375 nm of the UV–Vis spectra
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et al. [21] used the average over the complete molecular weight distribution. This
example illustrates how easily cross sections may be influenced by the procedure of
data quantification. In any case, both cross sections are relatively large, considering
the low stopping power of the He beam. We found no study on damage cross
sections for chain scission of PMMA using swift heavy ions in the literature to
compare with.

Cross sections for bond breaking and formation of new bonds in irradiated
PMMA are the most abundant in the literature. They typically range from
*10−16 cm2 for light ions up to *10−11 cm2 for swift heavy ion projectiles (see
Table 2). By monitoring the changes in the intensity of the FTIR bands of PMMA
irradiated with MeV light ions (5 MeV He and Li and 2.5 MeV B), Fink et al. [20]
found damage cross section of the order of 10−16–10−14 cm2). This corresponds to
effective track radii of chemical damage of about 0.4 Å for He or 3 Å for B. On the
other hand, the damage cross section of 887 MeV Au ions is roughly three orders of
magnitude larger [45]. Figure 13 shows the evolution of three different FTIR bands
at 2994, 2842, and 1641 cm−1 of PMMA irradiated with 887 MeV Au ions. Both

Fig. 12 Reciprocal
number-averaged molecular
weight ð1=MnÞ of bombarded
PMMA as a function of ion
fluence. Reprinted with
permission from [21]

Fig. 13 Peak intensity of
absorption bands at 2994,
2842, and 1641 cm−1 as a
function of the fluence for
PMMA films irradiated with
887 MeV Au ions. Reprinted
with permission from [45]
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processes of bond destruction and new bond formation are shown. The loss of CH2

and CH3 groups (bands at 2994 and 2842 cm−1, respectively) occurs with a cross
section of r2842 cm�1 ¼ 7:8� 10�13 cm2 and r2994 cm�1 ¼ 1:5� 10�12 cm2. The very
large cross section obtained for the new band appearing at 1641 cm−1 ðr1641 cm�1 ¼
1:3� 10�11 cm2Þ demonstrates the efficiency of such high dE/dx ions to create
carbon–carbon double bonds, which was larger than the breaking of C–H bonds.

Another process investigated is chromophore formation by the conjugation of
unsaturated carbon bonds. This is usually extracted from UV–Vis spectra, as shown
in Fig. 14. The absorbance of irradiated samples in the UVA and visible region
increases with irradiation fluence. Figure 14b shows the increase in absorbance at
375 nm after irradiation with 100 MeV Si8+ ions, depicting an exponential growth
typical of Eq. 2. The resulting cross section was about 5.5 � 10−13 cm2.

Overall, the various damage cross sections extracted for PMMA are comparable
to those observed in other polymers, with differences in magnitude that stem from
the degree of radiation stability of each material. For example, cross sections for
emission of volatiles in polystyrene (a more radiation-resistant polymer) bombarded
by 500 keV He, were more than 50% smaller than in PMMA, under the same
experimental conditions [49]. On the other hand, heteroatom emission in
ion-bombarded PVC, a highly degradable polymer, is even larger than those found
for PMMA [66].

Although cross sections are important parameters quantifying the sensitivity of a
polymer to radiation damage, care must be taken when comparing data probed by
different techniques, because of their specific spatial sensitivity and probing signal.
XPS, for example, tends to give smaller cross sections than FTIR, although both
techniques are probing the amount of chemical bonds. This is related to the fact that
XPS is very little affected by long-range changes in the chemical environment and
gives information of modification occurring mostly close to the ion path where

Fig. 14 a Optical absorption spectra of pristine PMMA and PMMA after irradiation with
100 MeV Si8+ ion beam. b Peak intensity of absorption at 375 nm of the spectra shown in (a) and
its resulting damage cross section. Reprinted with permission from [65]
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bond disruption is severe. In addition, the signal from spectroscopic techniques
such as UV–Vis and FTIR are proportional to the optical path of the probing beam
in the sample. This means that the signal may change not only because specific
bonds are broken, but also due to reductions in the sample thickness. As discussed
in the next section, PMMA thinning by ion irradiation is very efficient [67].
Therefore, many of the cross sections reported in the literature may be the con-
volution of chemical damage with effects that cause thickness reductions (sput-
tering, densification, etc.).

2.4 Changes in Physicochemical Properties

Bond breaking, formation of new bonds, and preferential emission of oxygen and
hydrogen in bombarded PMMA result in irreversible changes in its macroscopic
physicochemical properties. In this section, themain changes observed inmechanical,
optical, and electrical properties of ion-bombarded PMMA are reviewed.

2.4.1 Density Enhancement and Compaction

PMMA films and foils irradiated by ion beams become remarkably thinner after ion
bombardment [26, 43, 70–72]. The thickness decrease was mainly attributed to
outgassing of volatile products [73, 74]. Sputtering is a small component, especially
for light ions and low dE/dx, but cannot be neglected for swift heavy ions. The
crater volume of a single 600 MeV Au ion is approximately a half sphere of 10 nm
radius [75, 76]. In addition, main chain scission results in shorter and more mobile
molecules, what facilitate spatial rearrangements and local conformational changes.
This eventually leads to the compaction of the layers and increase in density
[77, 78].

Figure 15 presents the compaction induced in 1-mm-thick PMMA foils irradi-
ated with 350 keV H+ (the ion range is 4.2 lm) as a function of the fluence. The
compaction reached values as high as few micrometers at high fluences. The
shrinking rate was not steady, but decreased with fluence, until a saturation level is
reached at very high fluences [67, 71, 78]. This occurs because of the cumulative
effects of track overlap. At large fluences, the probability of ions hitting regions
already modified by the ions increases, reducing the gas yield per ion impact.

Swelling, however, may precede the shrinking process. Due to the long pro-
jected range of swift ions, gaseous products are formed in deep regions of the
polymer and cannot escape from the material as quick as they are produced. As
a consequence, a high pressure of gases is built up in the polymer, resulting in a
transiently swollen surface [74]. In a foil of PMMA irradiated through a
micro-patterned mask with 1.8 MeV H+ (/ = 6 � 1013 ions/cm2), within a time of
12 min after the irradiation the surface swollen about 70 nm with respect to the
non-irradiated region (Fig. 16a). Only later, 200 min after the irradiation,
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profilometry of the same region revealed that the surface retracted to more than
200 nm below the original surface level (Fig. 16b). It was noted by the authors that
if the ion current was low enough, swelling was not observed.

A discrepancy between compaction values is found in the literature, even when
similar irradiation conditions are used [43, 74]. These differences can be explained
by the distinct times after irradiation that the depth profile was measured. The
shrinking due to outgassing is diffusion-limited and may continue over several

Fig. 15 Compaction of a
1-mm-thick PMMA foil as a
function of fluence of
350 keV H+ ions. Reprinted
with permission from [26]

Fig. 16 Surface profiles of
the irradiated sample
measured by profilometry,
a 12 min after the irradiation
and b after 200 min.
Reprinted with permission
from [74]
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weeks if the effective diffusion coefficient, Deff is low (Fig. 17). At room temper-
ature, the Deff extracted for PMMA after irradiation with 1.8 MeV H+ ions to a
fluence of 6 � 1013 cm−2 was 8.3 � 10−11 cm2/s. Gas diffusion is accelerated at
higher temperatures, increasing the shrinking rate. At temperatures just below the
glass transition, Tg (*105 °C), the effective diffusion constant found by Schrempel
et al., is about six orders of magnitude higher than the value found at room tem-
perature [74]. At 130 °C, thermal degradation also plays an important role, being
gas diffusion no longer the predominant effect.

2.4.2 Optical Properties

There has been a great practical interest on the investigation of optical properties of
irradiated PMMA, because of the wide range of potential photonic applications and
the widespread use of PMMA in optical components. Proton-beam writing has been
used for the fabrication of microphotonic devices (waveguides, gratings, microlens
arrays, etc., Fig. 18). For such applications, knowledge on ion-induced modifica-
tions in the absorption coefficient and refractive index are of utmost importance.

As discussed in the previous section, the damage produced by ion irradiation
leads to the formation of absorption centers in PMMA at the UV and visible regions
of the spectra due to the increase in conjugated C=C double bonds, which provides
more optically active electrons. This process changes the polymer color gradually
from transparent to yellowish-brown. The color change is usually irreversible, but
there are reports of transparency recovery depending on the beam conditions and
storage environment [28].

Fig. 17 Shrinking of the surface (zl) of 1-mm-thick PMMA foils bombarded with 1.8 MeV H+

ions as a function of time t after irradiation to a fluence of 6 � 1013 ions/cm2. Measurements were
performed at different temperatures TT ranging from 23 to 130 °C. The solid lines are fittings with
a diffusion model. Reprinted with permission from [74] by Publisher
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Accompanying the changes in UV absorption, there is an increase in the
refractive index with ion fluence (Fig. 19) [47, 71, 72, 80, 81]. The refractive index
enhancement was attributed as well to the formation of unsaturated bonds along the
irradiated layer [28]. Compaction and densification of the irradiated material are
also associated to the increase in the refractive index [77]. It is remarkable in the
study of Kallweit and Biersack [80] that Dn increases steadily with fluence, with no
saturation yet visible (Fig. 20). The relatively large changes in Dn of up to 0.3 is an
interesting feature for waveguide fabrication.

Several experiments were performed to investigate the correlation between the
ion range and the changes of Dn with depth. When 2 MeV H+ was used to bombard
a block of PMMA (Fig. 21), the highest increase of the refractive index occurs at
the end of range, i.e., at the Bragg peak of the energy-loss curve [81].

The use of irradiated PMMA in waveguides was also tested. The main problem
was the optical losses. The measured intensity attenuation of waveguides fabricated
using a 3-mm-thick foil irradiated by 2 MeV H+ at fluence of *50 nC/mm2 is
shown in Fig. 22. In this case, the mean attenuation coefficient was found to be
1.4 ± 0.2 dB/cm [70]. Propagation losses are, additionally, very dependent on the
ion dose [72]. For PMMA blocks irradiated with Li+ ions in the energy range of
100–130 keV with fluences up to 1014 cm−2, waveguides with total loss values of

Fig. 18 a Optical image of waveguides fabricated in 3-mm-thick PMMA. Electron microscopy
images of a b surface relief gratings fabricated in 800 nm layer of PMMA spin coated on a Si
wafer and c a microlens array. Adapted from [79]

Fig. 19 Change in refractive index, Dn, of PMMA irradiated by N ions with kinetic energies
between 100 and 350 keV. a Dn versus ion fluence for 300 keV N+. b Dn versus ion energy
(constant fluence of 2 � 1014 ions/cm2). Reprinted with permission from [80]
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<2 dB/cm could be fabricated [47]. At higher fluences, because of
ion-beam-induced damage, the propagation loss increases by more than a factor of
two. Optical losses are also a function of the beam energy. Other studies show that
attenuation measurements of waveguides obtained after 1–2 MeV proton irradiation
showed loss values as high as 5 dB/cm up to 8 dB/cm, depending on the beam
conditions [71].

Another complication of using ion irradiation to prepare waveguides is aging. In
one study, long-term stability of n was investigated in PMMA bombarded by
1 MeV He+ ions and stored at 70 °C in vacuum or at ambient conditions (Fig. 23).
Both samples show a decrease of the initial index of refraction during the first
60 days and become stable after 3 months. The aging effect was more pronounced
for the samples stored at ambient conditions [71].

Fig. 20 Change in refractive index at 633 nm of PMMA irradiated by 2 MeV H+ as a function of
penetration depth. For comparison, the energy-loss profile was also plotted as a solid line.
Reprinted with permission from [81]

Fig. 21 Intensity loss at
632.8 nm of a PMMA
waveguide fabricated using
2 MeV H+ at fluence of
*50 nC/mm2. Reprinted
with permission from [70]
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2.4.3 Mechanical Properties

Figure 24 shows the results of the changes of flexural strength of 3-mm-thick sheets
of PMMA irradiated by 45 and 30 MeV proton beams and c-rays as a function of
the absorbed dose. The decay in flexural strength is similar for all types of such low
LET radiations (LET * 1 eV/nm for the three beams). It is well known that such a
decrease of the strength is induced by chain scission of PMMA [82].

Hardness, scratch resistance, and elastic modulus of the polymer are also affected by
crosslink and chain scission [23, 83]. Figure 25 shows averaged values of indentation
elastic modulus versus maximum indentation depth for bulk PMMA implanted by
40 keV B+ ions. The maximum penetration depth of B+-ions into PMMA is about
400 nm. However, implanted PMMA showed an increased elastic modulus with
respect to the pristine material at much larger depths (up to 1100 nm [84]).

Figure 26 illustrates the changes in hardness of PMMA irradiated by 2 MeV Ar
ions (LET = 1134 eV/nm) and 2 MeV He ions (LET = 242 eV/nm) as a function
of ion fluence. Hardness increased significantly with increasing fluence, especially

Fig. 22 Loss value of
irradiated PMMA waveguides
for different fluences of Li+

ions in the energy range of
100–130 keV. Reprinted with
permission from [47]

Fig. 23 Long-term stability
of the refraction index of
PMMA samples irradiated
with 1 MeV He+ ions.
Reprinted with permission
from [71]
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Fig. 24 Flexural strength of
PMMA as a function of dose
(○ gamma ray; □ 45 MeV
proton; ■ 30 MeV proton).
Reprinted with permission
from [82]

Fig. 25 Indentation elastic
modulus versus maximum
indentation depth for
un-implanted PMMA
(squares) and PMMA
implanted by 40 keV B+ ions
(circles) samples. Reprinted
with permission from [84]

Fig. 26 Hardness changes as
a function of fluence for
PMMA irradiated by 2 MeV
He+ and Ar+ ions. Reprinted
with permission from [19]
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for the larger dE/dx Ar beam, where it jumped from the pristine value of 0.45 GPa
to over 10 GPa after irradiation to a fluence of 1 � 1015 cm−2. The improvement in
hardness was greater at larger dE/dx [19]. In fact, under low LET radiations, such as
e-beam and c-rays, the material becomes extremely brittle, but there is no appre-
ciable change in hardness [19]. However, it has been shown that at high electron
doses (7.5 � 1017 cm−2), the surface hardness of the irradiated PMMA increased to
2.8 GPa, and the elastic modulus from 5.6 to 22.9 GPa [27].

As hardness of polymers increases with increasing crosslinking density [83], this
difference in mechanical behavior of PMMA irradiated by ions of low and
high LET reinforces that scission is dominant for low LET and low fluences,
whereas crosslinking becomes more important with increasing LET and at high ion
fluences.

2.4.4 Changes in Electrical Properties

In general, polymers are highly insulating materials with wide band gaps [28]. Ion
irradiation or implantation can be used to increase the polymer conductivity by
several orders of magnitude. The possibility of preparing conducting regions in a
highly insulating polymeric matrix was one of the first exciting effects of ion
bombardment of polymers to be explored [85]. Figure 27 presents data on the
electrical conductivity of irradiated PMMA as a function of 400 keV Cr+ ions. An
increase in electrical conductivity from *2 � 10−10 S/cm (pristine) to
*7 � 10−6 S/cm (at 5 � 1015 ions/cm2) was observed. In another study, using
beams of 150–200 keV Si+ ions at much larger fluences (3.2 � 1016 Si+/cm2), the
conductivity reached values of almost 11 orders of magnitude higher than that of
pristine PMMA [86].

Fig. 27 Electrical
conductivity of 400 keV Cr+-
implanted PMMA versus ion
fluence. The line was drawn
to guide the eye. Reprinted
with permission from [55]
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The conductivity increase reflects the carbonization process discussed in the
previous sections. Conductivity rises sharply only after the material has been
extensively damaged by the beam and significant amounts of carbon clusters are
formed in the material. The formation of a network of carbon clusters provides a
charge transportation system in implanted PMMA [55, 85]. In the early work at the
Bell Laboratories [85, 87], 2 MeV Ar+ was used to irradiate several nonpolymeric
and polymeric organic compounds, including PMMA. The temperature dependence

of the resistivity q Tð Þ of the irradiated material was found to follow q Tð Þ /
exp þ T0=Tð Þ1=2

h i
over a wide range of fluences and temperatures. Based on this

dependence, it was proposed that conduction of electricity at intermediate irradiation
fluences involves hopping of carriers between isolated conducting islands. At very
high fluences, (>1016 cm−2), conducting islands interconnect and the resistivity
becomes temperature-independent. In general, ion bombardment of organic thin
films leads to the production of a carbon-enriched material with some properties
similar to those found for amorphous carbon, but with electrical characteristics that
are unique [87]. Conductivity also depends on the initial monomer structure. The
value found for heavily irradiated PMMA (9.5 � 10−4 S/cm, after 1016 ions/cm2 of
1 MeV Xe+) was smaller than for other polymers like PS (1 � 10−4 S/cm) and PE
(1.5 � 10−4 S/cm) irradiated under similar conditions [54].

3 Concluding Remarks

In this chapter, fundamental issues related to damaging processes of PMMA
induced by high-energy ions were reviewed. The different steps in the polymer
modification, from the identification of the main bond-breaking pathways and
chemical changes to the corresponding modifications in the macroscopic physical
properties are reasonably well established, and are not very different from those
obtained from “conventional” forms of radiation, for which the available data is
much more abundant. The similarities are more evident for low LET particles, such
as fast H or He ions. In this regime, G-values for X-rays, c-rays, electrons, and ions
are similar and the mean dose is the main parameter determining the level of the
final effect (chain scission, hydrogen release, etc.). However, several details of the
complex chain of events induced by high-energy ions in PMMA have yet to be
clarified, especially at the very large dE/dx of swift heavy ions (SHI).

In fact, already at intermediate dE/dx (e.g., of 1 MeV Ar, *800 eV/nm), the
dose/response curve might become nonlinear. Certain degradation products are
clearly produced at much higher yields at large dE/dx. This includes the formation
of triple bond carbon clusters, and sputtering of macromolecular fragments. Thus,
although carbonization is the fate of all heavily irradiated polymers, the type and
properties of the carbonaceous material that is eventually formed will depend on the
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dE/dx of the ions. The balance between scission and crosslinking and
ion-beam-induced unzipping are also expected to alter at large dE/dx. Systematic
studies aiming a better understanding of transformations specifically induced by
energetic heavy ions are necessary. Even the basic effect of the changes in Mw

distribution of PMMA after SHI irradiation is lacking in the literature. Of the major
physical properties of materials, thermal property is one of the least investigated
after ion irradiation of polymers, including PMMA. Studies on the changes in
thermal properties like thermal expansion or heat conductivity are practically absent
in the literature and need to be conducted. There are scattered data on damage cross
sections for bond-breaking of PMMA in the literature. However, there is no sys-
tematic study comparing cross sections of different modification processes (chain
scission, bond breaking, chromophore formation, carbon cluster formation, etc…)
under the same irradiation conditions. This will allow a detailed view of the spatial
(radial) distribution of different types of structures/defects created around the ion
track.

The effect of irradiation temperature is also worthy of further investigation. We
have shown examples where temperature alters the effects produced by ion irra-
diation of PMMA (e.g., in irradiation-induced depolymerization or in the kinetics of
volatile emission). However, it is unclear at present how temperature alters the
profile of intermediate products produced by ion irradiation or the final properties of
the bombarded material. It is expected that, near and above Tg, all processes which
are diffusion-controlled will be enhanced. The temperature effects may also be
different for ions of high and low dE/dx, as recent studies on the surface mor-
phology of ion-irradiated PMMA thin films suggest [88]. Irradiations at low tem-
peratures with subsequent in situ annealing and spectroscopic characterization will
allow obtaining valuable information on the creation and stability of different
chemical groups formed by irradiation. This has been explored in a few polymers,
like polyethylene, but not in PMMA.

The vast majority of irradiation experiments are performed in vacuum. It would
be interesting to study the effect of ion irradiation in different atmospheres,
including oxidative environments, and how they affect the yield and type of
degradation products.

Additionally, the influence of the sample conditions themselves needs to be
carefully addressed. For example, there is no systematic investigation comparing
irradiation effects on samples prepared from monodisperse standards in a broad
range of molecular weights. How much the molar mass influence radiation chem-
istry and properties changes induced by energetic ions? PMMA is also used in the
form of composites with various fillers or polymer blends. A systematic investi-
gation of the ion beam modification of such systems is also scarce and needs to be
examined in closer detail.

Overall, in spite of the importance of PMMA as an engineering material, the
volume of data available on ion modification of PMMA is still relatively limited,
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compared to other important polymers such as polystyrene, polyethylene, or poly
(ethylene terephthalate). Thus, PMMA needs for sure an expanded and reliable
database, built from “targeted” experiments with well-controlled irradiation and
sample conditions to help answering some of the open issues raised above.
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Radiation-Induced Effects
on the Properties of Polymer-Metal
Nanocomposites
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Abstract This chapter primarily includes the fundamental concepts related to
metal nanoparticles with their unique features followed by importance of incor-
porating them in polymer matrix and finally considering irradiation as a novel tool
to tailor the properties of metal–polymer nanocomposites. These nanocomposites
are one of the promising materials which have been used in a wide variety of
applications ranging from biomedical to optical and electrical devices to aerospace
applications. Ionizing irradiation technique is among the most promising strategies
for synthesis as well as to amend the changes in composite material because of the
advantage of irradiation process compared to conventional synthesis like chemical,
vapour deposition, etc., the process is simple, clean and controlled, carried out
without producing undesired oxidants products of reducing agents, avoids the
addition of undesirable impurities and produces composites which are highly stable.
Irradiation-induced effects on polymer-metal nanocomposites provide unique
pathway to control and modify the structural, optical and electrical properties of
composites basically required for various applications as per desire. Thus, utilizing
irradiations as a novel tool, a systematic study has been done to tune the properties
of polymer-metal nanocomposites. Induced changes on structural, optical, and
electrical properties have been conferred in this chapter.
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1 Introduction

These days the whole world is breathing with the word “Nanotechnology”. All the
expansions in this direction probably germinate from the seed sowed by the famous
Physicist Richard Feynman on 29 December 1959 through his historic lecture
“There’s Plenty of Rooms at the Bottom” [1–3]. Although ancient and medieval
world were not fully ignorant of concept of nanotechnology yet it gathered steam
primarily from the discoveries of decisive work of coloured window glass during
1980s [4–6], on which strong platform was built to uplift the future course of
developments in this field. The massive developments in this field with every
passing year were led by the fundamental works due to augmented people’s
research interest in this field followed by the myriad of applications resulted in
growing communal awareness across the globe. As a result, now we can realize the
exploration of nanotechnology in almost all the sectors and disciplines. There has
been phenomenal growth in basic and applicative scientific research in the field of
nanotechnology projecting applications in catalysis, sensors, drug delivery, imag-
ing, aerospace, regenerative medicines, tissue engineering, etc. [7–11].

Working in the field of nanotechnology, the interest of the researchers is also
growing in polymer-based nanocomposite materials embedded with inorganic
nanoparticles. The wide corridor has been offered by such nanocomposites due to the
synergic effect of inherent properties of both dispersed inorganic nanoparticles and
host organic polymers [12, 13]. These nanocomposites can easily be processed and
moulded into the desired shape and size due to the huge flexibility associated with
polymers as base materials. Therefore, the drawbacks associated with the handling
of nanostructured materials can be overcome by employing a polymer as a host
matrix for embedding nanoparticles. Moreover, enhanced optical, magnetic, thermal
and electrical properties of such inorganic–organic hybrid nanocomposites provide
broad applications perspectives in many disciplines [14–16]. For the efficient inte-
gration of such nanocomposites for technological applications, the prerequisites
include the selection of host matrix and embedded nanoparticles along with the
control on their size, shape, concentration and distribution within the matrix [17–19].
It is well quoted in the literature [20, 21] that the properties of such nanocomposites
can further be regulated through various treatments like neutron irradiation, gamma
irradiation, energetic ion irradiation, UV irradiation, annealing, etc.

With this background, the present chapter provides the brief overview of
nanomaterials, their properties and synthesis approach. The concise history of
polymer nanocomposites has also been discussed. This chapter provides a back-
ground in the area of metal nanoparticles describing their history and surface
plasmon behaviour. In the next section, a brief and insightful understanding of
ionizing radiation and their interaction with matter has been provided followed by a
survey of some pertinent literature related to effect of different ionizing irradiation
on polymer–metal nanocomposites. The aim of this section is not to cover all the
existing literature, but rather to present some of the relevant achievements in this

142 S. Mahendia et al.



direction. Further, discussing the importance of PVA polymer and silver
nanoparticles, this chapter deals with PVA-Ag hybrid nanocomposites synthesized
by in situ reduction method in our laboratory. The morphological, structural and
optical behaviour of the hybrid nanocomposite and effect of gamma, UV and SHI
irradiation have been discussed with citing our results.

2 Nanoparticles

The prologue of nanoparticles begins with the scale defining at least one external
dimension of material in nanometer (nm), scientifically ranging from 1 to 100 nm
[22]. This scale is incredibly important because in this size range materials show
distinctly unique properties compared to their bulk counterpart. The primarily
reason of such unique features in nanometer range are surface-to-volume ratio and
quantum size effect [23]. These factors bring significant change in physical,
chemical, electrical, optical and thermal properties of materials; rather we can say
properties of material become size dependent in nanometer regime [23–25]. The
ratio of surface area to volume is actually a measure of the percentage of molecules
or atoms that are on the surface of the material as compared to the total number of
molecules or atoms in the entire piece of material. As size of particles constituting
the material decreases, large proportion of atoms are found at the surface compared
to inside. Thus, nanomaterials have greater surface area per unit mass compared to
large particles, therefore, are profound of more reactive and catalytic [26]. In
nanomaterials, with surface effect quantum size effect also comes in picture and
directs the properties of these materials. When the particle size is reduced and
attains the limit of the Bohr’s radius, its electronic energy structure (shown in
Fig. 1) changes from continuous energy bands to discrete energy levels and the
continuous optical transitions between the electronic bands become discrete and the
properties of the nanomaterials become size dependent [27].

2.1 Synthesis of Nanoparticles

The bottoms-up and top-down approach are two approaches through which
nanoparticles can be synthesized. Under the situation, when both top-down and
bottom-up processes are involved, the approach is referred to as hybrid approach.
Figure 2 highlights a schematic representation of bottom-up and top-down
approach.

Top-down manufacturing starts with bulk materials which are then whittled
down, until the features that are left are nanoscale. The top-down approach [28–30]
often involves the methods like ball milling, sputtering, etc. However, the limit up
to which the size can be reduced depends on the process involved. On the other
hand, in bottom-up approach constituents of the material are arranged into more
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complex assemblies’ atom-by-atom or molecule-by-molecule or cluster-by-cluster
[28], till the desired dimensions of the material are achieved. All types of chemical
synthesis, self-assembly and molecular fabrication also fall under the ambit of
bottom-up approach viz. electro-deposition, vapour phase deposition, sol-gel, ion
beam epitaxial technique, etc. for the growth of nanoparticles.

2.2 Stabilization of Nanoparticles

As nanoparticles exhibit extraordinary large surface area, they are thermodynami-
cally unstable and possess tendency to coalesce by decreasing surface energy and
form thermodynamically stable bulk nanoparticles [31]. This is done in the absence
of any counteractive repulsive forces, and van der Waals interaction would lead to
aggregation. Therefore, the basic challenge in nanoparticle synthesis is stabilization
of nanoparticles without losing its unique properties. The steric stabilization and
electrostatic stabilization are the most common approaches implemented during the
synthesis of nanoparticles [32]. Capping agents, e.g. polymer, surfactant or a ligand
having suitable functional groups, are used to perform the steric stabilization;

Fig. 1 Schematic representation of electronic energy levels in atoms, molecules, clusters,
nanoparticles and bulk
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these capping agents get adsorbed onto the colloidal particles prevent them to
agglomerate. On the other hand, in electrostatic stabilization negatively charged
ions adsorb onto the metal nanoparticles surface, resulting in the formation of an
electrical charged layer around the particles which counterbalanced the attractive
van der Waals forces by repulsive Coulombic forces acting between the negatively
charged colloidal particles. Another important way to resolve the stabilization
problem is embedding the nanoparticles into suitable host matrix supplementing the
additional benefit of manipulating the shape and organization of nanoparticles. This
new class of materials, generally named as nanocomposites, takes the advantage of
both the host matrix as well as of the embedded nanoparticles [33].

3 Nanocomposites

In general, composites materials are defined as materials comprising of two or more
constituent materials with significantly different physical or chemical properties,
and the produced material possess properties different or superior to those of the
individual components [34, 35]. Polymer nanocomposites, in particular, are com-
posite materials in which nanoscopic inorganic particles, with at least one dimen-
sion in the nanoscale regime, are dispersed in a polymeric matrix in order to
dramatically alter or improve the properties of the polymer. The properties of a

Fig. 2 Schematic representation of Bottom–up and Top–down approach
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nanocomposite significantly depend on the size of the filler nanoparticles, interface
area and the degree of mixing between the two phases [35]. Depending upon the
chemical nature of the host material and embedded nanoparticles, nanocomposites
are generally classified into the three combinations, i.e. organic–organic, organic–
inorganic and inorganic–inorganic. Polymers, due to their extraordinary properties
such as their easy processability, light weight, flexibility and mouldability, etc., are
best suited materials to be utilized as host matrices for the synthesis of nanocom-
posites. Further, due to high chemical reactivity, the oxidation of nanoparticles
occurs readily leading to their agglomeration, which finally results into their larger
structures. Therefore, any stabilizing agent is required to enhance their chemical
stability retaining their basic properties [36]. A proper choice of the polymer
facilitates environmentally safe synthesis without the requirement of any additional
stabilizing agent [37, 38]. Conventional polymer matrices include polyurethanes,
aliphatic and aromatic urethane acrylates, LDPE, nylon, poly ethylene terephthalate
(PET), etc. [39–42], whereas the most commonly used fillers are nanoclays
(montmorillonites), metal nanoparticles, nanosilica, CNTs, graphene [43–45], etc.
Among the various types of nanocomposites, the polymer–metal nanocomposites
have gathered a lot of interest because of their potential applications in many
diverse fields of science and technology. This is due to the synergic effect of host
polymer matrix and unique features of metal nanoparticles [46, 47]. The
polymer-based hybrid nanocomposites can be synthesized via one-pot synthesis, in
situ/ex situ synthesis, interfacial polymerization, vapour phase synthesis and elec-
trochemical synthesis. These different synthesis processes have been adopted to
control various properties like shape, size and dispersion of the secondary phase
within the polymer matrix [47, 48].

4 Metal Nanoparticles

The fascinating chromic effect of metal nanoparticles has continuously pulled the
attention of scientists and physicists from the year about 1700. A German scientist,
Georg Christoph Lichtenberg (1742–1799) [48], who had nothing knew about
polymers and nanoparticles had seen and felt attracted towards the coloured glasses
with embedded metal nanoparticles (presently known as ruby glasses) created by
Kunckel [48, 49], a German alchemist (ca. 1630–1730). Kunckel himself could not
realize that the deep purple colour of these ruby glasses created by him was a result
of embedded gold nanoparticles. Though, there were no equipments available to
characterize the structure of such materials; even then these materials remained a
matter of continuous thrust for the scientists and researchers. Micheal Farady
(1857) made the first experiment with nanoparticles (gold colloids) and initiated the
field of nanoscience and nanotechnology [48, 50]. And the first application of Mie’s
theory was therefore the interpretation of the experiments of Steubing on colloidal
gold particles [51]. This opened the boom for the researchers to advent the tech-
nology for the synthesis and characterization of nanostructured materials for their
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basic understanding and scientific applications. Afterwards, there have been con-
tinuous efforts to develop nanofunctional materials for their applications towards
the development of sophisticated technology.

Metallic particles in the nanometer size regime show characteristic physical and
chemical properties that differ significantly from those of their bulk counterpart
[52]. Metal nanoparticles (typically, copper, silver and gold) show unique feature of
strong absorption in visible region known as surface plasmon absorption, when
interact with the incident electromagnetic radiations. Basically, the surface plasmon
absorption is a quantum optical-electrical phenomenon arising from the interaction
of light with a metal surface. Incident electromagnetic wave creates the oscillations
in conduction electrons on the surface of the nanoparticles with the absorption of
electromagnetic radiation [51, 52]. A schematic representation of the interaction
between an incoming electromagnetic field and metallic particle is shown in Fig. 3.

Electric field associated with the incident electromagnetic radiation drives the
conduction band electrons of metal nanoparticles with respect to their fixed positive
lattice ions as shown in Fig. 3. As a result, a net charge difference appears on the
surface of the nanoparticles, whose attraction with lattice ions on the opposite side
leads to a restoring force. Consequently, this net charge difference oscillates with
the incident electric field known as plasmon oscillations and being a surface phe-
nomenon, more appropriately called surface plasmon oscillations. When a reso-
nance is formed between these plasmon oscillations with the frequency of the
incident light, electromagnetic radiation get absorbed by the particles characterized
as the surface plasmon resonance band. This band occurs in the visible region of
electromagnetic radiation for noble metal nanoparticles. The resonance frequency is
mainly determined by the strength of the restoring force, which is the function of
particle dimension, polarizability (separation of the surface charges) of the medium
between the charges and around the charges [51–54]. The interaction of light with
spherical metal particles can be described using Drude model and Mie theory. Mie
theory (1908) predicted that what fraction of the intensity of incident electromag-
netic radiation is absorbed and scattered during its interaction with spherical

Fig. 3 Schematic illustration of the collective oscillations of free electrons under the effect of an
electromagnetic wave
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particles by solving the Maxwell’s equations for spherical particles of arbitrary size
embedded in a homogeneous medium [55]. The surface plasmon resonance band
corresponds to the extinction of incident light (absorption and scattering).

According to Mie theory [51, 54], the electric field of a propagating incident
electromagnetic wave can be expressed as

E ¼ E0 exp½iðkxxþ kzz� xtÞ� ð1Þ

where k is the wave number and x is the frequency of the electromagnetic wave.
For this electromagnetic wave (Eq. 1), Maxwell’s equations were solved for the

interface between two materials with relative dielectric functions e (metal particle)
and em (surrounding medium), under the boundary conditions:

kz1
e

þ kz2
em

¼ 0 and k2x þ k2zi ¼ e2i
x
c

� �2
i ¼ 1&m ð2Þ

where c is the speed of light in vacuum and kx is same for both media at the
interface for a surface wave.

Accordingly, the dispersion relation (kx) and the extinction cross section (Cext)
for a wave propagating at the interface have been found to be

kx ¼ x
c

eem
eþ em

� �1=2

ð3Þ

and

Cext ¼ 24p2d3e3=2m

k
e00

e0 þ 2emð Þ2 þ e00 2
with e0 þ ie00 ¼ e ð4Þ

For particle size (d) less than 50 nm, scattering can be neglected and Cext

approaches to Cabs. The dependence of metal (free electron system) dielectric
function (e) on oscillation frequency can be obtained from Drude model as

e0 ¼ 1� x2
p

ðxþx2
dÞ

and e00 ¼ x2
pxd

xðxþx2
dÞ

ð5Þ

with xp ¼ Ne2
e0me

� �1=2
bulk plasmon frequency, where N is the number density of

electrons; e and me are the charges and effective mass of an electron, respectively.
The quantity xd is the damping frequency, which depends upon the particle size
and increases, when the particle size decreases. After substituting the values of e′
and e″ which are dependent on frequency as per Eq. 5 in Eq. 4, the
frequency-dependent Cext has been found to be
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Cext ¼ 24p2d3e3=2m
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Above expression indicates that the important intensity of surface plasmon
absorbance band (Cext) is dependent on the diameter of the nanoparticles (d) and the
dielectric constant of surrounding medium (em). Further, the position and bandwidth
of SPR band also depend on particle size (d) through the xd (the size-dependent
damping frequency of metal particle).

Because of novel properties like surface plasmon resonance effect,
surface-enhanced Raman scattering, super-paramagnetism, etc., noble metal
nanoparticles find applications in many fields like catalyst science, biomedical
science, fabrication of opto-electronics and optical devices, etc. [55–60]. However,
the direct use of nanoparticles to such applications is scarce because of difficult
handling of such tiny objects; instability due to their high surface-to-volume ratio/
high surface energy; easily oxidizing nature and contamination to impurities, etc.
Such limitations can be resolved by embedding the metal nanoparticles into suitable
dielectric matrix which supplements the additional benefit of manipulating the
shape and organization of embedded metal nanoparticles.

5 Polymer-Metal Nanocomposites (PMN)

The technique for the preparation of PMN was reported for the first time in liter-
ature in an abstract form in the year 1833 [61]. Maxwell Garnett for the first time in
1900 explained the theory behind the shifting of colour upon variation in particle
size and volume fraction of particles embedded in a medium [62]. Such dichroism
effects for the nanocomposites of stretched poly(vinyl alcohol) film embedded with
silver, gold or mercury was reported in 1946 [17, 63]. Because there had been
continuous interest towards the developments of such nanocomposites, over the last
two decades, a lot of achievements in this direction have been reported. It has been
established that such nanocomposites can be applied for the development of
advanced functional devices because:

• Depending on the shape, size, distribution and type-based surface plasmon
resonance effect, such nanocomposites are used in optical devices applicative in
colour sensors, colour filters, etc.

• Polarization direction dependent colour properties of embedded array of metal
nanoparticles can be used in fabrication of flexible liquid crystal colour displays
and many electro-optical devices.

• Tunability of SPR in the presence of analyte in such nanocomposites (due to
high surface-to-volume ratio of embedded metal nanoparticles) leads to their
applications as sensors for immunoassay, gaseous, liquids, etc.
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• Surface-enhanced Raman scattering (SERS) observed in such nanocomposites
leads to their application as active Raman scattering substrates.

• Due to the integration of low refractive index of the polymer matrix and high
refractive index of metal in such nanocomposites, extreme refractive index
materials can be fabricated which find applications in planer wave guides,
optical fibres, etc. [64–68]

• Nonlinear optical polarizability of such composite materials finds application in
nonlinear optical devices, photonics and electro-optics.

• Due to magento-optical properties for example ferromagnetism of embedded
silver nanoparticles, such materials are used in magento-optical modulators,
optical shutters, etc.

• Controlled transient nature of electronic properties of polymer-embedded metal
nanoparticles from insulating (coulomb blockade effect) to conducting (perco-
lation effect) depending upon the concentration of embedded metal nanoparti-
cles can be used in micro-electronic and quantum electronic devices.

Research into PMN-based functional devices is still under in its developing
stage. Nevertheless, striking progress has been made in various aspects, like in
improving the processability, the quantum yield and in tuning the optical and
electrical parameters as per requirement of such nanocomposites for device appli-
cations. Various combinations of polymers and metal nanoparticles have been tried
for optimal performance of such nanocomposites for suitable applications.
Polyvinyl alcohol (PVA) is considered to be one such polymer, appropriate for
many optical and electrical device applications, along with the benefit that it pro-
vides an excellent capping and stabilizing host matrix for the embedded nanopar-
ticles [69].

6 PVA as a Host Matrix and Silver as Nanofiller

Poly(vinyl alcohol) (PVA) is an artificial polymer, made from poly(vinyl acetate)
(PAA) through hydrolysis, and is a thermoplastic, water-soluble and
semi-crystalline polymer. It has been widely used in the industrial, commercial,
medical and food sectors [70, 71]. This polymer is widely utilized for various
industrial applications to enhance the mechanical properties of films because of its
compatible structure and hydrophilic properties by blending with other polymer
compounds and nanofillers [69]. It is highly used in field of biotechnology because
it is very benign to living tissues, harmless and nontoxic. PVA is a biodegradable
polymer, and its degradability is enhanced through hydrolysis because of the
presence of hydroxyl groups on the carbon atoms; however, rates and environ-
mental conditions for degradation may vary for PVA. These conditions include
composting in the presence of oxygen, underneath soil layers, in aqueous media,
and even in anaerobic circumstances [72, 73]. Further, PVA is among the most
versatile polymers for making composites due of its dopant dependent optical,
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electronic and dielectric properties [74]. Subsequently, coalesce PVA with metal
nanoparticles can be a good option to figure out new composite material.

Among various types of metallic nanoparticles, silver nanoparticles gained
significant importance [75] due to their unique optical, electrical and thermal
properties projecting its use in wide range of applications, ranging from photo-
voltaic to biological to chemical sensors to food packaging. High electrical con-
ductivity, stability, low sintering temperature utilize their use in conductive inks,
paste and fillers [75, 76]. Their novel optical behaviour provides the benefits in
photovoltaic and molecular diagnosis. Further, the increasing common applications
of antimicrobial activity of silver nanoparticles [77, 78] include antimicrobial
coating, textiles, wound dressing, biomedical devices, etc. Further, for critical
optimization of performance of any application, understanding of size, shape and
aggregation state of the silver nanoparticles change after integration to the target
application is important. Again, for making silver nanoparticles ideal for research
development and implanting them for various applications, it is essential to make
them free from agglomeration.

7 Ionizing Irradiation-Induced Effects

The properties of polymer–metal nanocomposites can be regulated through various
treatments like gamma, ultraviolet, X-rays, ion beam irradiation, etc. Due to the
complexity of the phenomenon involved, it is not possible to probe the overall
damage directly; rather one can study individual effects of radiation damage, e.g.
chemical changes, structural changes or changes in its mechanical, optical, elec-
trical properties, etc. To understand the basic mechanism responsible for these
changes, one must know the interaction process of ionizing radiations with matter.
The ionizing radiations include all kinds of electromagnetic and corpuscular radi-
ations, e.g. UV–rays, X–rays, gamma rays, ion beam, etc. with energies appreciably
greater than the dissociation energy of the bonds present in the material.

7.1 Electromagnetic Irradiation

Electromagnetic radiations, while traversing through a material medium, transfer
their energy to the medium as a result of photoelectric absorption, Compton scat-
tering and pair production processes [79–81]. These radiations do not produce
ionization directly but lose their energy to the target material by the absorption of
photons through any of the processes mentioned above and results into the creation
of fast moving electrons. These electrons as a result of their interaction inside the
medium produce secondary electrons and so on. Since electromagnetic photons do
not lose their energy in a continuous manner and are simply attenuated, the entire
bulk structure of the material gets modified after electromagnetic irradiation.
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The energy transferred by the electromagnetic rays, especially in polymers, is
responsible for the changes at molecular level, such as chain–scissoring,
cross-linking, free radical formation, elimination of volatile species, reordering the
chemical bonds, etc., which are finally responsible for the modification in their
properties [81–84]. Such effects are responsible for reduction in size and variation
in distribution of embedded nanoparticles inside polymer matrix, and schematic of
this is shown in Fig. 4.

7.2 Swift Heavy Ions Irradiation

When an energetic ion penetrates through the material, it loses energy mainly by two
nearly independent processes: (i) elastic collisions of the incident ion with the nuclei
of the target atoms, usually referred to as nuclear energy loss (−dE/dx)n (ii) inelastic
collisions of the incident ion with the atomic electrons of the target atoms, generally
expressed as electronic energy loss (−dE/dx)e [84–86]. Figure 5 represents the path
followed by the incident energetic ion with different energy when interact with solid
target material. Depending upon the energy of the incident ions, their interaction
with solid material becomes dominated by electronic or nuclear energy loss or
stochastic nuclear interactions. As shown, highly energetic ions tend to follow nearly
straight paths, whereas less energetic ions follow more random paths [87].

Fig. 4 Schematic illustration
of the effect of an
electromagnetic irradiation on
polymer-metal
nanocomposites
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The relative contribution of the energy loss through these two processes depends
upon the nature of the incident ion and the target material parameters. For MeV
heavy ions, usually the electronic energy loss dominates while the nuclear energy
loss remains almost negligible. However, when the ion velocity reduces to the
extent that the ion behaves almost as a neutral atom, the ion–matter interaction
occurs via hard sphere scattering, and under this situation, the nuclear energy loss
starts dominating over electronic energy loss. Nuclear energy loss process leads to
atomic displacements, and lattice vibrations in the target (phonons) causes the
collision cascade. The low kinetic energy of the incident projectile limits its total
path length and therefore the region where energy is deposited to a few layers close
to the surface [88]. For swift heavy ions, where the ion velocity remains consid-
erably higher than that for its orbital electrons, the electronic energy loss remains
into picture with nuclear energy loss to be almost negligible. The dominant elec-
tronic energy loss leads to a high ionization density around the ion tracks, which is
practically straight path. Fast delta rays produced due to inner shell ionization
processes can considerably extend the region where electronic excitation/ ionization
of the target take place. Finally, the energy deposited by the swift heavy ions during
their passage, particularly in polymers, leads to the processes of macromolecular
destruction, chain-scissioning, cross-linking, free radicals formation, carbonization,
oxidation, etc. These processes are responsible for the modification in the optical,

Fig. 5 Scheme of energy deposition when ion projectiles interact with solids: a slow singly or
low charged ions of keV–MeV kinetic energy: small range, energy loss dominated by elastic
collisions (nuclear stopping), b swift ions of MeV–GeV kinetic energy, large range, energy loss
dominated by electronic excitations, and c very slow highly charged ions, large potential energy
(keV), very low (eV–keV) kinetic energy, very limited range. The trajectories of recoils are
indicated in ‘red’; electron-induced electronic excitations of the solid are marked in ‘blue’ (Ref.
[87])
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electrical, thermal, mechanical and chemical properties of the polymeric material.
Figure 6 represents the schematic for basic ion–solid interaction process.

Further, these energetic ions are useful in the formation of nanostructure and
their modification. As discussed, SHI follows the narrow cylindrical path inside the
target and transfer their large K.E via electronic energy loss. This process of energy
transfer is accompanied with formation of surface nanostructure. However, similar
nanostructures near to the surface can also be produced using slow energetic highly
charge ion [87] due to deposition of large potential energy near to the surface causes
by high charge state of ion. Thus, despite different primary mechanism, the simi-
larity between the nanostructures produced by slow energetic ion with high charge
state and SHI is striking and strongly points to a common mechanism related to the
energy transfer from the electronic to the lattice system of the target.

In addition to these, ion beam implantation has been used widely for embedding
of elemental nanoparticles into a surface of the target materials The embedding
material is transformed into form of an accelerated ion beam, and in a controlled
manner, these energetic ions get deposited into target accompanied by alteration of
its physical, chemical, structural and surface properties in a controlled manner.
Further, using ion beam irradiation is used for nanopatterning of noble metal NPs
on the top of the various substrates [89]. This can be achieved by depositing the thin
metal film on the surface of the target polymer followed by SHI irradiation. The
high-energy ions cause materials modification by inducing a high degree of
localized electronic excitation by evolution of the various gases through the ion
track and cause the ion beam mixing of materials at the interface and generate the
embedding driving force.

Fig. 6 Basic ion–solid interaction process
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8 Some Past and Future Trends in Ionizing Irradiated
Polymer–metal Nanocomposites

The interaction of radiation greatly influences the synthesis and properties of
polymer nanocomposites. The increasing interest in the irradiation-based techniques
follows from the obvious advantages associated with this technique like it is simple,
clean and green technology and the synthesized nanostructures are produced in a
controlled manner with lesser number of impurities [90]. The various probes
belonging to the irradiation-based techniques are heavy ions, UV irradiation,
gamma irradiation, etc. The synthesis employing gamma rays is one of the major
pillars in the irradiation-based techniques. As far as our knowledge concerns, credit
for first ever synthesis of micro-aggregates of gold employing gamma rays was
given to Fujita et al. [91]. They synthesized gold particles with average size 80 nm
from chloroauric acid solution by gamma irradiation. After that, Marigner et al. in
1985 used gamma rays to synthesize clusters of noble metal nanoparticles and
extended the synthesis to nanostructure of metals like Co, Ni, Zn or Pb and also
their alloys [92]. Further, besides controlling structures and shapes of dispersed
nanoparticles in polymer matrix, the gamma rays also have the ability to convert
monomeric and oligomeric liquids to solid polymers [93]. Among the numerous
reports that are dealing with the synthesis of polymer nanocomposites [94–98], few
of them are mentioned here, viz. in the year 2003, Choi et al. [97] have synthesized
Ag/Poly(ester) and Ag/nylon nanocomposites and studied their application as
effective EMI shield or antibacterial fibre. In 2004, Choi et al. also synthesized
PVP-stabilized CdS and CdS-polyacrylonitrile [poly (An)] nanocomposites and
studied their behaviour as active photo-luminescence or electro-luminescence
materials [98]. Further in the year 2006, a similar group, Kang et al., synthesized
PAni-Ag nanocomposites with the aid of gamma irradiation, with controlled
morphology of Ag nanoparticles to either spherical or hexagonal type by altering
the synthesis route [99]. Rao et al. have employed gamma irradiation for in situ
synthesis of Ag nanoparticles of re-dispersible nature capped into Natural polymer
(gum-acacia) [100]. Our own group, Chahal et al., also studied the effect of
gamma-ray irradiation on the structural and optical properties of PVA/Ag
nanocomposites films for optical applications. In our study, we have found that
gamma irradiation greatly affects the optical properties of PVA/Ag nanocomposites
films, thereby making them suitable for optical device fabrication [13]. Ali et al. in
2014 studied the 1.25 meV Co-60 gamma radiation with doses ranging from 500 to
1500 kGy on electrochemical synthesized Au-polypyrrole (Au-PPy) composite
films. They found formation of an ordered system in the irradiated composite films
[101]. Recently, Kim et al. studied gamma rays sterilization of polypyrole
(PPy) bioelectrodes. They found gamma-ray irradiation of the PPy (c-PPy)
increased the oxygenation and hydrophilicity of the surfaces. Interestingly,
gamma-ray irradiation did not alter the electrical impedances and conductivities of
the PPy substrates, thus concluded that gamma ray sterilization is a viable method
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of sterilization of conducting polymer-based biomaterials for biomedical applica-
tions [102].

In addition to gamma irradiation, UV-initiated synthesis and curing of
polymer-metal nanocomposites is also a quite popular technology and has found
many industrial applications [103]. UV irradiation synthesis comes under the cat-
egory of green synthesis although it is popularly known for the dangerous effects
produced on organic tissues with sunlight exposure. The prolonged exposure of UV
light on polymers will result in breaking the chemical bonds which would result in
the change of chemical and optical properties of polymers. This band-breaking
property of UV irradiation is further helpful in the initiation of polymerization by
providing reactive chemical sites [104]. J.P. Ravijst in 1990 and C. Decker in 1997,
respectively, produced two interpenetrating polymer networks of epoxides and
acrylates and ethers and acrylates with few seconds of UV irradiation [105, 106].
Pappas et al. describe the formation of cross-linking polymer network by UV curing
of monomer unit with the help of photoinitiator which effectively absorb incident
radiation energy and produce free radicals or ions of high quantum yield escort the
process of polymerization [107]. Balan et al. in 2006 used UV-initiated in situ
polymerization of di-functional acrylate monomers containing small amounts of
bismuth nanoparticles to increase hardness of polymer nanocomposite [108]. Lu
et al. have synthesized Ag nanoparticles in spherical polyacrylic acid brushes by
employing UV irradiation, and the produced PS-PAA-Ag nanocomposites show
high catalytic activity for the reduction reaction of 4-nitrophenol in the presence of
sodium borohydride [109]. Shameli et al. utilize UV irradiation for Green, fast and
reducing agent free in situ synthesis of binanocomposites of Silver/montmorillonite/
chitosan, which also show catalytic properties [110]. Further, UV irradiation also
has great impact on the properties of polymer nanocomposites. Chahal et al. have
shown that UV-exposure on PVA/Ag nanocomposites convert them to narrow pass
filter at 320 nm [12]. Irrespective of any other factor like cost availability, etc. ion
implantation is chosen widely as one of the most powerful technique to modify
polymeric materials.

Forrest et al. in 1982 found increases in 14 orders of conductivity of organic thin
films of 3,4,9,lO-perylenetetracarboxylic dianhydride (PTCDA), 1,4,5,8-
napthalenetetracarboxylic dianhydride (NTCDA) and Ni phthalocyanine (NiPc),
using 2 meV Ar+ ion implantation [111]. Hioki et al. in 1983 use high-energy
(* MeV) N2

+ ions to increase the 20 orders in conductivity of implanted Kapton H
films [112]. D. Fink et al. in 1988 have tried to explain the change in properties of
organic polymers by varying the dose and mass of incident ion. They provide
experimental evidence of the generation of carbon recoils which supports the theory
of the “hot carbon atom and their work is among the most cited literature [113]. In
fact, there are numerous reports available which deals with the effect of ion irra-
diation on the properties of polymers and it is not possible to mention them all. The
importance of this topic could be understood from the fact that while started in
somewhere in 1980s, there is a lot more to explore in this field. Goyal et al. have
reported increase in electrical conductivity of polycarbonate by irradiating it with
100 keV N+ ion [114]. The ion irradiation not only modifies the optical and
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electrical properties of polymers and their nanocomposites, but also helps in
improving the dispersion of inorganic nanoparticles inside polymer matrix [115].
Prakash and co-workers reported the synthesis of Au nanoparticles at the surface
through 150 keV Ar ion beam irradiation of thin metal film on polymer surface and
embedded in carbonaceous matrix by controlling the ion fluence [116]. They also
demonstrate the formation of polymer nanocomposite with thin metalized layers
induced by ion beam-induced mixing of metal film deposited on polymer surface
[117, 118]. Wang et al. and Zaporojtchenko et al. study the ion–polymer interaction
which promotes adhesion of noble metal with polymer surface as an effect of low
energetic ion irradiation and heat treatment [119–121]. These groups demonstrated
that pre-treatment of polymer surface by ion irradiation followed before deposition
of metal thin film on their surface induces enhanced mechanical and wetability
properties of polymer surface which increase in metal adhesion on polymer surfaces
as an effect of energetic ion bombardment. In case of metal–polymer system, ion
irradiation causes the formation of carbonaceous clustered matrix induced by
evolution of chemical species and outgassing of volatile chemical species leading to
synthesis of metal NPs in composite materials. Such effects are reported by Prakash
et al. and Biswas et al., and they explained the ion track chemistry induced by ion
beam irradiation to demonstrate the formation of nanostructure inside the polymer
matrix. Aggarwal et al. [Nucl. Instrum. Methods Phys. Res. B 244 (2006) 136] have
reported effect of energetic ion of high charged state on the properties of ZnO films,
and they reported the enhancement in the optical absorption of ZnO films under
100 meV Au8+ ion irradiation; however, they also found a decrease in electrical
resistivity and an increase in carrier concentration when the films were irradiated
with slightly higher energy of 120 meV Au ions. Ren et al. (2007) investigated the
room-temperature ferromagnetism in Fe-doped PbTiO3 nanocrystals sample pre-
pared by a modified hydrothermal method. Mishra et al. (2008) studied the effect of
100 meV Ag8+ ion beam at different fluences on the Ag-Teflon nanocomposite thin
films prepared by co-sputtering. Further, the effect of MeV ion beam irradiation has
been studied on the size and distribution of Ag NPs embedded in Teflon matrix.
After irradiation, the SPR peak is broadened and shifted towards higher wavelength
and with increasing ion fluence, the broadening and shift of SPR band become
prominent. The average size of embedded nanoparticles reduces and distribution of
particle size narrows down with the increase in ion fluence. The energy of ion and
its fluence were observed the important parameters for controlling the particle size
and size distribution. Pivin et al. in 2005 have studied in detail about contribution of
ionizations and atomic displacements to the hardening of ion-irradiated polymers.
They extended their study on metal nanocomposites and modification in their
structure and study the effect of 100 meV Au ion beam irradiation on silica films
containing Ag particles of different low volume fraction. They found that if volume
fraction of embedded particles is low with their size small as compared to that of
ion tracks, then low-energy ions are not able to produce thermal spikes but they
promote the desorption of Ag ions and their diffusion in silica through enough
ionizations at the surface of the particles. For slightly larger volume fractions of Ag
particles, rearrangement of the particles in arrays aligned along the ion beam
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direction was observed after irradiation with higher energy MeV beam. The array
like arrangement of nanoparticles lead to an increase in the dipolar interaction
between the nanoparticles, with interesting effect a splitting of their surface plasmon
resonance peak under polarized light. Mishra et al. in 2008 studied the controlled
reduction in the size of Ag nanoparticles embedded in Teflon matrix by MeV ion
irradiation [122]. They report tuning of shape and size of nanoparticles not only on
the surface but also inside the polymer matrix. Similar studies also done by other
groups like Prakash et al. study the synthesis of Ag nanoparticles on polymer
surface using 150 keV Ar ion irradiation of bilayer of Ag and PVC [123]. Biswas
et al. demonstrate the formation of nanoparticles architecture in carbonaceous
matrix as a result of SHI irradiation [124]. Singh et al. [125] demonstrated the
120 meV Au ions irradiation-induced shape deformation of 8–10 nm Ag
nanoparticles embedded in silica matrix. Minor elongation to an aspect ratio of
about 1.5 from spherical shape was reported. The nanoparticles smaller than the
track size dissolve while the nanoparticles larger than track size show deformation
with major axis along the ion beam direction. The aspect ratio of elongated
nanoparticles is found to be the function of electronic energy loss and ion fluence.
Ali et al. [126] studied the effect of 40 meV carbon ion beam at various fluences on
Au-polyaniline composite films, and reasonable improvement has been found in
surface morphology of Au-polyaniline composite films after irradiation. Formation
of clusters with porous structure after irradiation was obtained subjective their use
in chemical as well as bio-sensing applications. Also in the year 2016, Singhal et al.
have shown that swift heavy ion irradiation is an effective tool for the dispersion
of carboneous material like nanographitic plates in PEDOT:PSS polymeric
matrix [127].

Though lots of works have been available related to modification in the prop-
erties of polymer nanocomposites through ionizing irradiation, still their pure
practical application is not up to the mark. Till the day, researchers are not able to
tailor the morphology (shape, size, and distribution) of nanocomposites properly in
a controlled manner. By controlling the morphology of nanocomposites, we can
calibrate the properties and reach the desired level of application of nanocompos-
ites. Therefore, future work should concentrate onto the development of synthesis
method for metal-based hybrid nanocomposites with control parameters and mor-
phology and utilization of various ionizing irradiation in a proper manner. Ion
impanation of composites is targeted used for the designing the antireflective
coating used in aerospace crafts. Another exciting field related to polymer-metal
nanocomposites is sensors, based on the biocompatibility of polymers and sensing
capability of metal nanoparticles, which could be enhance through different ion-
izing irradiation. However, many efforts are needed for targeting such composites in
desired application and to bring them to daily purpose objects.
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9 Optical Properties of Metal Embedded Polymer
Nanocomposites

Being an optically active material, polymers are used in fabrication of optical fibres,
optical lenses, and waveguides. In these applications, they should have high
transparency. Although attenuation may be very small, it should be measured
accurately for specific application. This can be done using the spectroscopy; also it
helps in understanding the origin of attenuation in polymeric material. Light
attenuation in polymeric system is attributed to be due to two factors: absorption
and scattering [128, 129]. In general, any spectrometer measures the reflecting and
transmitted portion of the incident light when allows to fall on the material.
According to conservation of energy, when light incident onto the material (Fig. 7)

T þRþAþ S ¼ 1 ð7Þ

where T is the transmittance, R is the Reflectance, A is the absorbance of the sample
and S is the scattered portion of the incident light.

Both absorption and scattering effects cause the attenuation of light through a
medium. The absorption coefficient, a and the scattering coefficient, r, can be
defined as [128]

T ¼ exp½�ðaþ rÞd� ð8Þ

Hence,

ðaþ rÞ ¼ 4pk
k

ð9Þ

The quantity (a + r) is known as the attenuation/ extinction coefficient. For
polymers, a � r, so absorption coefficient can be expressed as

a ¼ 4pk
k

ð10Þ

Fig. 7 Incident plane wave
travels from left to right along
the x-direction and is reflected
(R), absorbed (A), scattered
(S) and transmitted (T) from
the material of thickness x0
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In essence, any spectrophotometer recording the portion of reflected and trans-
mitted part of incident light when passes through the material, from which the
optical parameter like refractive index (N = n − ik) can be calculated by solving the
Fresnel’s equations for reflection and transmission. But the recorded transmission
and reflected values do not incorporate the reflection losses at the air–sample
interfaces [115, 129]. Therefore, it is desirable to first correct the recorded trans-
mittance and reflectance intensities. The correction has been employed by con-
sidering the model, presented in Fig. 8.

The present model describes the various transmission and reflection of incident
light for its single pass from the sample. I0 is the intensity of the incident beam at
the top surface of the sample. A portion of it gets reflected from air–sample
interface and its reflection coefficient, represented by ‘r’ and the remaining portion
of I0 gets entered into the medium and is represented by F1 in figure. Then the
component F1t passes through the sample of thickness d and reaches at the bottom
surface of the sample, where t is the transmission coefficient for single pass of light
through the sample. After reaching to the bottom surface, again one portion of this
component of light (F1t) gets reflected from the sample–air interface in terms of
F1tr and represented by F2 and another portion is transmitted out of the sample
from bottom surface, represented by I = F1t(1 −r). Now, a fraction of reflected
back component F2 from the bottom surface will reach the top surface, represented
by F2t, which again faces transmission (F2t(1 −r)) and reflection (F2tr) at the
interface. This transmission gets added into the primary reflection ‘r’ and reflected
portion contributed to the F1. This process continues till total portion of light get
consumed. So, in order to take the contribution of these multiple reflection from the
sample–air interface from the both top and bottom portion, the recorded transmitted
(T) and reflectance (R) values are correlated with the transmission t for single pass
of light and reflection r form the air–sample interface, through the following
equations:

T ¼ F1tð1� rÞ ð11Þ

R ¼ rþF2tð1� rÞ ð12Þ

Fig. 8 Schematic
representation of the
transmission and reflection of
light passes through the
material

160 S. Mahendia et al.



F1 ¼ ð1� rÞþF2tr ð13Þ

F2 ¼ F1tr ð14Þ

After solving these equations we get

F1 ¼ ð1� rÞ
1� t2r2

ð15Þ

R ¼ rþ ð1� rÞ2t2r2
1� t2r2

ð16Þ

T ¼ tð1� rÞ2
1� t2r2

ð17Þ

From these, the values of r and t are expressed as

r ¼ 2R

1þ t2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ t2Þ2 � 4t2Rð2� RÞ

q ð18Þ

t ¼ 2T

ð1� rÞ2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� rÞ4 þ 4T2r2

q ð19Þ

Further, it is clear from the above expressions that r and t are inter-dependent,
which clearly depict the contribution of multiple reflection and transmission from
the air–sample interface from both top and bottom surfaces [130]. Therefore, values
of r and t are obtained by solving these equations through iterative process for
which initially t is taken to be 1 in the expression of r.

Now, values of r and t so obtained are utilized for calculating the absorption
coefficient, a and refractive index, n(k) of the sample, using the expressions [131]

a ¼ 1
d
ln

1
t

� �
ð20Þ

nðkÞ ¼ 4r

ðr � 1Þ2 � k2
" #1=2

� rþ 1
r � 1

ð21Þ

Further, the optical energy gap (Eg) of polymer nanocomposite films has been
determined using Tauc’s relation [132–134]

ahm ¼ Aðhm� EgÞs ð22Þ
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where hm is the photon energy, a is the absorption coefficient, A is the band tailing
parameter and exponent s = 1/2 for direct energy gap and s = 2 for indirect energy
gap. The value of optical energy gap has been determined from the extrapolation of
best fitted straight line in plots of (ahm)s versus (hm) on the hm axis. One can measure
such disorder content and irregularities between the energy gaps in the polymers in
terms of Urbach’s energy. Below the energy gap edge, the exponential absorption
sub-edge corresponds to Urbach’s energy (Eu) and determined through the relation
[134, 135]:

aðmÞ ¼ a0 expðhm=EuÞ ð23Þ

where, a0 is a constant. From this equation, it is obvious that the plot of ln(a) versus
hm should follow the linear behaviour.

10 Experimental Section

10.1 Sample Preparation

The polyvinyl alcohol–silver (PVA/Ag) nanocomposites through in situ chemical
reduction method was synthesized; the detailed method of which were already
explained elsewhere [12, 13, 179]. Polyvinyl alcohol (Mw = 125,000) and silver
nitrate (AgNO3) have been procured from S.D. Fine Chem Ltd. (India) and Loba
Chemical Pvt. Ltd. (India), respectively. PVA and PVA/Ag nanocomposite films
were prepared at room temperature by solution casting method. For this purpose,
3gm PVA was dissolved in 120 ml of de-ionized water under continuous stirring at
65–70 °C to form aqueous solution of PVA. Then, freshly prepared cold aqueous
solution of AgNO3 (0.01M) was added dropwise in as-prepared PVA stock solution
followed by heating for few minutes. This results in change of colour of solution
from colourless to light yellow giving evidence of formation of Ag nanoparticles.
The functional groups of PVA itself act as reducing as well as stabilizing agent for
the control growth of Ag nanoparticles inside it. Further, no other additives were
used to promote the reaction, thereby avoiding the effects from associates or
impurities. In order to prepare free standing film, the synthesized composite solution
was poured to plastic perti-dishes and allowed for solvent evaporation at ambient
room temperature and films were peeled off after drying of the solution. The con-
centration of embedded Ag nanoparticles in PVA–Ag nanocomposite films was
prefixed to 0.7% by weight by calculation. Using digital micrometer screw gauge
with least count 1 µm, the thickness of the films was measured and found to be
*50 ± 5 µm. Afterwards, in order to study the effect of various ionizing irradiation
on the optical and structural properties of the nanocomposite film, pieces of
1 cm � 1 cm were cut and exposed to various ionizing radiation at different doses.
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10.2 Different Irradiation to PVA/Ag Nanocomposites

The prepared nanocomposite films were exposed to gamma rays in the gamma
chamber 1200A from Cobalt-60 source for different doses 5, 10, 30 and 50 kGy at
the dose rate of 8.33 kGy/hr.

A handheld UV lamp (UVGL–58, UV product, San Gabriel, USA), emitting
peak intensity at 254 nm, was used for UV exposure at room temperature. One
minute of UV exposure from this lamp corresponds to irradiation dose of 5.8
lJcm−2 (at a distance of 10 cm). UV irradiation to nanocomposite films was done
by maintaining a distance of 10 cm between the sample and the source, for, 60, 180
and 300 min.

For ion beam irradiation, 15 UD Pelletron accelerator facility available at Inter
University Accelerator Center (IUAC), New Delhi, was utilized. Utilizing this
facility, the synthesized nanocomposite films were irradiated to 90 meV O6+ ion
beam at the fluence of 3 � 1010 and 1 � 1011 ions/cm2.

11 Characterization

In order to confirm the formation of Ag nanoparticles and observe the effect of
different ionizing irradiation, the composite films were characterized using
Shimandzu double-beam double monochromator UV-Visible spectrophotometer
(UV-Visible 2550), operated in the wavelength range 190–900 nm with the reso-
lution of 0.5 nm, equipped with integrating sphere assembly ISR-240A. In order to
record the transmission (T) spectra and reflection (R) spectra, the sample was placed
at the requisite positions in the integrated sphere assembly. The recorded T and
R spectra take into account the reflection from interface between air and sample at
the top and bottom surfaces.

The resulted structural changes have been analysed through transmission elec-
tron microscopy (TEM), Fourier transform infrared (FTIR) spectroscopy, X-ray
diffraction (XRD) and Raman spectroscopy. For TEM measurement, Hitachi
“H-7500” TEM instrument operated at 120 kV was used. To record the TEM
images, a small part of the respective films were cut and re-dissolved in double
distilled water and then dropped on to the carbon-coated copper grid. The FTIR
study was carried out using PerkinElmer ABB spectrometer working in the range
700–4000 cm−1. The XRD and Raman measurements were carried out employing
an X’ Pert ProAnalytical X-ray diffractometer with a filtered 0.154 nm CuKa

radiations and Jobin–Yvon Raman spectrometer (He–Ne laser with wavelength
632.8 nm) and Shimadzu–IRAffinity–1 spectrometer, respectively.
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12 Results and Discussion

12.1 TEM Analysis

The formation and morphology of nanoparticles in hybrid nanocomposites before
and after gamma irradiation were determined by TEM images presented in Fig. 9.
From Fig. 9a, it is clearly apparent that the embedded Ag particles are of nanosize
of and their well distributed within the PVA matrix. The observed nanoparticles are
nearly spherical in shape with average diameter of the order of 13 ± 5 nm.

After exposure to different radiation, an increase in embedded particle density
and a decrease in particle size have been observed as shown in Fig. 9b–d,
respectively, for gamma, UV and SHI irradiation. From these images, size of the
embedded nanoparticles was estimated and found to be reduced from 13 ± 5 to
7 ± 3 nm on the exposure of gamma radiations at the dose of 50 kGy and reduced
to 8 ± 2 nm after 300 min UV irradiation. However, irradiation at the fluence of
1 � 1012 ions/cm2 causes reduction in size of embedded silver nanoparticles to

Fig. 9 TEM image of PVA/Ag nanocomposite film a before irradiation b after gamma irradiation
at a dose of 50 kGy, c after 300 min UV irradiation and d after O6+ ion beam irradiation at fluence
of 1 � 1011 ions/cm2. Ref. [12, 13, 179]
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6 ± 1 nm. The reduction in the size of Ag nanoparticles is more effective in case of
SHI irradiation than gamma irradiation than UV irradiation, which can be cor-
roborated through different structural characterizations discussed in next sections of
this chapter.

12.2 Proposed Mechanism of Formation of Silver
Nanoparticles

The silver nanoparticles in solution phase synthesis are generally produced by
reduction of silver ion into metallic silver (i.e. Ag+ to Ag0) followed by their
controlled nucleation [136, 137]. The process is stepwise, primarily hydrated
electron rapidly complexed with the silver ion and reduces it into silver atom. The
silver atoms then start nucleated to form dimmer cluster and the dimmer then
combines with another dimmer cluster to be tetramer cluster and so on [138]. The
atoms formed dimerize when encountering or associate with excess Ag+ ions by a
cascade of coalescence processes; these species progressively coalesce into larger
clusters:

Agþ þ e�aq ! Ag0

Ag0 þAg0 ! Agþ
2

Agn þAgþ ! Agþ
nþ 1

Agþ
nþ 1 þ e�aq ! Agnþ 1

For the cluster growth mechanism, the rate of fast reactions of ion association
with atoms or clusters (Agþ

nþ 1 and Agnþ 1) plays an important role. The rate of
reducing radical formation controls the competition between the reduction of free
silver ions and absorbed ones. Some stimuli are desired to control the smaller size
cluster formation by direct reduction followed by coalescence. Therefore, nucle-
ation and growth mechanism are two key steps to control for the formation of
mono-dispersed nonagglomerated metal particles with a well-defined shape, size
and narrow size distribution [139]. The concentration of metal precursor also plays
very important role, if concentration of the reduced metallic atom during the
reaction reaches a critical super-saturation level then spontaneous nucleation may
occur. If the nucleation rate is high enough, then the sudden nucleation lowers
almost immediately the concentration below this critical super-saturation level. If
the rate of formation of the metal is not too high this nucleation step is followed by
the growth of the particles from the original nuclei without formation of new nuclei
as long as the metal is slowly generated provided that coalescence is prevented. On
the contrary, if the particle growth occurs by coalescence of primary particles,
secondary particles with irregular shape and large size distribution would be
expected. With these ideas in mind, in the next step of nucleation and growth some
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stabilizing agent or some ionizing irradiation exposure is needed which breaks help
in formation of free radicals to reduces the silver ions into silver atoms [140–142].
During the ionizing radiation exposures, the already reduced metallic atom serves
as pre-organized seed points, or nucleation sites which initiate the growth of silver
nanoparticles directly on the polymer backbone [135, 138, 143]. Moreover, the
more effective is ionizing irradiation (dose, exposure time), the smaller is the
nanoparticles size. The narrow size distributions of the particles with increasing
irradiation dose (as can be seen from the increase intensity of SPR band in
UV-visible spectra) indicate that steps of nucleation and growth mechanisms are
separated. The increasing dose rate of irradiation may result in a multiple nucleation
events, which result in the appearance of new, smaller nanoparticles. During the
whole process, PVA itself acts as physical barrier to inhibit further aggregation of
silver nanoparticles to form larger particles and/or agglomerated silver nanoparti-
cles. The results presented here demonstrate the example of the seeded growth of
Ag nanoparticles within a polymer matrix.

12.3 UV-Visible Spectroscopy

12.3.1 Surface Plasmon Absorption Band

Figure 10 represents the UV-Visible absorption spectra of PVA and its nanocom-
posite with embedded Ag nanoparticles at different ionizing irradiation doses after
normalizing the respective data. Figure 10i (curve ‘a’) clearly depicts a small
absorption peaking at around 276 nm corresponding to be due to the n ! p*
transitions of the C=O group of PVA [125]. Further, from curve ‘b’ of Fig. 10i, a
new absorption band peaking at around 425 nm is also observed attributing to the
nanosize silver in PVA/Ag nanocomposites as confirm through TEM results also.
This band in visible range of spectrum originates due to the resonance of collective
oscillations of conduction band electrons of silver nanoparticles, when interacted
with the incident electromagnetic radiations and thus corresponds to the surface
plasmon resonance (SPR) absorption band of embedded metal (silver) nanoparticles
as discussed in the former section. The alcoholic group of PVA acts as reducing
agent which helps in converting the silver ions into the metallic silver and control
the kinematics of nucleation and growth during the formation of silver nanoparti-
cles inside PVA [138]. The broadened nature of SPR band corresponds to the
formation of poly-dispersed silver nanoparticles within PVA matrix with average
diameter of 13 ± 5 (Fig. 9a), with larger dispersion [144].

Further, as observed from Fig. 10ii (curve ‘a’–‘d’), there is a continuous
enhancement in the intensity and decrease in full width at half maximum (FWHM)
of the corresponding SPR peak as an effect of increasing gamma irradiation at
different doses. As observed from TEM image also (Fig. 9b), there is a decrease in
particle size distribution after gamma irradiation (i.e. 7 ± 3 nm at the gamma dose
of 50 kGy); thus, we can conclude that gamma irradiation further acts as the
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stimulus for decrease in the size of embedded nanoparticles. The physical bass of
this can be explained on the basis that the embedded silver nanoparticles act as
pre-organized seed points, or nucleation sites, which further initiates the reaction of
growth of silver nanoparticles induced by gamma irradiation through
electron-surface scattering effect and dynamic charge transfer process between the
metal clusters and the surrounding matrix [145]. This results in an increase in
particles density with reduced particle size with an increase in gamma irradiation
dose. Further, the broadening of the SPR band mainly depends upon the sur-
rounding medium refractive index and particle size distribution [146, 147], i.e. the
larger the size dispersion, the wider the plasmon absorption band.

Similar to gamma irradiation, an increase in SPR peak intensity has been
observed after UV irradiation and SHI irradiation. The continuous increase in
intensity of SPR band with increasing exposure time to UV radiations (Fig. 10ii)
indicates the increase in number density of Ag nanoparticles within PVA matrix at
increasing UV dose. Such an enhancement in the number density of embedded Ag
nanoparticles can be explained on the basis of the fact that carbonyl group present
in PVA chains can absorb the electromagnetic radiation at wavelength 254 nm and
gets excited. These excited species (>C=O*) reduce Ag ions into metallic Ag
[138, 148]. Also, it is clearly depicted from the figure that the symmetry of SPR

Fig. 10 UV-Visible absorption spectra of PVA and PVA/Ag nanocomposite films (i) after
gamma irradiation for different doses (ii) irradiated for different time with UV radiations;
(iii) before and after 90 meV O6+ ions irradiation at fluence of 3 � 1010 and 1 � 1011 ions/cm2.
Ref. [12, 13, 179]
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band improves with increasing exposure time to UV radiation predicting the better
uniformity in size distribution of Ag nanoparticles inside PVA matrix. In similar
fashion, after irradiation to 90 meV O6+ ion beam (Fig. 10iii), the intensity of
surface plasmon absorption band increases with an increase in the ion fluence. In
this case, as the ion passes close to the embedded nanoparticles, these may be
fragmented to smaller nanoparticles depending upon the energy loss by the incident
ion [149, 150]. Also, the interaction of the ion with the polymer chains results in the
electronic excitation and breaking of polymer chain and ionization which helps in
the reduction of Ag+ into the metallic silver [150, 151]. Both fragmentation of the
embedded nanoparticles and reduction of Ag ions into metallic Ag as a result of ion
irradiation are responsible for the increased concentration of Ag nanoparticles in the
host matrix which in turn causes the increase in intensity of surface plasmon
absorption band after ion irradiation. Further, a noticeable decrease in FWHM of
SPR peak on account of SHI irradiation follows similar trend as for gamma and UV
exposure, as already explained.

In addition to the above, a continuous red shift in the absorption edge corre-
sponding to PVA–Ag nanocomposites has been observed with increase in irradi-
ation. Such a shift in the absorption edge is a result of generation of trap levels
between highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of the nanocomposites on different irradiation and is
responsible for the change the optical energy gap.

12.3.2 Optical Energy Gap and Urbach’s Energy

Using Tauc’s relation discussed in detail in previous section (Sect. 9), the value of
optical band gap can be determined from the UV-Visible spectrum. The exponent
s in this relation gives the detail of the direct or indirect band gap; in our case, we
find the s = 2 fits good for our experimental data, thus suggesting the existence of
indirect band gap for PVA, which is also confirmed from the literature. The plot
between (ahm)1/2 and photon energy (hm) as per Tauc’s relation for pure PVA is
shown in Fig. 11i curve ‘a’, from which the value of indirect optical energy gap
(Eg) for pure PVA has been determined by extrapolating the linearly fitted line on
x-axis. Similarly, the value of Eg for nanocomposite films after exposure to gamma
and SHI radiation at different doses has also been determined, and the obtained
values have been tabulated in Table 1. It has been well noticed that embedding of
silver nanoparticles and effect of different ionizing radiation produces no change in
the nature of optical transition behaviour of PVA, i.e. there exist an indirect optical
band gap in virgin and exposed nanocomposite films.

A decrease in optical energy gap (Eg) value from 4.92 eV (pure PVA) to
4.57 eV (PVA/Ag nanocomposite, Fig. 11i, curve ‘b’) has been observed. The
alcoholic group of PVA which helps in reducing the silver ions into silver metallic
atom and their nucleation form some chemical bonding around nucleated silver
nanoparticles in order to stabilize them are responsible for lower value of Eg for
PVA/Ag nanocomposite films as compared to that for pure PVA. In fact, such
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chemical bonding between PVA chains and Ag nanoparticles causes the a gener-
ation of localized states (charge transfer complexes, CTCs) between the HOMO and
LUMO energy bands, which allows the feasibility of lower energy transitions, thus
decreases the value of Eg.

As an effect of gamma irradiation and with increasing exposure dose, a further
decline in the value of Eg for PVA/Ag nanocomposites to 3.71 eV at the dose of
50 kGy (Fig. 11ii) has been observed. The physiochemical reason for such a

Fig. 11 Plots of (ahm1/2) versus energy (hm) for (i) pure PVA and PVA–Ag nanocomposite films
after gamma irradiation for different doses (ii) irradiated for different time with UV radiations;
(iii) before and after 90 meV O6+ ions irradiation at fluence of 3 � 1010 and 1 � 1011 ions/cm2.
Ref. [12, 13, 179]

Table 1 Calculated values of optical band gap for pure PVA, PVA/Ag nanocomposite film and
after different ionizing irradiation at various doses

c doses
(kGy)

Optical Energy
Gap (eV)

UV doses
(minutes)

Optical Energy
Gap (eV)

SHI doses
(ions/cm2)

Optical Energy
Gap (eV)

5 4.42 ± 0.01 60 4.50 ± 0.03 3 � 1010 3.98 ± 0.05

10 4.30 ± 0.04 180 4.32 ± 0.01 1 � 1011 3.05 ± 0.03

30 4.04 ± 0.02 300 4.10 ± 0.02

50 3.71 ± 0.03 For pure
PVA

4.92 ± 0.02
(eV)

PVA/Ag
nanocomposite

4.57 ± 0.02
(eV)
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decrease in band gap relies in the stimuli created through gamma irradiation which
further proceed the nucleation and growth process by taking already formed silver
nanoparticles as pre-organized seed for reduction process of remaining metal ions
embedded inside the polymer matrix into metallic clusters [152]. This stimuli
causes the creation of unsaturated bonds [153] in between HOMO and LUMO,
which are rich in charge carriers (delocalized p electrons) and thus endorse elec-
tronic transitions which needs less energy, thus lowers the band gap value. Thus, in
our case, enhancement in the number density of embedded Ag nanoparticles as an
effect of increasing the exposure doses of gamma irradiation gives the evidence of
increased conjugation between these particles and unsaturated bonds of PVA,
which clarifies the observed reduction in energy gap as a result of gamma irradi-
ation. However, no such change has been observed in pure PVA even after
exposure to gamma irradiation up to a dose of 50 kGy [154].

Thus, we conclude that PVA being wide bandgap material easily allows the
bandgap engineering as a consequence of the generation of new energy levels
(traps) between the HOMO and LUMO after embedding metallic nanoparticles and
subsequent gamma irradiation, thus, making the optical transitions feasible at lower
energies. The observed bandgap tunability property of pure PVA after embedding
Ag nanoparticles and after exposure to different irradiation at various doses make
them efficient materials for optoelectronic devices.

Further, as an effect of UV radiation with increasing exposure time for 300 min,
the band gap value reduces to 4.10 eV (Fig. 11ii). In this case, UV irradiation
stimulates the reduction of silver ions into metallic silver inside the polymer matrix,
with increased number of CTCs between the HOMO and LUMO of host matrix
thereby reducing the optical energy gap [14, 74]. However, the reduction in band
gap value for PVA/Ag nanocomposites is maximum in after SHI irradiation and
attains a value of 3.05 eV for the dose of 1 � 1011 ions/cm2 (Fig. 11iii). Such a
decrease in optical energy gap may be explained on the basis of the fact that the ion
beam irradiation causes chain scissoring, cross-linking, rupture of ionic bonds,
release of ions, electrons and free radicals, etc., thus enhancing metal–polymer
interaction [151] and thereby increasing the localized states between the HOMO
and LUMO bands of PVA, which makes the lower energy transition feasible and
leads to the observed changes in the optical energy gap, like that for gamma and
UV-irradiated samples.

The number of carbon atoms per cluster in the sample formed as an effect of
ionizing irradiation can be correlated with the values of optical energy gap (Eg)
through the expression [155]:

Eg ¼ 34:3ffiffiffiffiffi
M

p

whereM is the number of carbon atoms in carbonaceous cluster. Using this relation,
the value of M has been found to be around 48 for PVA and which increases to 53
for unexposed PVA/Ag nanocomposite. The formation of chemical bonding
between monomer units of PVA matrix and embedded silver nanoparticles causes
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the chemical conjugation which may cause the increased value of M. This may be
directed from the reducing action of alcoholic group explained in Sect. 12.2, which
helps in reduction and growth process in the formation of silver nanoparticles.
Further, the value of M taking in account of number of carbon atoms taking part in
carbonaceous cluster in PVA/Ag nanocomposite rises to 86 as an gamma irradiation
for a dose of 50 kGy, to 70 after 300 min of UV irradiation and to 127 after
1 � 1011 ions/cm2 dose of SHI irradiation. The ionizing irradiation causes the
dehydrogenation in the irradiated sample which further stimulates the nucleation
and growth of pre-organized silver nanoparticles already embedded in host matrix,
thus increasing the number of carbon atoms in carbonaceous cluster in host polymer
matrix and thereby increasing the complexity in conjugation of PVA chains upon
irradiation. However, SHI causes a maximum decrease in optical band gap and
therefore a maximum increase in number of carbon atom in carboneous cluster
formation inside nanocomposite films after irradiation.

As discussed earlier, the formation of Ag nanoparticles by self-reducing action
of PVA and the various irradiations provoke disorderness in the base matrix which
further also help in nucleation and growth mechanism of the embedded nanopar-
ticles. The disorderenss is created in terms of breaking of bonds, formation of free
radicals, and unsaturated bonds which may generate the localized states (CTCs)
between energy levels. In order to quantify the disorder content and irregularities
between the energy gaps in the polymers, the value of Urbach’s energy has been
measured using the formulation discussed in Sect. 9. The obtained values of
Urbach’s energy for different samples are enlisted in Table 2. As observed from this
table that value of Eu for pure PVA is 0.35 eV which increases to 0.91 eV after
embedding Ag nanoparticles in it. As an effect of gamma irradiation to 50 kGy, this
value increases to 1.48 eV, thus clearly corroborate the increased disorderness in
PVA/Ag nanocomposite as an effect of irradiation.

Further, the link between the optical energy gap values and Urbach’s energy for
gamma-irradiated PVA/Ag nanocomposite films is shown in Fig. 12. It is evident
from the figure that decrease in optical energy gap value corresponds to the rise in
Urbach’s energy. This clearly supports the formation of number of trapping levels
due to the self-reducing action of PVA which helps in the formation of nanopar-
ticles within it and increase in these levels as an effect of gamma irradiation dis-
cussed above. These levels result from the disorders created inside the polymer

Table 2 Calculated values of Urbach’s energy (Eu) for pure PVA, PVA/Ag nanocomposite film
before and after different ionizing irradiation at various doses

c doses
(kGy)

Eu (eV) UV doses
(minutes)

Eu (eV) SHI doses
(ions/cm2)

Eu (eV)

5 1.25 ± 0.02 60 0.98 ± 0.02 3 � 1010 2.45 ± 0.03

10 1.29 ± 0.02 180 1.18 ± 0.01 1 � 1011 2.57 ± 0.02

30 1.34 ± 0.01 300 1.24 ± 0.02

50 1.48 ± 0.01 For pure
PVA

0.36 ± 0.01
(eV)

PVA/Ag
nanocomposite

0.91 ± 0.02
(eV)
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matrix which increases the feasibility of transitions of lower energy thus reducing
the values of optical energy gap. The value of Urbach’s energy calculated for
UV-irradiated and SHI-irradiated PVA/Ag nanocomposite films at various doses
are also tabulated in Table 2.

12.3.3 Refractive Index

The variation of refractive index ‘n’ as a function of wavelength ‘k’ for PVA and its
nanocomposites before and after different ionizing irradiation at various doses has
been determined (Fig. 13) using the recursive relation discussed above, from the
values of transmittance T and reflectance R directly measured from the instrument.
It is well clear from the figure that initially the refractive index decreases slightly
with an increase in wavelength and finally, it saturates for all the samples. For pure
PVA (Fig. 13i, curve ‘a’), the value of refractive index initially decreases gradually
with wavelength and almost saturates in visible range, signifying the normal dis-
persion behaviour in this wavelength region. Similar behaviour is observed for its
unexposed (Fig. 13i, curve ‘b’) nanocomposite film. With the help of Sellmeier
dispersion theory [156–159], such normal dispersion behaviour of refractive index
can be explained. According to this theory, in the region of maximum transparency,
dielectric response and therefore refractive index behaviour of the atomic oscillators
can be modelled as one or more Lorentz oscillators with almost zero broadening;
due to which n(k) shows the normal dispersion behaviour with wavelength k.
However, after embedding Ag nanoparticles in PVA matrix, the value of refractive
index for all wavelengths has been found to be increased, which may be due to the
formation of intermolecular bonding between Ag with the adjacent OH group of

Fig. 12 Variation in optical energy gap (Eg) versus Urbach’s energy (Eu) for gamma-irradiated
PVA/Ag nanocomposite films. Ref. [13]
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PVA. Such observations are in line with our previous observations which have been
reported earlier [14] and explained on the predictions of the Bhar and Pinto model
[160] developed through simulation of Lorimar’s theory [161].

The value of RI increases further as compared to PVA/Ag nanocomposite films
after gamma irradiation, and this enhancement is continuing with the increase in
dose of gamma irradiation (Fig. 13ii). The irradiation causes the formation of
dangling and unsaturated bonds and also augments the number of inter-chain
interactions. These result in the change in packing density, molecular distribution,
etc., thereby increase in refractive index with irradiation dose. This increase in
refractive index of nanocomposite films after treatment extends the application of
such materials in making antireflection coating for solar cells and high refractive
index lenses.

Further, the effect of UV irradiation on the behaviour of variation of refractive
index n(k) as a function of wavelength for PVA/Ag nanocomposite films has been
represented in Fig. 13iii. As observed from this figure (curve ‘b’–‘d’), a hump has
been observed in RI behaviour followed by the normal dispersion after UV
exposure. The heightened SPR response of embedded nanoparticles as an effect of
UV exposure as mentioned in the earlier section may attribute to the reason of

Fig. 13 Refractive index (RI) values for (i) PVA and PVA/Ag nanocomposite films (ii) without
and with gamma irradiation for different doses (iii) irradiated for different time with UV radiations;
(iv) before and after 90 meV O6+ ions irradiation at fluence of 3 � 1010 and 1 � 1011 ions/cm2.
Ref. [12, 179]
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observed hump. Again, the overall value of RI for whole wavelength region has
been found to increase with the increasing UV exposure. The increased RI in the
composite is generally referred to be due to the increased packing density and
molecular weight distribution as a result of chain-scissioning, cross-linking, etc.,
[160–162]. The effect of SHI irradiation on RI of nanocomposite films has been
represented in Fig. 13iv. Similarly, it is clear from the figure that the value of
refractive index decreases continuously with wavelength for all the samples. It is
also evident from the figure that with an increase in dose of SHI to such
nanocomposites, refractive index increases consistently. The value of refractive
index, which was found to be 1.68 for PVA/Ag nanocomposite, has been found to
be increased to 1.86 after irradiation at fluence of 1 � 1012 ions/cm2 and at the
wavelength 632 nm. Such an enhancement in refractive index may be attributed to
the increase in the intermolecular hydrogen bonding between Ag with the adjacent
OH group of PVA resulting in the change in packing density, molecular weight
distribution, etc., as a result of ion irradiation, on the similar lines as that after
gamma and UV irradiation.

12.4 X-Ray Diffraction (XRD)

Figure 14i shows the XRD patterns for pure PVA and PVA/Ag nanocomposites.
The diffraction pattern of PVA (Fig. 14i, curve ‘a’) indicates the diffraction peak
around 19.4° depicting its semi-crystalline nature. This may be due to the presence
of strong intra-molecular hydrogen bonding in the individual monomer unit in PVA
as well as between different monomer units. After embedding Ag nanoparticles,
new peaks in XRD pattern (Fig. 14b) at 17.4°, 36.3°, 45.8° and 55.5° have been
observed with decrease in intensity of peak at 19.4°. The peak originated at 17.4°
may be due to the diffraction from (100) and ð00�1Þ planes of host matrix [162]. The
values of XRD peaks corresponding embedded Ag nanoparticles in PVA-Ag
nanocomposites and after various irradiations at different doses are tabulated in
Table 3. On account of Ag nanoparticles embedding and further with gamma
irradiation, the H-bond and –OH group of the PVA chains may break and molecular
chains are free to rotate; thus, the change in the intensity of the diffraction peak at
17.4° after increasing gamma irradiation dose may be understood. The peaks at
36.3° and 45.8° corresponds to h k l parameters (111) and (200), respectively, for
silver existing in the fcc structure, thus corroborate the presence of Ag particles
[163]. The peak observed at 55.5° might be due to some disorder created in the
matrix after embedding Ag nanoparticles.

Further, effect of different ionizing irradiation on XRD pattern of PVA/Ag
nanocomposites at various doses has been depicted in Fig. 14ii. As observed from
this figure that gamma irradiation of dose 10 kGy results in the rise in intensity of
the peaks at 36.3° and 45.8° depicting the increase in the crystalline phase, i.e.
content of Ag nanoparticles in PVA/Ag nanocomposites. This might be due to an
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increase in particle density of embedded Ag nanoparticles results from the stimuli to
nucleation and growth mechanism of pre-organized seed nanoparticles embedded in
PVA matrix through gamma irradiation. However, a decrease in the intensity of
these peaks with little broadening has been observed with a further increase in
gamma irradiation dose. This causes the increase in FWHM of these peaks which
clearly signifies the decrease in particles size [163], thus supporting the TEM and
UV-Visible spectroscopy analysis. The peak position, their peak intensity and
FWHM of various XRD peaks are tabulated in Table 3.

On account of UV exposure, the H–bond and –OH group of PVA chains may
break and molecular chains becomes free to rotate resulting in the variation in the
number of atoms in the direction (001). This may cause the change in the intensity
of the diffraction peak at 18° after UV exposure (Fig. 14iii). The diffraction peak
around 19.7° is the characteristic peak of PVA depicting its semi-crystalline nature
and remains almost unaffected. The intensity of the peaks at 36.3° and 45.8°
increases up to exposure time of 180 min, which indicates the increase in the
crystalline phase in nanocomposites due to increase in the concentration of Ag
nanoparticles in the PVA matrix by means of UV irradiation. With further increase
in UV exposure time to 300 min, the intensity of these peaks nearly saturates
(Fig. 14iii, curve ‘c’).

Fig. 14 XRD pattern for (i) PVA and PVA/Ag nanocomposite films (ii) without and with gamma
irradiation for different doses (iii) irradiated for different time with UV radiations; (iv) before and
after 90 meV O6+ ions irradiation at fluence of 3 � 1010 and 1 � 1011 ions/cm2. Ref. [12, 13]
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However, after ion beam irradiation, intensity as well as FWHM of the peaks at
36.3° and 45.8° is found to increase continuously with increasing ion beam dose,
indicating the increase in concentration and decrease in particle size [164] of
embedded Ag nanoparticles (Fig. 14iv).

Further, a new peak has been found to be originated at 32.1° on ion beam
treatment of PVA–Ag nanocomposite film at a fluence of 1 � 1011 ions/cm2,
intensity of which increases with an increase in ion beam fluence. The appearance
of this new peak may be due to some disorder produced in host matrix after ion
beam treatment and this disorder increases with increase in ion beam fluence. These
observations indicate that ion beam irradiation causes the structural rearrangements
in a significant manner in the nanocomposite films.

12.5 Fourier Transmission Infrared (FTIR)

The FTIR spectra of pure PVA and PVA/Ag nanocomposite film in the
wavenumber range 700–4000 cm−1 have been represented in Fig. 15 and those of

Table 3 Position, intensity and FWHM of diffraction peaks corresponding to embedded Ag in
PVA-Ag nanocomposite films before and after various irradiations

Samples 2Ɵ (deg) FWHM (deg) Intensity (%)

PVA-Ag 36.3 0.356 10.27

45.7 0.376 20.27

PVA-Ag
(10 kGy gamma irradiated)

36.3 0.344 29.35

45.7 0.362 40.88

PVA-Ag
(30 kGy gamma irradiated)

36.2 0.394 29.16

45.7 0.394 30.68

PVA-Ag
(50 kGy gamma irradiated)

36.3 0.443 13.04

45.74 0.576 21.46

PVA-Ag
(60 min UV irradiated)

36.4 0.576 14.24

45.8 0.288 24.73

55.7 0.384 19.98

PVA-Ag
(180 min UV irradiated)

36.3 0.384 21.65

45.8 0.288 39.8

55.6 0.48 21.81

PVA-Ag
(300 min UV irradiated)

36.4 0.376 23.9

45.9 0.384 37.99

55.7 0.288 26.12

PVA-Ag
(3 � 1010 ions/cm2 of SHI)

36.4 0.376 12.21

45.8 0.382 20.72

PVA-Ag
(1 � 1011 ions/cm2 of SHI)

36.4 0.456 13.93

45.9 0.576 21.97
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PVA/Ag nanocomposite film after exposure to different ionizing radiation at vari-
ous doses have been shown in Fig. 16i–iii. Table 4 presents the wavenumber and
corresponding assigned functional group or bond in case of pure PVA [165, 166].

As observed from curve ‘b’ of Fig. 15 that the band at 1660 cm−1 completely
disappear and the intensity of the band at 1720 and 851 cm−1 decreases as a result
of embedding Ag nanoparticles in PVA, suggesting the formation of chemical
conjugation between Ag nanoparticles with PVA molecules. Further, there
observed an almost disappearance of the band at 1380 cm−1, indicating the
decoupling between O–H and C–H vibrations due to the bonding interaction with
O–H and Ag nanoparticles.

However, as an effect of gamma irradiation (Fig. 16i), the intensity of bands at
2920, 1720, and 850 cm−1 has been observed to decrease further along with the
disappearance of bands in the wavenumber region of 1250–1500 cm−1, with
increasing gamma dose. This indicates that gamma irradiation subsequently causes
the structural rearrangements in PVA chains on embedding of Ag nanoparticles.
These structural modifications in host PVA matrix after embedding Ag nanopar-
ticles and further, with exposure to gamma radiations, are in conformity with the
observed changes in optical behaviour.

After UV irradiation, variation in vibrational spectra in the range 3500–
3200 cm−1 (Fig. 16ii) may be due to the chemical conjugation of silver nanopar-
ticles with the chains of PVA molecules. The decrease in intensity of bands at
1720 cm−1 in the wavenumber range 1000–1140 and 837 cm−1 indicates the
interaction of Ag nanoparticles with PVA chains. Further, change in the intensity of
vibrational band at 1380 cm−1 indicates the decoupling between O–H and C–H
vibrations due to the increase in interaction of Ag nanoparticles with O and H atoms
of PVA chains after UV irradiation [75, 149]. These observations indicate that the
interaction of embedded nanoparticles with the host polymeric matrix increases
after UV exposure. Such changes in the vibrational bands indicate that UV irra-
diation substantially causes the structural rearrangements in PVA chains and Ag
nanoparticles in nanocomposite films.

Fig. 15 FTIR spectra for
(i) PVA and (ii) PVA/Ag
nanocomposite films. Ref.
[13, 179]
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Ion beam irradiation indicates the structural rearrangements of silver nanopar-
ticles with the chains of PVA molecules through the decrease in the intensity of
absorption band in the 3500–3200 cm−1 region (Fig. 16iii). Further, after ion beam

Fig. 16 FTIR spectra for
PVA/Ag nanocomposite films
after (i) gamma irradiation for
different doses, (ii) irradiated
for different time with UV
radiations; (iii) before and
after 90 meV O6+ ions
irradiation at fluence of
3 � 1010 and
1 � 1011 ions/cm2.
Ref. [12, 179]
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treatment, the decrease in intensity of bands at 2928 and 1720 cm−1 and generation
of new peaks in region 1250–1450 cm−1 indicate the decoupling between O–H and
C–H vibrations due to the increase in interaction of embedded Ag nanoparticles
with O and H atoms of PVA chains [75, 166, 167]. The effect becomes more
enhanced with increasing ion fluence. The appearance of small absorption band
around 1637 cm−1, corresponding to C=C stretching, indicates the formation of
carbonaceous structure in host matrix after ion beam irradiation [167]. The decrease
in intensity and broadening of band at 837 cm−1, assigned to out of plane vibrations
of C–H group, signifies the increase in interaction of embedded Ag nanoparticles
with PVA chains at higher fluence. These observations indicate that ion beam
irradiation substantially causes the structural rearrangements in PVA–Ag
nanocomposite films.

12.6 Raman

The Raman spectra of pure PVA and un-irradiated PVA–Ag nanocomposite film
are presented in Fig. 17. It is clear from this figure that PVA–Ag exhibits a weak
Raman band observed at 667 cm−1 assigned to O–H wagging and C–H out of plane
vibrational mode. The Raman bands observed at 817 and 849 cm−1 are corre-
sponding to C–C stretching vibrational modes [168]. The appearance of strong
Raman band at 936 cm−1 is a sign of conjugation of Ag nanoparticles with the
atoms of the host matrix, which affects the natural vibrations of the bands of host
matrix. Further, the bands observed at 1352 and 1409 cm−1 correspond to the
mixture of C–H bending and O–H bending vibrations [168–172]. The occurrence of
Raman signal at 1540 and 1610 cm−1 in PVA–Ag nanocomposite may be due to
surface-enhanced Raman scattering (SERS) effect of embedded Ag Nanoparticles
[154].

As an effect of gamma and UV irradiation, the decrease in intensity of bands at
667 and 936 cm−1 and the disappearance of bands at 817, 849 and 1610 cm−1 have
been observed (Fig. 18i, ii). With increasing gamma and SHI irradiation dose, the
bands in the region 600–1300 cm−1 have almost disappeared indicating the

Table 4 Various vibration
band positions observed in
FTIR spectrum corresponding
to functional bond/group
present in pure PVA

Wavenumber (cm−1) Functional bond/group

3500–3200 O–H stretching

2920 C–H stretching vibrations

1720 C=O

1660 C=C stretching

1380 O–H in plane vibration

1430 C–H wagging vibrations

1140–1000 C–O and C–O–C groups

850 out-of-plane vibration of C–H group
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structural rearrangements between host matrix PVA and embedded Ag nanoparti-
cles. However, such changes are not so significant after UV irradiation. Further, the
presence of Raman signal at 1365 and 1572 cm−1 corresponding to D and G bands
of graphitic like structure may occur in the irradiated samples due to the evaporation
of residual volatile species as an effect of irradiation. With increasing gamma and
SHI irradiation dose, an continuous increase in intensity of these D and G band has
been observed; however, no substantial change in the intensity of these bands has
been observed in case UV irradiation. Such an enhancement in the intensity of D
and G bands with increasing gamma and SHI irradiation dose may be as a result of
increased chemical bonding of the embedded nanoparticles with the PVA mole-
cules and can be attributed to the increased SERS effect of embedded Ag
nanoparticles in PVA matrix. These significant changes in the Raman vibrational
bands may be associated with the breaking of PVA intra or inter-molecular bonds
with simultaneous inclusion of new bonds between PVA and Ag nanoparticles.
Further, an increase in intensity of band at 1576 cm−1 with increasing dose of ion
beam irradiation suggests the increase in the carbonaceous phase of PVA. Thus,
Raman spectroscopy clearly predicts the considerable structural modifications in
PVA–Ag nanocomposites after gamma and SHI irradiation as compared to UV
irradiation.

13 Applications of Prepared Nanocomposites

13.1 Band Pass Filter

Figure 19 depicts the transmission spectra of the PVA/Ag nanocomposite films
before and after UV exposure for different times. As clear there is a transmission
band peaking around 320 nm, originating in the blue region of the SPR band of the

Fig. 17 Raman spectra for
PVA and PVA/Ag
nanocomposite films. Ref.
[179]
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Fig. 18 Raman spectra for
PVA/Ag nanocomposite films
after (i) gamma irradiation for
different doses (ii) irradiated
for different time with UV
radiations; (iii) before and
after 90 meV O6+ ions
irradiation at fluence of
3 � 1010 and
1 � 1011 ions/cm2.
Ref. [179]
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embedded nanoparticles. However, with an increase in UV exposure time, decrease
in width of this band has been noticed whereas there is an increase in attenuation of
transmission intensity. Such observations clearly justify the possibility of these
nanocomposites for band pass filter application at around 320 nm. Moreover, for
gamma-irradiated and SHI-irradiated nanocomposites, such attenuation of trans-
mission intensity is qualitative small. This leads to the possibility of using
UV-irradiated nanocomposites as a band pass filter around the desired wavelength
by the proper choice of host matrix, embedded nanoparticles spices, their size
distribution, concentration and exposure time to UV radiations.

13.2 Antireflective Coating

The possibility of these nanocomposites for antireflective coating has been explored
by examining their reflection spectra obtained from UV-Visible spectroscopy [12].
Figure 20 depicts the reflection spectra for UV treated PVA/Ag nanocomposite
films. As observed from this figure, the values of reflectance (R%) have been found
to decrease continuously in whole studied wavelength region after embedding Ag
nanoparticles in PVA and further with UV exposure. The values of R% corre-
sponding to certain wavelengths have been tabulated in Table 5. This table clearly
depicts that the value of R decreases average to *6% at nearly all wavelengths
after 300 min exposure to UV radiation.

This feature of minimizing the reflection of incident light from the surface
enables the use of such UV treated nanocomposites for making the antireflective

Fig. 19 Transmission spectra of the PVA/Ag nanocomposite films before and after UV exposure
for different time. Ref. [12]
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(AR) coating, also the graded index material for solar cells, glass windows, organic
photovoltaic, etc. in order to utilize the full spectrum of incident light by sup-
pressing the Fresnel reflection. In order to explore the full utilization of any material
for reflective or antireflective coating, the functionality of reflection on thickness
(d) as well as the refractive index (n) of the coating material is needed to examine.
Therefore, for fabricating the graded index AR coatings using these nanocompos-
ites, a careful calibration on both factors (d and n) is indeed [12]. The traditional
quarter wavelength antireflective coating lowers the wavelength in a dielectric
medium, thus minimizing reflection to one quarter of the incident wavelength (k)
given by the formula d = k/4n. Fundamentally, it allows the destructive interference
of the reflected light from the surrounding medium/AR coating interface and that
from the AR coating/substrate interface as depicted from scheme given in Fig. 21.

Fig. 20 Reflectance spectra of the PVA/Ag nanocomposite films before and after UV exposure
for different times. Ref. [12]

Table 5 Values of
reflectance (R%) at different
wavelengths for PVA/Ag
nanocomposite films before
and after UV exposure for
different times

Samples (nm) 400 500 600 700

PVA (%) 16 16 17 18

PVA/Ag (%) 12 14 15 15

PVA/Ag (%)
(60 min UV exposure)

10 11 11 12

PVA/Ag (%)
(180 min UV exposure)

9 8 8 9

PVA/Ag (%)
(300 min UV exposure)

6 6 6 8
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However, when the light meets the interface at normal incidence, the intensity of
the reflected light (IR) is given by the reflection coefficient, R, and can be found
using the Fresnel equation [12, 173, 174] given as

IR ¼ R2 ¼ n0 � ns
n0 þ ns

� �2

where no and ns are the refractive indices of the material on either side of the
coating, i.e. surrounding media and substrate, respectively.

Further, if the refractive index of thin film coatings is gradually changed from
substrate to exterior medium, the refractive index interface will be eliminated and
the interface reflection will not take place. However, it is quoted in the literature that
the reflection from the surface can be minimized by choosing the material having RI
as the geometric mean of the refractive indices of the material on either side of the
coating [12, 173, 174], i.e.

n ¼ ffiffiffiffiffiffiffiffiffiffiffiffi
n0 � nsp

Therefore, if we deposit the thin films of the coating material of given RI with
gradual change in its thickness or vice versa [175–177], and then, an interlayer can
help in further reduction in light reflection and its optimum RI value is given by the
geometric mean of the two surrounding indices.

As an instance, for the combination of silicon (ns * 3.5) and air (n0 * 1), the
refractive index of the best AR coating is n * 1.871 [178] while that for Indium tin
oxide (n0 * 2) and glass (ns * 1.5) is n * 1.73. From Table 4, it is clear that in

Fig. 21 Schematic representation of antireflective coating to counter surface reflection
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our case, the refractive index of the nanocomposite films for 180- and 300-minute
exposed sample is similar to the optimum refractive index of 1.871. Therefore,
these nanocomposites can be used as AR coating for silicon-based solar cells so as
to obtain the best photoelectric conversion performance [175] and also used in
devices where minimum reflection and full utilization of solar spectrum is desired.

13.3 UV Blocking Device

Figure 22 presents the recorded transmission spectra of PVA, PVA/Ag nanocom-
posite and 90 meV O6+ SHI-irradiated PVA/Ag nanocomposite films at a fluence of
3 � 1010 ions/cm2 and 1 � 1011 ions/cm2. It is evident from this figure that PVA
shows almost transparent nature in the entire visible region (* 400 to 800 nm)
with approximately 95% of transmission and a small reduction at lower wave-
lengths. As an effect of embedded Ag nanoparticles, the value of transmission
reduces drastically. The value of the percentage transmission intensity has been
found to be *1.86, 35 and 8.56%, respectively, at 200, 300 and 400 nm. Also,
appreciable change in the colour of the samples from transparent (PVA) to light
yellowish (PVA/Ag film) has been observed upon the visual inspection of these
samples. Such colouration and reduction in transmission intensity may be due to the
formation of some chemical bonding between Ag nanoparticles and PVA chains
[179]. Such chemical interaction results in the formation of conjugate structure in
polymer after embedding nanoparticles which are clearly reflected in change in their
optical and structural properties.

Fig. 22 Recorded transmission spectra of PVA, PVA/Ag nanocomposite and 90 meV O6+

ion-irradiated PVA/Ag nanocomposite films at a fluence of 3 � 1010 ions/cm2 and 1 � 1011 ions/
cm2. Ref. [179]
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Further, after SHI irradiation at the fluence of 3 � 1010 ions/cm2, the trans-
mission reduces drastically again and attains the values of *0.80, 6.38 and 0.14%
at 200, 300 and 400 nm respectively (curve ‘c’). With increase in ion fluence to
1 � 1011 ions/cm2 (curve ‘d’), the transmission reduces further to *0.73, 3.22 and
0.03% at the respective wavelength mentioned above [179].

Also, with increasing ion fluence, the colour of nanocomposite films which was
light yellow changes to pale yellow and then become wine reddish after irradiation.
The SHI irradiation causes the formation of conjugated bonds with loosely bound p
electrons. These p electrons can be easily excited by incident light and leads to the
observed changes in transmission spectra and colouration of nanocomposite films.
Figure 20 clearly indicates that at fluence of 1 � 1011 ions/cm2, the transmission is
as good as zero in UV and near UV regions, suggesting utilization of these
nanocomposite after irradiation for shielding purposes from UV photons [176–178].

14 Conclusions

In the present chapter, brief history of the nanotechnology has been reviewed along
with its fundamental importance. Concepts of nanoparticles, essentials of basic
physics which make this more important viz. quantum size effect and
surface-to-volume ratio, top-down and bottom-up approach for their synthesis and
method of their stabilization have been discussed in brief. In order to provide
application-based platform to nanoparticles, the primary choice is embedding them to
suitable matrix which could provide a suitable stabilization without losing inherent
characteristics of nanoparticles, therefore enhancing the properties of nanocompos-
ites. To such choice, polymers are selected mostly because of their intrinsic features
like good mechanical strength, flexibility, solution processing, dopant dependent
property and above all good capability of stabilization metal and semiconductor
nanoparticles. The polymer-based hybrid nanocomposites can be synthesized via
one-pot synthesis, in situ/ex situ synthesis, interfacial polymerization, vapour phase
synthesis and electrochemical synthesis. These different synthesis processes have
been adopted to control various properties like shape, size and dispersion of the
secondary phase within the polymer matrix. Metal nanoparticles are chosen as among
the best possible nanofillers in polymer-based nanocomposites. While going through
brief history of metal nanoparticles, fundamental of fascinating surface plasmon
resonance (SPR) of metal nanoparticles observed in visible region of EM spectrum
has been discussed. Mie theory has been deliberately explained in order to provide
theoretical basis of occurrence and calculation SPR. Importance of polymer-metal
nanocomposites was conveyed from the seventeenth century by various scientists
and researchers. And nowadays, such nanocomposites have been used in wide fields
of progressive applications optical devices like colour sensors, colour filters;
electro-optical devices like flexible liquid crystal colour displays; micro-electronic
and quantum electronic devices; sensors and immunoassays, etc. In spite of this
exciting development in the field of polymer-metal nanocomposites-based hybrids,
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proper choice of polymer and nanofiller and their control synthesis are still a chal-
lenge. In the present chapter, we focus on combination of PVA and Silver
nanoparticles as polymer-metal nanocomposites. Effect of ionizing irradiation on the
properties of polymer-based nanocomposites has been discussed while giving the
brief introduction of various ionizing radiation like electromagnetic (UV, gamma)
radiation and swift heavy ion radiations. Some important existing literature
describing the effect of ionizing irradiation on the modification of polymer- and metal
nanoparticles-based composite materials have been described. For development of
practical application of such nanocomposites, some efforts are indeed necessary.
Therefore, future work should concentrate onto the development of synthesis method
for metal-based hybrid nanocomposites with control parameters and morphology and
utilization of various ionizing irradiation in a proper manner in order to modify or
calibrate the properties of nanocomposites as per desired. This chapter focuses on the
optical application of polymer-metal nanocomposites; therefore, calculation of
optical parameter like transmission/reflection coefficient, refractive index, optical
band gap, etc. have been discussed in detail.

In addition to these, nanocomposites of PVA and silver nanoparticles prepared
via in situ chemical synthesis have also been discussed. Formation of nanocom-
posites has been confirmed through TEM, UV-Visible absorption spectroscopy and
XRD. Embedded Ag nanoparticles are found to be 13 ± 5 nm of size and spherical
in shape as depicted through TEM image. UV-Visible absorption spectrum exhibits
the SPR band of embedded Ag nanoparticles peaking at 425 nm. Further, effect of
gamma, UV and SHI (90 meV O6+) on prepared nanocomposites has been dis-
cussed. TEM analysis describes the reduction in the size of nanoparticles after
various ionizing irradiation. Possible mechanism of reduction and increased particle
density after various ionizing irradiation has been discussed. Through UV-Visible
spectroscopy refractive index, optical band gap and Urbach’s energy of the
nanocomposite sample before and after ionizing irradiation have been determined.
Increase in refractive index, decrease in optical band gap and increase in Urbach’s
energy have been found after increasing the dose of the different ionizing irradia-
tion. All such effects are corroborating each other depicting the increased metal–
polymer interaction through chain scissoring, cross-linking, rupture of ionic bonds,
release of ions, electrons and free radicals, etc. as an impact of ionizing irradiation.
Thereby, increasing the localized states between the HOMO and LUMO bands of
PVA, this makes the lower energy transition feasible and leads to the observed
changes in the optical parameters. Further, number of carbon atoms per cluster
calculated before and after ionizing irradiation also brief the quantitative effect of
various ionizing irradiation. However, this number is largest in case of SHI irra-
diation, and also as observed through various optical parameters, the effect of SHI
irradiation is maximum as compared to gamma and UV irradiation. Such effects
have also been confirmed through structural characterization techniques like FTIR
and Raman spectroscopy. The possible application of the prepared PVA-Ag
nanocomposites films have been discussed in detail. Such nanocomposites can be
effectively used for making band pass filter for example as explained UV-irradiated
nanocomposites show drastic attenuation of transmission intensity around 320 nm.
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After detailed analysis of reflection spectrum and refractive index, these
nanocomposites can be used as AR coating in solar cells so as to obtain the best
photoelectric conversion performance and also used in devices where minimum
reflection is desired. As discussed, the transmission of SHI-irradiated nanocom-
posites is falling to almost zero in UV and near UV regions, suggesting utilization
of such nanocomposites after irradiation for shielding purposes from UV photons.
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Swift Heavy Ion Irradiation Effects
on the Properties of Conducting
Polymer Nanostructures

J. Hazarika and A. Kumar

Abstract This chapter presents the basic concepts of conducting or p-conjugated
polymers and their different nanostructures and physico-chemical properties, which
ushered in a new era of functional organic materials with potential applications.
Most importantly, they can replace the traditional metallic conductors owing to
their excellent properties of high conductivity, thermal stability, light weight, low
corrosion, high flexibility, ease of synthesis and low cost. The first studied con-
ducting polymer was polyacetylene, and in the last two decades, the most exten-
sively studied conducting polymers are polyaniline (PAni), polypyrrole (PPy) and
polythiophine (PTh) and their derivatives owing to their interesting physico-
chemical properties. Irradiation on polymers with energetic heavy ions is used to
tailor their different physico-chemical properties. The energetic heavy ion
irradiation-induced modifications on various properties of polymers depends on
various parameters viz. type of energy transferred (i.e., nuclear or electronic) to the
target, species of ion and ion fluences. The ion-matter interaction with low energy
(eV to keV) range causes implantation of the ions, while ions with high energy
(keV to MeV) interaction cause irreversible structural modification along the
cylindrical ion track, which is of the order of few nanometers in diameter. The
fundamental aspects of ion-solid interaction, different related parameters and
models governing the ion-solid interaction have been described in details in this
chapter. PPy nanotubes, potential candidate of highly conducting p-conjugated
polymers, have been chosen for irradiation at different ion fluences to enhance their
structural, morphological, electrical, optical and thermal properties. Room tem-
perature swift heavy ion (SHI) irradiation on thin PPy films (thickness *30–
35 µm) was investigated under high vacuum (*10−5 Torr) condition by 160 MeV
Ni12+ SHI using various irradiation fluences such as 1010, 5 � 1010, 1011, 5 � 1011

and 1012 ions/cm2. High-resolution transmission electron microscopy (HRTEM)
was used to investigate the morphological changes of SHI-irradiated PPy nan-
otubes. The irradiated nanotubes exhibit denser structure, and density is highest at
5 � 1011 ions/cm2 irradiation fluence. However, on irradiation with the highest ion
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fluence of 1012 ions/cm2, the density of irradiated PPy nanotubes is decreased. Up
to the ion fluence of 5 � 1011 ions/cm2, reduction in optical band gap energy (Eg)
of irradiated PPy nanotubes is observed; however, at the investigated highest
irradiation fluence of 1012 ions/cm2, value of Eg is found to be higher as compared
to the unirradiated PPy nanotubes. Micro-Raman studies exhibit that upon SHI
irradiation up to the ion fluence of 5 � 1011 ions/cm2, the p-conjugation length and
crystallinity of PPy nanotubes are increased. Thermogravimetric analysis
(TGA) shows enhanced thermal stability of irradiated PPy nanotubes with
increasing ion fluence, while thermal stability of PPy nanotubes decreases at the
highest irradiation fluence. The current-voltage (I-V) characteristics for the irradi-
ated PPy nanotubes get enhanced with increasing ion fluence, while their I-
V characteristics decrease at the highest irradiation fluence of 1012 ions/cm2. The
scaling of modulus spectra of irradiated PPy nanotubes at different irradiation
fluences depicts irradiation fluence-independent relaxation dynamics of charge
carriers. At the end of the chapter, the challenges in the field of ion-matter inter-
action in pre-/post-irradiation as well as the processing, characterization and
application of the target materials have been discussed.

Keywords Conducting polymer nanostructures � Polypyrrole (PPy) nanotubes �
Ion-matter interaction � Swift heavy ion irradiation � Dielectric properties � AC
conductivity

1 Introduction

Conducting or p-conjugated polymers with additional functionality having elec-
trical conductivity ranging from insulating to metallic regime have brought
remarkable attention because of their exciting physical properties of light weight,
flexibility, low cost, good mechanical and thermal stability [1]. The most exten-
sively studied various conducting polymers are polyaniline (PAni), polypyrrole
(PPy), polythiophene (PTh) and poly(3, 4-ethylenedioxythiophene) (PEDOT) with
electrical conductivities ranging from 10−10 to 105 S/cm [2]. Figure 1 depicts the
structures of the mostly studied conducting polymers. Among the various p-con-
jugated polymers, polypyrrole (PPy) has been studied widely because of their
various potential applications in chemical and biosensors, corrosion protection,
actuators, drug delivery devices, super-capacitors, microwave shielding, advanced
polymeric batteries, electrochromic windows, etc. because of their excellent prop-
erties of ease of synthesis, remarkable electrical conductivity, redox reversibility,
good thermal and environmental stability, good optical transparency, biocompati-
bility, high flexibility and low toxicity [3–7]. Compared with bulk counterparts,
nanostructured conducting polymers exhibit high performance in various potential
devices due to their high surface to volume aspect ratio, electrical conductivity and
light weight [8]. Various methods are used for the synthesis of nanostructured
conducting polymers which can be used as the building blocks for nano-electronic
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devices. Being a one-dimensional (1-D) structure, synthesis of PPy nanotubes has
gained remarkable attention in fundamental research and industrial application due
to their comparable metallic conductivity and possible application as molecular
wires [9]. In recent application, PPy nanotubes have been used in biosensors which
include glucose biosensor based on nanohybrids of carboxylated polypyrrole
nanotube wrapped on graphene sheet transducer [10] and PPy nanotubes embedded
on reduced graphene oxide transducer for H2O2 biosensor [11]. Various methods
can be used to synthesize PPy nanotubes which include primarily the template
synthesis [12], reactive self-degradation [13], electrochemical approach [14] and
self-assembly polymerization [15]. Using hard template polymerization, nanotubes
of conducting polymers with controllable morphology can be synthesized suc-
cessfully, however, not because of the dissolution of external template after poly-
merization; this synthesis method suffers a serious disadvantage. This may lead to
the destruction of the resulting conducting polymer nanotubes thereby limiting their
applicability in various potential applications. Although high-quality nanotubes of
conducting polymers can be synthesized using reactive self-degrade approach, this
method is a costly one due to the use of reactive template. To overcome the
disadvantages of the above-mentioned synthesis methods, an alternative
template-free self-assembly method has gained more attention owing to its sim-
plicity, cost effectiveness and large-scale production. Besides the various advan-
tages of self-assembly method, another additional important advantage of this
synthesis method is that the soft template used to guide the formation of nanotubes
also acts as dopant [16, 17].

In previous studies, many researchers have reported on the self-assembled
synthesis of high-quality 1-D nanotubes of conducting polymers doped with vari-
ous dopants such as naphthalene sulfonic acid (NSA) [18], azobenzene sulfonic
acid [19] and p-toluene sulfonic acid (p-TSA) [18], which also act as a soft template

Fig. 1 Typical electronic and
nuclear energy losses versus
irradiated ion energy
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during the polymerization. The morphology, diameter and length of the nanotubes
of conducting polymers depend on the various factors of the synthesis conditions
viz. dopant to monomer ratio, types of dopant used and their concentration, and also
on the reaction temperature [20]. However, the permanent entrapment of larger-size
macromolecules as dopant within conducting polymer nanostructures can confer
additional functionalities for building specific recognition sites to show improve-
ment in various properties. In a previous study, the oxidative polymerization of
PAni nanotubes by self-assembly approach using various dopants such as poly
(4-styrenesulfonic acid) (PSSA), poly(acrylic acid) (PAA) and poly(methyl vinyl
ether-alt-maleic acid) (PMVEA) was reported by Zhang et al. [21]. This study
clearly showed that use of the polymeric acids as dopants greatly affected the outer
diameter of the resulting PAni nanotubes. In a different study, the self-assembled
synthesis of CSA-doped PAni nanotubes having diameter range 80–180 nm and
electrical conductivity range 3.4 � 10−3–3.5 � 10−1 Scm−1 was successfully
reported by Wan et al. [22], which also investigated that the various synthesis
conditions, especially the molar ratio of CSA to aniline and the concentration of
CSA affected the formation probability, morphology and size of the PAni nan-
otubes. This chapter presents the irradiation effects of swift heavy ions (SHIs) on
various properties of PPy nanotubes synthesized by self-assembly method.
Different irradiation fluence-dependent modifications on the structural, chemical,
thermal and optical properties of the irradiated PPy nanotubes have been investi-
gated in this chapter. Studies on the dielectric properties and ac conductivity of
SHI-irradiated PPy nanotubes at different ion fluences also have been reported in
comparison with the properties of the pristine PPy nanotubes.

2 Ion-Matter Interaction

The unique technique of irradiation with energetic heavy ions is extensively used to
engineer the properties of materials on the micro- and nanoscale level by suitable
selection of the ion beam parameters viz. ion type and energy, mass and ion fluence.
Modification in materials by swift heavy ions (SHIs) has a wider range of appli-
cation in industry that includes the creation of nanopores in polymeric materials
[23]. The devices based on irradiated polymeric membranes allow controlled drug
delivery in biomedicine [24] or filter out the bacteria from water. Numerous
experiments have been carried out in the last few decades using the large-scale
facilities for a good understanding of the interaction of SHI with materials. An
energetic heavy ion with MeV energy range and very high velocity comparable to
the Bohr’s electron velocity produces a continuous cylindrical permanent damage
of the material with a few nanometers width and typically several tens of
micrometer scale. Various kinds of solids are SHI irradiation sensitive, typically
almost all the insulators including inorganic solids and polymers, semiconductors
and also a few types of metals. For irradiation-induced modifications in materials,
in general, the sufficient range of ion fluence lies from 106 to 1011 ions/cm2,
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which can be achieved with projectile ion beam intensity of few nA current that
corresponds to 1010 ions/s or even less. The energetic projectile ion interacts with
the target atoms primarily by the process of collision which causes excitation and
ionization of the target electrons resulting in permanent modification of the mate-
rials. The energy transfer by the projectile ion to the target material takes place via
two fundamental processes: (a) nuclear energy loss (Sn), which is due to the direct
collision of ions with the lattice atoms, and (b) electronic energy loss (Se), which is
due to the excitations and ionization of the target atoms or electrons. These two
processes exhibit a distinct dependence on incident ion energy, as depicted in
Fig. 1.

The process of nuclear energy loss is dominant at sufficiently low energy
(*1 keV/u), whereas the process of electronic energy loss is dominant at a larger
energy than *100 keV/u. For projectile ion beam energy *1 MeV/u, value of
electronic energy loss (Se) is almost two orders higher as compared to nuclear
energy loss (Sn). For SHI irradiation on materials, the energy of heavy projectile
ions mainly deposits on the electronic subsystem of the irradiated sample. The total
number and mobility of the excited and ionized electrons due to SHI irradiation
play a crucial role in inducing irreversible modifications of the structural properties
of the irradiated material [26]. The situation is much more complex in which the
transfer of ion energy to the lattice is by the process of atomic collisions. However,
the deposition of ion energy in solids is an inhomogeneous process, rather the
deposited energy follows a radical distribution of 1/r2, where r represents the radial
distance from the cylindrical ion trajectory [27]. The deposited energy density on
the irradiated material also depends on the velocity of projectile ion beam, espe-
cially for higher-velocity projectiles, the deposited energy is smeared out into a
large radius of few nanometers. The interaction mechanism of a SHI and a slow
highly charged ion with a solid target is depicted in Fig. 2. In both the interaction
processes, the excitation of the electronic subsystem takes place in the time scale of
femtosecond, wherein the motion of atoms and induced structural disorder occur on
the time scale of a few picoseconds. The disorder produced in the atomic subsystem
is quenched due to rapid thermal cooling after the passage of energetic ion, and
hence, the induced damage caused by SHI irradiation extends deep into the bulk
material. During the passage of SHI through target, it also causes the ionization of
the atoms in a cylindrical zone of few nm in diameter. However, the neutralization
of charges takes place on the time scale of femtosecond.

The process of electronic stopping in the irradiated target is governed due to the
inelastic collisions of the heavy energetic ion with the target electrons which may
be either in free or in bound state. In electronic stopping, various physical mech-
anisms are associated, namely the excitation of target electrons into the conduction
band, ionization of target atoms, collective electronic excitations such as plasmons
[28–31]. During the passage of SHI through a material, heat energy is generated
owing to the electronic excitation along the cylindrical latent track which as a result
greatly affects the electronic structure of the material as the outcome of the ion
irradiation. In particular, in case of a metal, the electronic excitations induced
by SHI irradiation are delocalized due to the presence of conduction electrons,
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which may lead the excitations less likely to cause the atomic motion so that the
irradiation-induced damage results mostly from the knock-on atom displacements.
However, in case of an insulator, the deposition of electronic energy above a certain
critical energy value, called the threshold energy [32], the excitations produced may
lead to strong heating and damage of the lattice [33]. The cylindrical form of heat
spikes in SHI-irradiated material is called the “latent tracks” produced in the
amorphous regions that appear along the ion trajectory. In general, the generated
cylindrical ion tracks arrange themselves in an ordered way along the direction of
projectile ion beam and can be viewed in the form of patterned nanostructures
inside the bulk material. Because of various associated physical processes, the
effects of ion-solid interactions on target material may extend beyond the initial
collision process. The various induced defects during the course of SHI irradiation
migrate arbitrarily far in the sample rather their recombination during the cascade
development with each other.

Nuclear stopping mechanism originates from the ballistic collisions of the pro-
jectile ions with the nuclei of the target atoms, so that whole of the ion’s kinetic
energy is transmitted to a target atom resulting in the translational motion of atoms.
The dominant nuclear energy loss is determined by the screened Coulomb inter-
actions and momentum transfer. The occurrence of the nuclear collisions at higher
energies is due to the sequence of independent binary collisions of atoms, in which

Fig. 2 Schematic diagram of the interaction of a SHI with a solid target
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the projectile ion moves almost in a straight path, and the predominant energy loss
of the ion is by electronic stopping. For independent collisions, distance between
the successive collisions must be at least two inter-atomic spacing of about 2–3 Å.
The system does not attain thermodynamic equilibrium at the initial stage of a
cascade since all the induced atomic motion takes place in the time scale of 100 fs
which is much faster than that of the thermodynamic relaxation time. Upon
deposition of enough energy of the ion, several collisions take place in the close
vicinity of each other in which the concept of binary collision does not apply
anymore; rather the cascade becomes a complex many-body problem thereby
leading to the complete breakup of the lattice. With higher kinetic energy of the
recoils, the region of overlapping collisions is called as a “heat spike” or “thermal
spike.” In denser materials, the heat spikes are important for heavy projectiles, and
in bulk materials, the hotter region cools down immediately because of the rapid
heat conduction to the surrounding lattice [34].

The ion-solid interaction induces irreversible macroscopic modifications of
structural, chemical, morphological, electrical, optical, thermal properties of the
ion-irradiated material. These modifications can be attributed to the transformations
at microscopic scale through the various processes of electronic excitation, ion-
ization, cross-linking, chain scissioning, bond breaking and formation of clusters as
well as mass losses in the material due to large electronic energy deposition [35,
36]. The SHI irradiation-induced modifications in physico-chemical properties of
materials depend on the various parameters of the projectile such as ion species, ion
energy, and fluence and also on the target. For lower ion fluences, the
irradiation-induced damage zone is localized in a region with diameter of the order
of few nanometers (nm) [37]. However, for higher irradiation fluence, the
irradiation-induced damage is of the order of few micrometers which can cause
mass transports of the irradiated zone. The various kinds of interactions that take
place in the damaged zones play a crucial role in making irreversible modifications
of various properties of the material under SHI irradiation. For lower ion fluences,
there is no overlap of the induced damaged zones with each other, while the
induced damages increase linearly with ion fluence, and beyond certain ion fluence,
the damage zones start to overlap with each other.

Inelastic collision is the dominant mechanism for energy transfer by SHI to the
target material for producing cylindrical latent track when its energy overcomes the
threshold value for the formation for ion track. However, the diameter and length of
the latent track depend on the energy and type of ion beam and also on both
electrical and thermal conductivity of the target material [32]. The modifications in
the properties of the material irradiated by SHI are of irreversible nature which may
be caused due to the high deposition of localized energy density within a confined
region, and this whole process is far from the thermal equilibrium [38, 39]. The
irradiated material can attain a very high temperature during the passage of SHI so
that the target starts to melt in few picoseconds. The trail of the cylindrical latent
track results due to the rapid solidification (*10–100 ps) of the melting portion in
the SHI-irradiated material along the ion trajectory. Figure 3 depicts the block
diagram for SHI irradiation in materials.
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The ion-solid interaction mechanism is a complicated process that involves both
the primary and secondary phenomena. To explain the formation of ion track, two
basic models have been proposed: (i) thermal spike model and (ii) Coulomb
explosion model. The number and mobility of electrons are the key parameters in
both the models. The fundamental details of two models are discussed in the
following section.

2.1 Thermal Spike Model

To analyze the ion-solid interaction mechanisms, two thermal spike models, namely
(a) inelastic thermal spike model (ITSM) and (b) analytical thermal spike model
(ATSM), have been widely used.

(a) Inelastic thermal spike model (ITSM)

During its passage though a solid, a swift heavy ion along its path produces high
ionization in a small localized cylindrical zone. Upon SHI irradiation in solid
material, the excited primary electrons and generated induced lattice ions subse-
quently produce the excitation of many secondary electrons along the ion trajectory.
If the time needed for the charge neutralization is sufficiently large, then the strong
electric interaction among the ions results in the enhancement of their kinetic
energies. However, if the repulsive interaction among the highly charged lattice
ions is much larger than that of the mechanical strength of the solid, this interaction
may lead to the destruction in the original structure of the target solid material.

The irradiated ion deposits its energy mainly in the electric subsystem of the
material. Primarily the deposited energy transfers to the lattice atoms in the
relaxation process, which leads to the formation of a high-temperature regime called
the thermal spike. According to the ITSM [40], the energy transfers and SHI
irradiation-induced damage formation can be explained using two-temperature
model (TTM) [41]. In this model, a local equilibrium is established in both the

Fig. 3 Block diagram for
SHI irradiation in materials
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electron and phonon subsystems of the material, which are characterized by the
electron temperature (Te) and lattice temperature (Ta). Two coupled Fourier equa-
tions can be used as mentioned below to describe the nature of heat flow in both the
electronic and lattice systems and also between them.

CeTe
@Te
@t

¼ 1
r
@

@r
rKeðTeÞ @Te

@r

� �
� GðTe � TaÞþAðr; tÞ ð1Þ

CaTa
@Ta
@t

¼ 1
r
@

@r
rKaðTaÞ @Ta

@r

� �
þGðTe � TaÞ ð2Þ

where the parameters C, K and T represent the volume-specific heat capacity,
thermal conductivity and temperature, respectively, and r gives the radial distance
from the trajectory. The term GðTe � TaÞ represents the coupling between the
systems which arises due to the electron-phonon interaction and Aðr; tÞ represents
the energy density per unit time of the target electrons. The actual form of Aðr; tÞ
can be understood in terms of the distribution of radial energy of the secondary
electrons as explained by Waligorski [42]. The most crucial features of ITSM are
pointed out as follows [40]:

(i) The relaxation of the excited electron in the irradiated system is controlled by
the electron-phonon coupling in the time limit, t < 1 fs.

(ii) The thermal energy of the generated spike increases up to the electronic
stopping power Se of the material.

(iii) Size of the latent track is defined by the maximum radial zone which asso-
ciates with sufficient energy for melting.

(iv) Both the mean free path k of the electron-phonon coupling and heat of fusion
L are the free parameters of the model.

This model can be successfully applied to understand the various
irradiation-induced effects in insulators, semiconductors, metals and also to mate-
rials with highly anisotropic conduction [43].

(b) Analytical thermal spike model (ATSM)

According to ATSM, the increase in temperature rTðr; tÞ upon ion-solid irra-
diation is given by a Gaussian distribution function [44–46] as follows:

rTðr; tÞ ¼ Q
pa2ðtÞ e

�r2

a2ðtÞ ð3Þ

where rT is the increase in temperature of solid target at a distance r from the ion
trajectory, and the time is zero when the spike temperature reaches its maximum
value. The increase in temperature rT is localized into a small cylindrical region
and it lasts for a particular time period of the order of 10−12–10−11 s depending on
the radius of cylinder and thermal diffusivity of the target. This time scale is
sufficient for damage of the lattice, and as a result, an amorphous phase can be
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quenched due to the high cooling rate. The time t is typically less than picoseconds
after the passage of the ion [47]. The temporal coherence that contains in a(t) is
related to the full width at half maxima (FWHM) of the thermal spike. The heat
conduction broadens the thermal spike, and it lowers the temperature in the center
of the track. The amplitude of the thermal spike (Q) can be calculated from the
conservation of energy as given below:

gSe ¼ qcQþ qpR2L ffi qcQ ð4Þ

Here, q is the density, and the specific heat capacity (c) of the material can be
calculated using the Dulong–Petit formula. A fraction of the deposited energy that
equals to the kinetic energy of the projectile ion is utilized to heat the lattice
subsystem and can be calculated by the parameter g in Eq. (4). The radius of the ion
track can be estimated from the largest radius of the melting region. The two
solutions can be obtained as follows:

R2 ¼ a2ð0Þ ln Se
Set

; 1� Se
Set

� e ð5aÞ

R2 ¼ a2ð0Þ
e

Se
Set

;
Se
Set

� e ð5bÞ

Set ¼ qcpa2ð0ÞrTm
g

ð5cÞ

where e is Euler’s number and Set is the threshold energy loss for the formation of
the latent track. At higher values of Se, the melting extends during cooling, while at
lower values of Se, the initial radius is the largest radius of the melt. The threshold
energy loss can be obtained from Eqs. (3) and (4) by putting r ¼ 0 and t ¼ 0 by
designating rTm as the minimal temperature increase needed for melting. By
knowing the basic parameters of the target viz. density, melting temperature and
specific heat, radius of the ion track can be estimated on assuming the constant
parameters að0Þ and g for a given target material and the projectile ion energy
range. In an alternative approach, values of að0Þ and Set can be calculated from the
linear fit of the plot of the square of ion track radius versus energy loss. However,
the value of g can be calculated by the process of data analysis in the linear regime
by combining Eqs. (5b) and (5c). The most crucial features of the ATSM are stated
as follows:

(i) The temperaturerTðr; tÞ in the ion-irradiated lattice increases approximately
by a Gaussian function for t� 0, whereas the peak temperature reaches its
maximum value when t ¼ 0.

(ii) Out of the total energy deposited, only a fraction of the deposited energy gSe
in the lattice appears as the thermal energy of the spike.
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(iii) The size of the latent track is proportional to the maximum volume of the
melting region defined by the maximum radial zone with T ¼ Tm.

(iv) The threshold Set for the formation of latent track and track evolution R2
e �

Se: can be determined from the analytical equations.
(v) The initial ðt ¼ 0Þ Gaussian width a2ð0Þ ¼ d lnR2

e=dSe ðRe\að0ÞÞ and
efficiency g are the two basic parameters of the model.

(vi) The velocity of the irradiated ions changes due to the change of thermal
energy e ¼ gSe with specific ion energy, E.

The ATSM can be successfully applied to explain the ion-matter interactions in
insulators, polymers, semiconductors and materials with highly anisotropic con-
duction [43].

2.2 Coulomb Explosion Model

The basic of the Coulomb explosion model is the formation of an unstable zone in
which atoms are ejected into the non-excited part of the solid by Coulomb repulsion
which results from the intense excitation and ionization along the trajectory of the
ion during the passage of the energetic ion repulsion [48, 49]. The Coulomb
explosion model was first proposed by Fleischer et al. [49], according to which
upon SHI irradiation on the target, electronic excitations produce positive ions
which are mutually repulsive in nature, and this is the reason for the formation of a
cylindrical latent track within the material. The positively charged ions within the
latent track repel each other resulting in vacancies and interstitials (i.e., Coulomb
explosion) such that the time needed for electron-ion recombination is longer as
compared to the Coulomb explosion time. The atomic collision range defines the
core of the ion track with diameter less than 10 nm. The most crucial features of the
Coulomb explosion model are pointed out as follows:

(i) Formation of tracks in the irradiated target material is possible with lower
value of dielectric constant, mechanical strength and small inter-atomic
spacing. The value of electrostatic stress has to be larger than the mechanical
strength, and this happens only when

n2 [R � Eea40=10e
2 ð6Þ

(ii) The resultant latent track must be continuous which requires at least one
ionization per atom, i.e., n[ 1.

(iii) According to the Coulomb explosion model, the requirement for the for-
mation of latent track is that the availability of electrons for replacing the
ejected ones upon irradiation must be lower in number and they must not be
able to replace the ejected electrons within a time scale of less than *10−13 s
and hence
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nn\ena=a0lnpkBTt ð7Þ

where nn and na represent the number of free electrons and number of
ionizations per atomic plane, ln is the mobility of the electron and kB is the
Boltzmann constant.

(iv) For track formation, the mobility of the holes created by the ejected electrons
along the ion track must be smaller during irradiation, i.e., lp\a20e=tkBT .
Bringa et al. [50] have elucidated that the two models, the Coulomb
explosion and thermal spike, can define the early and late aspects of the
ionized cylindrical tracks produced in the irradiated solids due to the passage
of energetic ions. No matter whether the Coulomb explosion and thermal
spike are used, both work successfully to explain the irradiation-induced
effects since at higher excitation densities, the repulsive energy in the track
produces a spike [50]. However, both the models have been used extensively
in wider range to explain the formation of ion track, still there is a debate
regarding the applicability of these models.

3 Ion-Matter Interaction Parameters

(i) Fluence (/)

Ion fluence is one of the most crucial parameter related to ion beam irradiation.
Fluence (/) is defined as the total number of irradiating ions incident per square
centimeter (ions/cm2) on the target. The ion fluence can be estimated by beam
current and the time of irradiation as follows:

I ¼ Q=T ¼ Dqe=T ¼ /Aqe=T ð8Þ

) T ¼ /Aqe=I ð9Þ

where I is the ion current (nA), Q is the total charge, D is the dose, q is the charge
state, e is the electronic charge and T is the time of irradiation (in sec). Since the
number of particles per nano-ampere of beam current ¼ I=qe (pnA),

) T ¼ /A=beam current ðpnAÞ ð10Þ

(ii) Ion energy

The projectile ion energy depends on the charge state (q) of ion and terminal
potential VT as follows:

EðMeVÞ ¼ ðqþ 1ÞVT þVinj ð11Þ
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4 Ion Irradiation Effects on Polymers

The ion irradiation technique has been widely used to study the irradiation-induced
modifications in the physico-chemical properties of polymeric materials [51, 52].
During the passage of SHI through polymeric materials, modifications in their
intra-chain or inter-chain occur to alter their properties irreversibly. Due to large
deposition of electronic energy in polymeric materials by the irradiated ions, var-
ious primary phenomena such as the chain scissioning, cross-linking, formation of
double and triple bonds, production of ionized species, emission of gaseous
products and free radicals [53] result in the irreversible changes in the physical,
electrical, dielectric, optical, thermal and mechanical properties of the polymeric
materials. The changes caused in the irradiated target depends on the parameters of
the projectile ion beam such as ion energy and type, mass and fluence and also on
the composition, molecular weight, temperature, etc. of the target polymer.
Moreover, the irradiated polymer films produce carbon clusters and sometimes
nanoclusters which modifies their physical properties drastically [54, 55].

4.1 Interaction Mechanisms

The irradiation-induced modifications in the structural, compositional and surface
properties of the irradiated material can take place in two ways: introduction of ion
species (i.e., doping effect) and irradiation-induced defects (defect or radiation
effect). For surface modification in polymers, the irradiation-induced defect is more
important than that for the metals and may suppress any kind of doping effect. This
arises due to the following reasons as mentioned below:

(a) In the doping effect, the implanted ion concentration is relatively lower, while
the radiation effect extends throughout the whole region of the latent track and
produces a high yield.

(b) Breaking of various chemical bonds in the irradiated organic substances results
in the formation of ensemble of smaller molecules along with the volatile
products.

(c) The damage produced by ion implantation is progressively worse in the order
of metals, inorganic insulators and polymers [56].

Ion irradiation can lead to the irreversible modifications in different properties of
polymers, and hence, it is crucial to understand their damage mechanism. Typically,
irradiation-induced defects in polymers are produced because of the high deposition
of electronic energy in which the energetic projectile ions are slowed down by
momentum transfer to the target atoms, called the “nuclear stopping,” and by the
process of exciting the electronic subsystem of the irradiated target, called the
“electronic stopping” [57–59]. The permanent displacement of target atoms or
molecules due to transfer of energy density causes the permanent damage in
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polymer materials along the ion trajectory, which is mainly due to the chain scission
by displacing atoms from polymer chains (Fig. 4a).

However, the formation of free radicals that results from electronic excitation or
ionization can make the cross-linking in the polymer chains (as shown in Fig. 4b),
resulting in increased molecular weight, wear resistance and hardness [60] of the
irradiated polymer. The phenomena of chain scission and cross-linking in the
irradiated polymers can be understood from a general empirical rule based on
the structure of the polymers, although it is not completely satisfactory. As, for
example, in case of a vinyl polymer in which each carbon atom in the main polymer
is associated with at least one hydrogen atom (or either R1 or R2 is hydrogen), then
the polymer chains undergo cross-links upon irradiation (Fig. 5).

On the other hand, if a tetra-substituted carbon atom is present in the monomer
unit (or neither R1 nor R2 is hydrogen), then there is the degradation in the polymer
chains and chain scission upon energetic ion irradiation. Upon irradiation, the high
deposition of electronic energy by the energetic ion plays a vital role in cross-linking
the polymer chains, which is primarily responsible for their modification of surface
properties in both keV and MeV energy ranges [61, 62]. The cross-linking in
the polymer chains can increase the surface mechanical properties of the ion

Fig. 4 Chain scission and cross-linking in the irradiated polymer

Fig. 5 Structure of a vinyl
polymer
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beam-modified polymer. Irradiation in polymers has been extensively used to alter
their surface properties, including films, powders and fibers. Irradiation in polymeric
materials by SHI has been carried out on non-polar polyolefins (polar groups at
surface) to enhance their different properties such as the printability, wettability,
adhesion with other materials or with the biological components, compatibility or
further physico-chemical modifications [63, 64]. In general, the surface modifica-
tions of polymer films with ions involve fluences of*109–1014 ions/cm2 [65], or in
some cases, higher fluences of 1015 ions/cm2, which can lead to the destruction of
the polymer material through carbonization [65].

The different parameters that affect the ion irradiation in polymers are (a) ion
energy, (b) ion mass, (c) ion fluence and (d) composition of the polymer that
determine the energy transferred to target, mechanism of energy deposition, and
penetration range of the projectile ions in the SHI-irradiated polymer. The ions with
higher electronic stopping energy produce more ionization-producing enhancement
in the hardness of the irradiated polymer confirming that the cross-linking is the key
factor that controls the surface-sensitive mechanical properties [57]. The profile of
the electronic and nuclear energy losses can be estimated using the Monte Carlo
simulation-based TRIM (transport of ions in matter) program [66]. Moreover, it is
found that the ion irradiation that induces ionization in target materials varies with
the atomic number of the ion and with increasing ion energy; the irradiated ions
penetrate to a greater depth to the target and produce more ionization in damaged
region [67].

During ion-matter interaction, many defects are produced along the ion track in
which the defects formed by low-energy ion irradiation are less stable as compared
to induced defects produced by high-energetic ions. At ambient temperature, a large
fraction of the low-energy-induced damages anneals such that more numbers of
stable but much less abundant nuclear defects are dominant. However, for
high-energetic ion irradiation, this effect vanishes because of the generation of more
stable defects resulting from the huge electronic energy deposition in the target.
Especially for polymers upon SHI irradiation, the breaking (chain scission) and/or
formation of chemical bonds (cross-linking) take place [68], in which the
irradiation-induced chain scission of the polymer chains leads to an enhancement in
chemical etchability of the irradiated synthetic polymers. However, the irradiated
polymer films result in the formation of nano- or micropores, the so-called etched
tracks that critically depend on the projectile energy transfer, polymer type and ion
fluence.

Despite various studies on the formation of latent tracks in the irradiated poly-
mers, there needs more detailed study for complete understanding of the formation
mechanism about the ion tracks. The best explanation regarding formation of ion
track is basically the process of energy transfer from the projectile ion to the
electronic subsystem of the irradiated polymers which results in a high concen-
tration of excited and ionized atoms along the ion trajectory. The released electrons
are associated with a wider spectrum of kinetic energies and trigger a considerable
number of ionizations on their own. Most of the primary excitations and ionizations
occur close to the ion path with a few nanometers diameter. The energy deposited in
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such a small cylinder produced along the ion trajectory is considerably higher, and
the deposited energy on the target can attain the value up to several hundred eV/ .
At a larger distance, in the so-called latent track, the excitations and ionizations are
caused by the energetic electrons, and the maximum range of electron cascade
depends primarily on the velocity of the projectile ion, and it can reach up to about
1 pm. Various modifications in the physical and chemical properties of the irra-
diated polymers result because of the different types of defects that are produced in
the isolated or overlapping latent tracks. The nature of the SHI irradiation-induced
defects and the relative radiation sensitivity of different polymers depend on the
molecular weight and composition of the irradiating polymer as well as the irra-
diated ions and on the environmental conditions during irradiation experiment.
Recent studies have reported various irradiation-induced mechanisms such as the
atomic displacements, breaking of the molecular chains and production of free
radicals, which are primarily responsible for causing different modifications of
properties in the SHI-irradiated polymers.

Studies on SHI irradiation effects on polymers and their different nanostructures
have been performed extensively from last few years because of their enhanced
physico-chemical properties such as the electrical conductivity, electrochemical
stability, sensing properties, energy storage device, antioxidant activity and bio-
compatibility. [69, 70]. Ion irradiation with energy range from 100 to 300 keV and
fluence range 1011–1014 ions cm−2 produced optical defects in the irradiated
polystyrene [71]. A drastic increase in the electrical conductivity has been inves-
tigated in 2 MeV Ar+ ion-irradiated organic molecules by Forrest et al. [72]. The
100 MeV silver ion irradiation effect on the charge transport properties of the
polypyrrole and poly(3-hexylthiophene) has been investigated [73], in which
the electrical conductivity of polypyrrole was observed to increase with increase in
irradiation fluence (from 1010 to 1012 ions cm−2) without any significant changes in
surface morphology and that for irradiated poly(3-hexylthiophene), the conductivity
was observed to increase up to the ion fluence of 1011 ions cm−2, while beyond this
ion fluence, there was a decrease in electrical conductivity. Kumar et al. [74]
studied the 40 MeV Li3+ SHI irradiation-induced modifications in the surface
properties of silver–polypyrrole composite films at different ion fluences in the
range of 1011–1013 ions/cm2. A significant enhancement in the surface properties
has been observed upon ion irradiation, which indicates their proper use in chemical
sensing applications. Ramola et al. [75] have investigated 100 MeV oxygen ion
irradiation effects on both polypyrrole and CR-39 (DOP) polymers, in which the
crystallinity of irradiated polymer films increased with ion fluence. The grain-like
structure of the pristine PPy increased upon SHI irradiation. In previous studies,
Chandra et al. [76] investigated the enhancement in structural properties and
crystallinity with 80 MeV oxygen ion-irradiated polyaniline films. Furthermore,
Hussain et al. [77] reported the nickel ion irradiation effects on the enhancement in
the electrical conductivity, crystallinity and electrochemical stability of polyaniline.
Ramola et al. [78] reported the 50 MeV Li3+ and 90 MeV C6+ SHI irradiation-
induced effects on various properties of PPy films. The study showed that upon C6+

SHI irradiation, irradiated PPy films became more amorphous even at lower ion
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fluence. However, on irradiation with Li3+ ions in the polypyrrole film, both the
crystallinity and conductivity of the irradiated PPy films increased up to particular
ion fluence, while both their crystallinity and electrical conductivity decreased at
the higher irradiation fluence. In a different study, Kaur et al. [79] reported the
effects of 100 MeV Ag8+ ions on the morphology and electrical properties of
polypyrrole, whereas the surface of the irradiated PPy films became smoother and
its electrical conductivity increased by two orders of magnitude. However, Chandra
et al. [80] investigated the increased crystallinity and decreased optical band gap
energy in the 100 MeV O7+ ion-irradiated PPy films.

4.2 Latent Ion Track Chemistry

The formation of latent track in irradiated polymers is characterized by two effects,
namely (i) destruction of the existing components and (ii) formation of new
materials. Upon SHI irradiation, the breaking of different chemical bonds in the
irradiated polymers takes place when the deposited energy by the ion energy
exceeds the inter-atomic bond energy of the target material. In general, the
inter-atomic bonding energy is in the range of few eV, (e.g., CH3–CH3: 3.7 eV,
H–CH: 4.3 eV) [22]. It is well reported that upon SHI ion irradiation, different types
of chemical bonds do not break at a random fashion owing to high deposition of
electronic energy to the polymer. However, irradiation experiment predicts that
certain selectivity rule is followed for breaking of bonds, which may not consider
the bond energy linearly with that of the ion beam energy. For example, in linear
hydrocarbons, the C–H bonds break more prominently under irradiation than that of
the C–C bonds instead of greater bond strength in C–H [22]. The breaking of
chemical bonds during irradiation is strongly preferred in the core regime
of cylindrical track in which electronic energy is transferred, whereas it occurs
rarely in the penumbra of the ion track because of the less transfer of energy transfer
densities into these regions.

Calcagno et al. [71] studied the optical and rheological properties of 100 keV H
and 300 keV He ion irradiation effects on PS film in the single ion track regime.
The calculated cross-link production and defect yields were 12 cross-links/ion and
100 defects/ion, respectively, corresponding to the chemical yields of 0.07/100 eV
and defects of 0.28/100 eV, respectively, of the deposited energy. These studies
concluded that the energy distribution inside the single ion tracks is the controlling
factor for the production of chemical yields.

It has been observed that during modifications of polyvinylidene fluoride
(PVDF) by the energetic ions such as O, Kr and Xe in the energy range of
1–50 MeV/u and irradiation fluences of 1011–1012 ions/cm2 [81], it was obvious
that the atomic mass of the projectile ion was the major parameter for modifications
in the polymers. The degradation remains stable along the ion path, and it is highest
for the heavy ions. The activated centers produced by the lighter ions tend to
migrate toward the surface of the irradiated substance, and the rearrangement of the
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different reactive species finally can modify the structure of the polymer [81]. This
study makes the conclusion that the ion beam with higher energy can result in long
life device stability than that of the lighter ions.

The process of electronic energy transfer to the target initially leads to the
excitation and breaking of different chemical bonds with consequences of
cross-linking, chain scission and/or formation of new chemical bonds (e.g., C=C),
depending on the structure of the irradiated polymers. Experimentally, it is possible
to distinguish between the intra-chain and inter-chain bonds cross-linking in the
ion-irradiated structure [82]. It was observed that upon ion irradiation, the soluble
polymers transformed into the non-soluble gel upon introducing one cross-linking
per macromolecule [82]. The low-energy ion beam-irradiated aromatic polymers act
as efficient “energy sinks” as the aromatic rings can dissipate a large amount of the
excitation energy [71] upon irradiation. However, upon high-energy ion irradiation
on such polymers, the loss of aromatic conjugation is one of the predominant
destruction processes [83, 84]. Moreover, the evolution of large volatile irradiation
products with subsequent release of residual gas is one of the most characteristic
effects in the irradiated polymers. Since the release of volatile gas is diffusion-
controlled process, the degassing is strongest at the surface and slowest near the ion
track end, which results in the evolution of an inhomogeneous distribution of the
residual volatile species along the ion trajectory. With further increase in projectile
energy, the transferred energy density increases up to a threshold value, resulting in
breaking of all the chemical bonds along the central region of the latent ion track.
Therefore, an energetic heavy ion is capable to result completely in a new material
with different or modified physico-chemical properties with no connection to the
unirradiated substances. For higher deposition of the electronic energy by the
projectile ion, it will take more time for dissipation of the excitation energy of the
target atoms, and hence, the compounds will be more complex which may be newly
formed in the core of ion track [85].

5 Practical Applications of Ion Irradiation

5.1 Applications of Low-Energy Ion Irradiation of Solids

The low-energy ion beams, called the ion implantation, is widely used in electronics
for doping of semiconductor through polymeric photoresist masks [86].
Low-energy ion irradiation exhibits oxidation of the resist and improves the thermal
stability. The ion implantation technique can also be used to render polymer films in
space research vehicles more radiation resistance during their passage through high
radiation zone, as, for example, the Van Allen radiation belt.

The corrosion resistance of metals and alloys can also be made possible by
means of high-energy ion irradiation fluence (e.g., nitrogen ion implantation).
Another direct application includes an immediate improvement in the adhesion of
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immiscible material layers (e.g., metal and polymers), which can be carried out by
ion beam mixing, reactive ion implantation or ion beam-assisted deposition of the
materials. Furthermore, low-energy ion beam irradiation can be used in optics,
especially for fabrication of waveguide.

The low-energy ion impact results in significant effects at the surface and in the
subsurface region of an irradiated target. If a low-energy projectile ion enters a
target, it is backscattered, called the “Rutherford Back Scattering” from a
near-surface atom. The energy loss depends on both the depth of collision and mass
of the target. This technique, in which protons or a-particles comprise the ion beam
“probe,” can be used as the analytical method for determining the composition of the
depth of solid targets and depth distributions of radiation damage impurity atoms,
defect aggregates, etc. However, this technique is valid only for the heavy target
atoms.

The ion beam modification of polymeric surfaces has one of the most important
applications in medicine. The biocompatibility and bioadhesion of the irradiated
polymers can be enhanced by enriching their surfaces with polar moieties, espe-
cially carboxyl groups, which seem capable of bonding most strongly to living
biomass. Moreover, the surfaces of surgical apparatus can be efficiently sterilized
using ion irradiation technique.

5.2 Applications of High-Energetic Ion Impact onto Solids

It has been observed that most of the synthetic polymer films are excellent materials
for the chemical etching of latent ion tracks. This method is inexpensive and simple
one for detection of the energetic particles. The etched tracks of the irradiated target
materials have lots of potential applications in developing new nanosensors such as
in physical (e.g., temperature, pressure, light intensity), chemical (e.g., moisture,
alcohol, acetone, hydrogen, ammonia) and biological (e.g., germs, viruses, hor-
mones, enzymes, sterilizing efficiency) applications. Furthermore, the latent
track-based nano-electronics is one of the rapidly developing cutting-edge resear-
ches in the present century.

In recent years, the SHI irradiation-induced polymeric materials have brought
significant interest for the sake of their various novel applications. Due to high
deposition of electronic energy (*MeV) inside the target volume via the formation
of ion track (*10−15…−14 cm3) within an extremely short interval of time of the
order of *10−17…−15 s, it undergoes dramatic transient irreversible modifications
in the chemical and structural properties of the polymer with accompanying heat
and pressure pulses. During the passage of the energetic heavy ions, the energy is
deposited in cylindrical zones (“thermal spike,” *10−12…−11 s), called the “latent
track.” The dissolution of the latent track by suitable agents (“etching”) leads to the
formation of pores, the so-called etched tracks. The irradiation-induced latent tracks
in polymers are characterized by the changing of (1) structural free-volume, car-
bonaceous clusters, (2) density of free radicals, (3) chemical modifications such as
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unsaturation, double bonds, and (4) phase transformation of the polymer. These
undergoing irreversible changes are responsible for the four major strategies that
have emerged for latent track in various potential applications: (1) exploitation of
the modified transport properties along ion tracks, (2) trapping of mobile ions,
atoms, molecules or clusters along the ion tracks, (3) exploitation of the material’s
chemical changes and (4) making use of ion-induced phase transitions.

The size of the pores in the irradiated track membranes can be controlled by
etching conditions and by choice of irradiation treatment. Cylindrical pores with
diameter in the range 0.02–5.0 lm are readily obtained with lengths of 10–50 lm
[87, 88]. However, formation of pores in nanometer diameter 10–100 nm has also
been reported [89, 90] by the process of SHI irradiation. The thin polymer mem-
branes with highly uniform pore size have been made commercially available,
which have been primarily used for laboratory filtration applications. Such high
regular geometry polymer membranes called the “intelligent” membranes generated
by ion tracks are mechanically stable and they have great commercial applications
in industry such as for separation or purification of liquids and gases. Irradiation of
polymers by energetic heavy ions can convert them from dielectric materials to
materials having moderate or high electrical conductivity and improved thermal
stability, which explores the opportunities for use of radiation in producing mate-
rials especially for the polymer-based electronic applications. The SHI irradiation in
conjugated polymers, such as polyaniline (PAni), polypyrrole (PPy) and poly-
thiophine (PTh), has been investigated as an alternative approach to chemical
doping to render them highly electrically conductive. The generated
sandwich-layered structure of dielectric materials formed by ion irradiation is being
intended for the fabrication of transistor-like switches [91], or of nanoscale devices
from irradiation of self-assembled monolayers [92]. However, the etched tracks in
irradiated materials have many advanced applications, such as in light-emitting
diodes, formation of nanosized or microsized diodes, field effect transistors,
miniaturized Li batteries and sensors (e.g., temperature, pressure, humidity and
ammonia) [93, 94].

6 Experimental Setup for Ion Irradiation

Figure 6 depicts the schematic diagram of Pelletron Accelerator at Inter-University
Accelerator Centre (IUAC), New Delhi. The Pelletron Accelerator has pulsed ion
beams of several elements having energy up to 15 MeV per charge state [95]. In the
Pelletron, the negative ions of the projectile can be produced from the
Multi-Cathode Source of Negative Ions by Cesium Sputtering (MC-SNICS).
The beam of negative ions, generated by Cesium Sputtering, is first analyzed by a
90° injector magnet so that the produced ions with the negative (−ve) charge state
are separated from other contaminated isotopes and charge states. The analyzed
beam is then injected into a strong electric field inside an accelerator tank filled with
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insulating SF6 gas. High terminal voltage of up to 15 MeV is generated in the
middle of the tank. Inside the tank, the negative ions are accelerated while traveling
from the column top of the tank to the positive terminal, through the accelerating
columns. The terminal is charged by a set of double Pelletron chains. The
corona-based voltage grading system provides strong electrical potential to the
negative ions and accelerates them. Inside the terminal, the negative ions pass
through either a gas stripper or a carbon foil where some of the electrons are
stripped from the negative ions due to collisions with gas or carbon atoms. The
positive ions thus formed are repelled away from the positive terminal and accel-
erated further to the ground potential at the bottom of the tank. After the ions leave
the Pelletron Accelerator, a particular beam of ion is selected using a 90° analyzing
magnet which bends the beam into the horizontal plane. Finally, with the help of a
switching magnet, the highly charged high-energy ion beam is directed into one of
the beam lines in different experimental areas of the beam hall.

Fig. 6 Schematic of Pelletron Accelerator at Inter-University Accelerator Centre (IUAC) showing
the ion acceleration principle
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7 Experimental

7.1 Sample Preparation

The chemicals monomer (pyrrole) and oxidant (ammonium persulfate, APS) were
purchased from Sigma Aldrich. The dopant cum surfactant (camphorsulfonic acid,
CSA) was purchased from Merck. Before using Pyrrole monomer, it was distilled
under reduced pressure. All other chemicals were used as received without
purifications. The chemical oxidative self-assembly polymerization was used to
synthesize the nanotubes of PPy, and this method is described as follows.

PPy nanotubes have been synthesized using the chemical oxidative
self-assembled method of polymerization at different molar ratios of CSA/Py
(dopant/monomer) keeping molar concentration of APS oxidant fixed. In this
method, initially in 40 ml of double distilled water, 0.15 M pyrrole (Py) and
0.075 M CSA was mixed and stirred for 30 min. A transparent solution of CSA-Py
salt was formed, and this solution was kept in an ice bath up to 0–5 °C.
A pre-cooled solution of 0.15 M APS was added into the solution of CSA-Py, and
this mixture was allowed to react for 15 h at room temperature. After the poly-
merization was over, the precipitate was collected, filtered off and washed several
times with methanol, acetone and double distilled water to remove the impurities
from the resulting products. The filtered precipitate was dried under room tem-
perature for 72 h. The block diagram for synthesis of PPy nanotubes by
self-assembly polymerization method is shown in Fig. 7.

Fig. 7 Block diagram for synthesis of PPy nanotubes by self-assembly polymerization method
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7.2 Formation Mechanism of PPy Nanotubes

The formation of one-dimensional PPy nanotubes by the self-assembly polymer-
ization is described as follows: Initially before the oxidative polymerization to
occur, the mixture of CSA and Py form CSA/Py salt through the acid base reaction.
Due to the presence of a polar head group (hydrophilic –SO3H group) and a
non-polar tail (hydrophobic C10H5O-group), the CSA/Py salt can self-assemble into
the micelles in aqueous solution, and these resultant micelles act as soft template for
polymerization. A double layer is formed in the micelles due to the coexistence of
the CSA anions with the Py cations. The pyrrole monomer diffuse into the core of
the micelles and the micelles provide the necessary reaction medium to guide the
polymerization. The pyrrole-filled micelles act as soft template during the
self-assembly polymerization, and pyrrole cations may solubilize into the micelle/
water interface as depicted in Fig. 8. On addition of the oxidant (APS), the poly-
merization occurs only at the micelle/water interface adjacent to the polar head
groups of CSA, since the hydrophilic APS molecules cannot penetrate into the
micelle surface [96]. During polymerization, the self-assembled micelles become
bigger by accretion [97] or tubular structure by elongation [98] depending on the
surfactant concentrations.

Fig. 8 Schematic of
formation of PPy nanotubes
by self-assembly method
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8 Irradiation Effects on PPy Nanotubes
with 160 MeV Ni12+

The synthesized PPy nanotubes have been irradiated by 160 MeV Ni12+ SHI with a
view to enhance their physico-chemical properties of structural, optical, thermal,
dielectric and ac conductivity. For SHI irradiation, films of PPy nanotubes have
been prepared by dissolving and ultra-sonicating the dried precipitate into 2% of
PVA (polyvinyl alcohol) solution. The PVA (Mw = 145,000) has been used as
plasticizer for making films of PPy nanotubes for SHI irradiation and the usage of
PVA as plasticized did not affect significantly on the properties of PPy nanotubes.
The SHI irradiation was performed at the 15 UD Pelletron Accelerator available at
the Inter-University Accelerator Centre (IUAC), New Delhi, India, using the
Materials Science beam line facilities. Five different irradiation fluences 1 � 1010,
5 � 1010, 1011, 5 � 1011 and 1012 ions/cm2 were used to irradiate the films of PPy
nanotubes at a constant current of 0.5 pnA (particle nano-ampere). The energy of
Ni12+ ion beam was selected as 160 MeV so that the ion beam completely pene-
trated the PPy films. The projected range of Ni12+ ions in PPy films as calculated by
using the SRIM (stopping and range of ions in matter) software was found to be
42 lm, which was larger than thickness (*30–35 lm) of the PPy films. The
different studies on the 160 MeV nickel ion-irradiated PPy nanotubes have been
discussed under the following sections.

8.1 High-Resolution Transmission Electron
Microscopy Studies

Figure 9 depicts the HRTEM micrographs of pristine and irradiated PPy nanotubes
at different irradiation fluences. Upon SHI irradiation, PPy nanotubes irradiated at
ion fluence of 5 � 1011 ions/cm2 become more aligned and denser than that of the
pristine nanotubes of PPy. However, PPy nanotubes irradiated at the highest ion
fluence of 1012 ions/cm2 show the breaking or degradation of PPy nanotubes,
which results in the random alignments of PPy nanotubes because of the large
energy deposition in the irradiated PPy nanotubes.

8.2 X-Ray Diffraction Studies

Figure 10 depicts the XRD patterns of the pristine and irradiated PPy nanotubes at
different ion fluences. The characteristic broad diffraction peak is observed at
around 2h ¼ 19:96	 for the unirradiated PPy nanotubes. A new diffraction peak at
2h ¼ 15:90	 is observed for the irradiated PPy nanotubes at the ion fluence of
5 � 1010 ions/cm2, which grows in intensity with increasing the ion fluence up to
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5 � 1011 ions/cm2. The appearance of the new peak suggests the formation of new
crystalline domains with higher d-spacing (*5.41 ) in the irradiated PPy
nanotubes.

Furthermore, the diffraction peak that appears in the pristine PPy nanotubes at
2h ¼ 19:96	 undergoes a shifting to a higher angle of 2h = 22.95° upon irradiation
with the ion fluence of 5 � 1010 ions/cm2. This indicates the formation of denser
crystalline domains in the PPy nanotubes upon SHI irradiation. However, with
further increase in irradiation fluence up to 5 � 1011 ions/cm2, the position of the
diffraction peak does not change suggesting that there is no change in density of
irradiated PPy nanotubes, but the increased intensity of the diffraction peak with
increasing fluence up to 5 � 1011 ions/cm2 suggests the increase in volume of the
denser crystalline domains. The formation of crystalline domains of two different
d-spacings in the irradiated PPy nanotubes at the moderate and higher irradiation
fluence (5 � 1010–5 � 1011 ions/cm2) could be attributed to the hollow tubular

Fig. 9 HRTEM micrographs of (a) pristine and irradiated PPy nanotubes at ion fluences of (b)
5 � 1011 and (c) 1012 ions/cm2
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morphology of the PPy nanotubes. Two different crystalline domains with larger d-
spacing (low density) and lower d-spacing (high density) may form in PPy nan-
otubes upon SHI irradiation. High-density crystalline domain with lower d-spacing
may form due to rearrangement of the adjacent PPy nanotubes by cross-linking.

At the highest irradiation fluence of 1012 ions/cm2, the degradation or breaking
of PPy nanotubes occurs due to deposition of huge electronic energy
(*4.5 � 102 eV/Å) along the ion track and whole crystalline domain structure is
disrupted. The broad hump showing amorphous structure is observed, which may
originate either from the ion beam-induced defects and dislocations or the grain
splitting effect at the ion fluence of 1012 ions/cm2, and these effects dominate over
the induced crystallization process. Upon SHI irradiation at the low and moderate
ion fluences, there is an increase in total intensity of the diffraction peak with
increasing ion fluence which reveals the enhanced crystallinity in the PPy nan-
otubes. But there is a sudden decrease in intensity (less than the pristine sample) of
the diffraction peak at the ion fluence of 1012 ions/cm2 which is a direct consequent
of reduction of crystallinity of irradiated PPy nanotubes at highest fluence. The
ordering of the polymer chains ðXCÞ can be calculated using Eq. (12),

XC ¼ AI

AT
� 100% ð12Þ

The increase in crystallinity of PPy nanotubes after SHI irradiation can be
ascribed to the systematic arrangement of the polymer chains by chain folding or by
formation of single or multiple helices along the ion path. However, the observed
decrease in crystallinity of PPy nanotubes irradiated at the highest ion fluence can
be thought of scissioning of polymer chains due to tremendous electronic energy
deposition. Upon SHI irradiation, shifting of the diffraction peak toward higher
angular side is due to the contraction of polymer lattice [99]. The increased density

Fig. 10 XRD patterns of
(a) pristine and irradiated PPy
nanotubes at ion fluences of
(b) 1010, (c) 5 � 1010,
(d) 1011, (e) 5 � 1011 and
(f) 1012 ions/cm2
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makes the polymer chains more compact and produces closely packed regions by
cross-linking, chain folding of the polymer chains or due to formation of single or
multiple helices resulting in more crystalline structure in the irradiated PPy nan-
otubes. The increased crystallinity makes the transport of the charge carriers more
easy and therefore results in an increase in electrical conduction into the irradiated
PPy nanotubes. The extent of order (L) of pristine and irradiated PPy nanotubes has
been calculated using Eq. (13),

L ¼ Kk
b cos h

ð13Þ

The calculation shows that after irradiation, the extent of polymer chain (L) in PPy
nanotubes increases with increasing irradiation fluence up to 5 � 1011 ions/cm2.
However, beyond this ion fluence, extent of polymer chains decreases than that of
the pristine sample. The decreased extent of chain order, at the highest irradiation
fluence employed in the present work, results in the formation of disordered
structure in PPy nanotubes [100].

The hopping distance (R) of both unirradiated and irradiated PPy nanotubes has
been calculated using Eq. (14),

R ¼ 5
8

k
sin h

� �
ð14Þ

The d-spacing of both pristine and irradiated PPy nanotubes is calculated using
the Bragg’s diffraction formula [101],

2d sin h ¼ k ð15Þ

It is also observed that d-spacing of irradiated PPy nanotubes decreases with
increasing ion fluence up to 5 � 1011 ions/cm2; however, at the fluence of
1012 ions/cm2, d-spacing of the irradiated PPy nanotubes increases as compared to
the pristine PPy nanotubes. The angle of diffraction ð2hÞ, ordering of chains ðXCÞ,
inter-planar spacing (d) and extent of chain order (L) of the pristine and irradiated
PPy nanotubes at different ion fluences are recorded in Table 1.

8.3 Fourier Transform Infrared Spectroscopy Analysis

The FTIR spectral analysis has been carried out to study different structural changes
in the SHI-irradiated PPy nanotubes. The changes have been estimated from the
relative increase or decrease in the band intensity associated with the respective
functional groups. Figure 11 depicts the FTIR spectra of the pristine and irradiated
PPy nanotubes at different ion fluences. The stretching vibrations in C=C and C–N
bonds in pyrrole rings are observed in vibrational frequencies of 1575 and
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1430 cm−1, respectively. The strong vibration bands at 912 and 1040 are attributed
to the C–N and C–H in-plane deformation vibrations, respectively. The vibration
band at about 790 cm−1 is due to the C–H wagging vibration, whereas the vibration
at 1270 cm−1 is ascribed to the C–H or C–N in-plane deformation modes [102].
The N–H stretching vibration appears in the strong vibration bands in the range of
3000–3500 cm−1. The presence of vibration bands at 2926 and 2858 cm−1 corre-
sponding to the vibration of aliphatic –CH3 and –CH2 groups related to the sul-
fonate anions confirms the incorporation of the dopant counter-anions into the PPy
chains [103]. The vibration band at 702 corresponds to the C–S vibration, which
also indicates the doping of CSA into the PPy nanotubes.

Table 1 Angle of diffraction ð2hÞ, ordering of chains ðXCÞ, inter-planar spacing (d), hopping
distance (R) and extent of chain order (L) of pristine and irradiated PPy nanotubes at different ion
fluences

Fluence (ions/cm2) Diffraction
peak 2h (°)

Ordering of
chains XC

(%)

Inter-planar
spacing
d (Å)

Hopping
distance
R (Å)

Extent of
chain order
L (Å)

2h1 2h2 Xc1 Xc2 d1 d2 R1 R2 L1 L2

Pristine – 19.96 – 25.72 – 4.44 – 5.56 – 5.57

1 � 1010 – 20.45 – 26.20 – 4.34 – 5.42 – 7.71

5 � 1010 15.90 22.95 3.0 24.19 5.57 3.87 6.96 4.83 20.56 6.50

1 � 1011 16.37 22.95 3.6 27.15 5.41 3.87 6.77 4.84 21.26 6.67

5 � 1011 16.37 23.10 7.5 24.44 5.41 3.85 6.77 4.81 18.73 8.32

1 � 1012 – 20.75 – 23.40 – 4.28 – 5.34 – 4.12

N. B.: 2h1: broad diffraction peak at lower angle, 2h2: broad diffraction peak at higher angle, XC1: ordering of
chains calculated taking peak position at 2h1, XC2: ordering of chains calculated taking peak position at 2h2, d1:
inter-planar spacing due to 2h1, d2: inter-planar spacing due to 2h2, R1: hopping distance due to 2h1, R2:
hopping distance due to 2h2, L1: extent of chain order due to 2h1, L2: extent of chain order due to 2h2

Fig. 11 FTIR spectra of
(a) pristine and irradiated PPy
nanotubes at ion fluences of
(b) 1010, (c) 5 � 1010,
(d) 1011, (e) 5 � 1011 and
(f) 1012 ions/cm2
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The presence of the same main vibrational bands in the SHI-irradiated PPy
nanotubes at all the ion fluences indicates that the structure of PPy nanotubes is not
destroyed upon SHI irradiation. However, upon SHI irradiation, intensity of the
vibrational bands increases as compared to the pristine PPy nanotubes up to the ion
fluence of 5 � 1011 ions/cm2, while at the highest ion fluence of 1012 ions/cm2, the
intensity of the vibration bands again decreases. The increase in vibration band
intensity of the SHI-irradiated PPy nanotubes indicates the irradiation-induced
cross-linking which as a result increases their crystallinity. The decrease in vibra-
tion band intensity at the highest irradiation fluence of 1012 ions/cm2 indicates the
breaking of bonds and degradation of PPy nanotubes upon irradiation with SHI.

8.4 UV-Vis Absorption Spectroscopy Studies

Figure 12 depicts the UV-Vis absorption spectra of the pristine and irradiated PPy
nanotubes at ion fluences of 1010, 5 � 1010, 1011, 5 � 1011 and 1012 ions/cm2,
respectively. The UV-Vis absorption spectra of pristine PPy nanotubes show three
absorption bands: the first absorption band at 340 nm is due to p-p* transition, the
absorption band at 484 nm is attributed to the transition from valence band to
polaron band and a free tail above 670 nm corresponds to the transition from
valence band to the bipolaron or anti-bipolaron state of the oxidized form of PPy
nanotubes. Upon SHI irradiation, position of the p-p* band remains unaffected,
while at low and moderate ion fluences (1010–5 � 1011 ions/cm2), the polaron band
undergoes a red shifting with increase in the ion fluence up to 5 � 1011 ions/cm2.
However, at the highest ion fluence of 1012 ions/cm2, the polaron band makes a
blue shift, i.e., to the smaller wavelength region. The shifting of the absorption band
to a higher wavelength with increasing fluence can be related to the structure of the

Fig. 12 UV-Vis absorption
spectra of (a) pristine and
irradiated PPy nanotubes at
ion fluences of (b) 1010,
(c) 5 � 1010, (d) 1011,
(e) 5 � 1011 and
(f) 1012 ions/cm2
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energy gap of the polymer [104]. The SHI irradiation in PPy nanotubes induces the
cleavage of –C–C– bonds and dehydrogenation of the PPy chains, i.e., evaluation
of the hydrogen atoms as hydrogen molecules, and this in turn produces conjugated
–C=C– bonds.

The SHI irradiation causes the loss of gaseous atoms in the polymeric materials,
and hence, the enhanced carbon atoms result in the formation of a hydrogenated
amorphous carbon with optical band gap energy depending on the H/C atom ratio
[105]. The shifting in the absorption edge of PPy nanotubes upon irradiation can be
correlated with their optical band gap energy. The optical band gap energy for a
material can be defined as the difference between the bottom of the conduction band
and top of the valence band. The optical band gap energy for materials can be
determined using Eq. (16),

aðmÞ ¼ Baðhm� EgÞn
hm

ð16Þ

The variation of ðahmÞ2 with hm and ðahmÞ1=2 with hm of the pristine and irra-
diated PPy nanotubes is depicted in Fig. 13i, ii, respectively. The optical band gap
energy Eg can be calculated from the intersection of the extrapolated lines from the
linear portion of the curves, from the photon energy axis. For direct optical tran-
sition, the electron transfers vertically from the top of valence band to the bottom of
conduction band without any change of momentum [106]. In case of an indirect

Fig. 13 Plots of variation of (i) ðahmÞ2 versus hm and (ii) ðahmÞ1=2 with hm of pristine and
irradiated PPy nanotubes at different ion fluences
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transition, the irradiation-induced species such as bond rapture and free radicals
increases the electronic disorder that produces a permitted state in the forbidden
band or the deformation of valence band.

Figure 14 compares the values of direct and indirect band gap energies both for
the pristine and irradiated PPy nanotubes at irradiation fluences of 1010, 5 � 1010,
1011, 5 � 1011 and 1012 ions/cm2. For irradiated PPy nanotubes, both the direct and
indirect band gap energies decrease with ion fluence up to 5 � 1011 ions/cm2;
however, at the investigated irradiation fluence of 1012 ions/cm2, the value of both
the direct and indirect band gap energies increase than that for the unirradiated PPy
nanotubes. These results strongly suggest the simultaneous existence of both the
direct and indirect band gaps in PPy nanotubes with a decreasing tendency at low
and moderate ion fluences (1010–5 � 1011 ions/cm2) and increasing tendency at the
highest ion fluence (1012 ions/cm2). Furthermore, both in the pristine and irradiated
PPy nanotubes, value of indirect band gap energy is found to be lower than its
corresponding direct band gap energy. The decrease in optical band gap energy
upon SHI irradiation is ascribed to the formation of defects and/or enriched carbon
clusters due to partial evaluation of hydrogen molecules. These clusters influence
the optical properties of the irradiated PPy nanotubes. The number of carbon atoms
per conjugation length (N) for linear structure can be correlated with the optical
band gap energy ðEgÞ which can be determined from the modified Tauc’s equation
[104] as follows;

N ¼ 2bp=Eg ð17Þ

where 2b represents the band structure energy of a pair of adjacent p sites. The
value of b is taken to be −2.9 eV as it is associated with the p-p* optical transitions
in –C=C– structure. The red shifting of the absorption band can be attributed to the
increase in conjugation length. Upon SHI irradiation, number of carbon atoms per
conjugation length (N) and number of carbon atoms per cluster (M) increase with

Fig. 14 Comparison of direct
and indirect band gap energies
of pristine and irradiated PPy
nanotubes at different
irradiation fluences
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increasing irradiation fluence from 1010 to 5 � 1011 ions/cm2, while at the highest
irradiation fluence of 1012 ions/cm2, both the values of N and M decrease. The
increased electrical conduction in the SHI-irradiated PPy nanotubes can also be
corroborated with the increase in conjugation lengths, thereby allowing easy
transport of charge carriers along the conjugated structures of PPy nanotube chains.

The direct and indirect band gap energies ðEgÞ and number of carbon atoms per
conjugation length (N) of the pristine and irradiated PPy nanotubes are tabulated in
Table 2. The carbon-enriched domains induced in the SHI-irradiated PPy nanotubes
are mainly responsible for the reduction in the optical band gap energy [107, 108].

8.5 Micro-Raman Analysis

Figure 15 depicts the Raman spectra for the pristine and irradiated PPy nanotubes at
different ion fluences. The Raman spectra for unirradiated PPy nanotubes exhibit an
intense band around 1580 cm−1, which is attributed to the symmetric stretching
(C=C band) of PPy, and it originates due to overlapping of three major bands
located at 1560, 1582 and 1610 cm−1 associated with the neutral, oxidized (pola-
ronic) and fully oxidized (bipolaronic) bands, respectively [109]. The band at
932 cm−1 can be ascribed to the C–H out-of-plane deformation and band at
980 cm−1 is attributed to the ring deformation mode associated with the dications
(bipolarons) and radical cations (polarons), respectively [110]. The asymmetric
band at 1048 cm−1 is attributed to the C-H stretching vibration, while band at
1250 cm−1 can be assigned as the N–H or C–H in-plane deformation mode. The
band at 1335 cm−1 is attributed to the ring stretching mode of PPy [111, 112], while
band at 1410 cm−1 can be assigned to the C–N stretching mode of vibration.

Upon SHI irradiation, the intensity and line width of the Raman characteristic
peaks increase with increasing ion fluences from 1010 to 5 � 1011 ions/cm2, while
at the highest ion fluence of 1012 ions/cm2, they decrease. The decrease in line
width of Raman peaks of irradiated PPy nanotubes can be ascribed to the variation

Table 2 Direct and indirect band gap energies ðEgÞ and number of carbon atoms per conjugation
length (N) of the pristine and irradiated PPy nanotubes at different ion fluences

Fluence
(ions/cm2)

Band gap energy, Eg (eV) Number of carbon atoms per
conjugation length (N)

Direct Indirect Direct Indirect

Pristine 2.62 ± 0.002 2.21 ± 0.002 *6.95 ± 0.002 *8.24 ± 0.002

1 � 1010 2.59 ± 0.002 2.11 ± 0.002 *7.03 ± 0.002 *8.63 ± 0.002

5 � 1010 2.57 ± 0.001 2.03 ± 0.001 *7.08 ± 0.001 *8.97 ± 0.001

1 � 1011 2.52 ± 0.002 1.95 ± 0.002 *7.22 ± 0.002 *9.33 ± 0.001

5 � 1011 2.49 ± 0.001 1.78 ± 0.001 *7.31 ± 0.001 *10.23 ± 0.001

1 � 1012 2.64 ± 0.003 2.26 ± 0.003 *6.89 ± 0.003 *8.05 ± 0.003
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in the p-conjugation length associated with the p-electron delocalization of PPy
chains [113]. These results corroborate the UV-Vis studies wherein the number of
carbon atoms per conjugation length (N) increases with increasing ion fluences. At
low and moderate ion fluences (1010–5 � 1011 ions/cm2), SHI irradiation causes
the cross-linking of the polymer chains resulting in increase in their p-conjugation
lengths. However, irradiation with the highest ion fluence induces defects, chain
scissions and distortions in PPy resulting in reduction in co-planarity of the aro-
matic rings and p-conjugation length [114]. Moreover, the increased intensity of
Raman peaks with increasing ion fluence is a consequence of enhancement of
crystallinity and decreased intensity at the highest ion fluence of 1012 ions/cm2

which is because of the reduction in crystallinity of the irradiated PPy nanotubes.
These results support both XRD and FTIR results of irradiated PPy nanotubes.

8.6 I-V Characteristics

Figure 16 shows the room temperature current-voltage (I-V) characteristics for the
pristine and irradiated PPy nanotubes at different ion fluences. The I-V character-
istics are observed to be nonlinear, but symmetric with respect to the polarity in the
applied voltage (−10 V to +10 V). Upon SHI irradiation, in the low and moderate
ion fluences (1010–5 � 1011 ions/cm2), the electrical conductivity in the irradiated
PPy nanotubes increases with increasing ion fluence. However, at the highest ion
fluence used 1012 ions/cm2, the conductivity decreases to a value smaller as
compared to the unirradiated PPy nanotubes. The increase in electrical conductivity
with increasing ion fluence can be ascribed to the enhanced mobility of the charge
carriers caused by reorganization of the polymer chains upon SHI irradiation.

Fig. 15 Raman spectra for
(a) pristine and irradiated PPy
nanotubes at ion fluences of
(b) 1010, (c) 5 � 1010,
(d) 1011, (e) 5 � 1011 and
(f) 1012 ions/cm2
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The charge transport in conducting polymers occurs due to delocalization of
charge carriers over large number of monomer units in the polymer backbone. SHI
results in strong coupling between the phonons and electrons resulting in the lattice
distortion around the defective sites which generate localized states [115]. Also, the
enhanced crystallinity upon SHI irradiation contributes to the increase in conduc-
tivity of PPy nanotubes. However, the decrease in conductivity at the highest ion
fluence can be attributed to the amorphization of PPy nanotubes, which reduces the
mobility of the charge carriers.

8.7 Thermogravimetric Analysis

The TGA for the pristine and irradiated PPy nanotubes at different irradiation
fluences is shown in Fig. 17. At room temperature, the weight loss of the pristine
and irradiated PPy nanotubes at different ion fluences is negligible. The first weight
loss at 110 °C for the pristine and irradiated PPy nanotubes is due to the loss of
moisture. The second weight loss occurs in between the temperature of 210–330 °C
which may be due to the evaporation of dopant molecules from the polymer chains.
The final stage of weight loss occurs in between temperature of 330–500 °C, and
this can be attributed to the degradation and/or decomposition of the PPy backbone
chains. Upon SHI irradiation, the weight loss of PPy nanotubes decreases gradually
with increasing ion fluence from 1010 to 5 � 1011 ions/cm2, while at the highest ion
fluence of 1012 ions/cm2, the weight loss decreases to a smaller value as compared
to the pristine one. Figure 20 depicts the derivative plots of TGA for both pristine
and irradiated PPy nanotubes at different ion fluences. The negative values of the
derivative plots of TGA mean the weight loss, i.e., decomposition of the sample,
and hence, the modulus values of the derivatives are considered. The values of

Fig. 16 Room temperature
current-voltage (I-
V) characteristics for
(a) pristine and irradiated PPy
nanotubes at ion fluences of
(b) 1010, (c) 5 � 1010,
(d) 1011, (e) 5 � 1011 and
(f) 1012 ions/cm2
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maximum decomposition temperature (Tmax) and maximum decomposition rate
(dW/dT)m for the pristine and irradiated PPy nanotubes obtained from Fig. 18 are
presented in Table 3.

In the third weight loss stage (330–500 °C), the onset decomposition tempera-
ture (Tonset = 322 °C) and maximum decomposition temperature (Tmax = 421 °C)
do not change significantly for PPy nanotubes upon irradiation with different ion
fluences. However, the rate of decomposition for PPy nanotubes decreases as
compared to pristine PPy nanotubes upon SHI irradiation with increasing irradiation
fluence. The pristine PPy nanotubes exhibit the maximum decomposition rate (dW/
dT)m of 0:367j j%= 	C, which decreases to 0:298j j%= 	C upon SHI irradiation with
fluence of 5 � 1011 ions/cm2, indicating an enhancement in thermal stability of the
irradiated PPy nanotubes. However, at higher irradiation fluence of 1012 ions/cm2,
(dW/dT)m increases to 0:411j j%= 	C (which is higher than that of the pristine (dW/

Fig. 17 TGA of (a) pristine
and irradiated PPy nanotubes
at ion fluences of (b) 1010,
(c) 5 � 1010, (d) 1011,
(e) 5 � 1011 and (f)
1012 ions/cm2

Fig. 18 Derivative plots of
TGA for (a) pristine and
irradiated PPy nanotubes at
irradiation fluences of
(b) 1010, (c) 5 � 1010,
(d) 1011, (e) 5 � 1011 and
(f) 1012 ions/cm2
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dT)m value), implying faster decomposition rate for PPy nanotubes irradiated at
fluence of 1012 ions/cm2. This indicates decrease in thermal stability of PPy nan-
otubes irradiated at the irradiation fluence of 1012 ions/cm2, which can be ascribed
to the chain scissioning or breaking of the polymer bonds and decrease in the
molecular weight at the highest irradiation fluence of 1012 ions/cm2. It can be
inferred from the TGA and differential thermograph results that PPy nanotubes
irradiated with low and moderate ion fluences are structurally and thermally more
stable than that of the PPy nanotubes irradiated with the highest ion fluence of
1012 ions/cm2.

8.8 AC Conductivity Studies

The room temperature (303 K) frequency variation of total conductivity r0ðxÞ of
pristine and irradiated PPy nanotubes at different ion fluences is depicted in Fig. 19.
It is observed that in low-frequency region, conductivity of both pristine and
irradiated PPy nanotubes is frequency independent, and this behavior is

Table 3 Values of maximum decomposition rate, (dW/dT)m, for pristine and irradiated PPy
nanotubes at irradiation fluences of 1010, 5 � 1010, 1011, 5 � 1011 and 1012 ions/cm2

Ion Fluence (ions/cm2) Maximum decomposition rate, (dW/dT)m, (%/°C)

Pristine 0:367j j
1 � 1010 0:339j j
5 � 1010 0:315j j
1 � 1011 0:300j j
5 � 1011 0:298j j
1 � 1012 0:411j j

Fig. 19 Room temperature
plots of total conductivity ðr0Þ
of (a) pristine and irradiated
PPy nanotubes at ion fluences
of (b) 1010, (c) 5 � 1010,
(d) 1011, (e) 5 � 1011 and
(f) 1012 ions/cm2
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corresponded to the dc conductivity, rdc, and at higher-frequency region, the
conductivity follows a frequency dispersive behavior which corresponds to the ac
conductivity rac ¼ Axs 0\s\1 and A is the pre-exponential factor which depends
on temperature only. The transformation from the frequency-independent to the
frequency-dependent region marks the onset of the conductivity relaxation, and this
undergoes a shifting to higher-frequency region with increasing ion fluence.

It is observed from Fig. 19 that upon irradiation with SHI, total conductivity of
the irradiated PPy nanotubes gets enhanced than that of pristine PPy nanotubes.
This increase in conductivity can be attributed to the formation of crystalline
structure besides formation of the conjugated double bonds in the irradiated
structure. However, at the highest irradiation fluence of 1012 ions/cm2, the total
conductivity decreases as that of the pristine PPy nanotubes which can be attributed
to the decreased crystallinity of the irradiated PPy nanotubes at the highest irra-
diation fluence.

To understand the charge transport mechanism in the SHI-irradiated PPy nan-
otubes, the temperature-dependent studies of frequency exponent s has been carried
out. The temperature-dependent plots of frequency exponent of both the pristine
and irradiated PPy nanotubes at different ion fluences are depicted in Fig. 20. The
frequency exponent s of both pristine and irradiated PPy nanotubes decreases with
increasing temperature, and this decreased nature of s with increasing temperature
suggests that the charge carriers in both the pristine and irradiated PPy nanotubes
follow the correlated barrier hopping (CBH) model as the dominant charge trans-
port mechanism. The values of barrier activation energy (WH) for charge carriers of
both pristine and irradiated PPy nanotubes has been calculated using Eq. (18),

s ¼ 1� 6kT
WH

ð18Þ

and values are presented in Table 4. Upon SHI irradiation, at low and moderate
irradiation fluence (1010−5�1011 ions/cm2), value of WH for charge carriers

Fig. 20 Temperature
variation of frequency
exponent “s” of (a) pristine
and irradiated PPy nanotubes
at ion fluences of (b) 1010,
(c) 5 � 1010, (d) 1011,
(e) 5 � 1011 and
(f) 1012 ions/cm2
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decreases, which suggests reduction in barrier height for charge carriers’ motion,
and as a result, the electrical conductivity in SHI-irradiated PPy nanotubes gets
enhanced. However, at the highest irradiation fluence of 1012 ions/cm2, barrier
activation energy increases as compared to the pristine sample, thereby resulting in
reduction in electrical conductivity of PPy nanotubes at the highest irradiation
fluence.

Figure 21 depicts the room temperature scaling plots of total conductivity of the
pristine and irradiated PPy nanotubes at different ion fluences. The ac conductivity
spectra of both the pristine and irradiated PPy nanotubes have been scaled by the
scaling process as reported by Gosh et al. [116] in which the total conductivity
r0ðxÞ is scaled by rdc, while the frequency axis is scaled by the cross-over or cutoff
frequency xmax. It is observed that all the conductivity spectra after the scaling
process fall onto a single master curve, which indicates the irradiation
fluence-independent conductivity relaxation in the irradiated PPy nanotubes.

Table 4 Frequency exponent (s) and barrier activation energy ðWHÞ of pristine and irradiated PPy
nanotubes at different irradiation fluences at room temperature (303 K)

Fluence (ions/cm2) Frequency exponent, s Barrier activation energy WH (eV) at 303 K

Pristine 0.68 0.49

1 � 1010 0.66 0.46

5 � 1010 0.65 0.44

1 � 1011 0.63 0.42

5 � 1011 0.61 0.40

1 � 1012 0.70 0.52

Fig. 21 Room temperature
scaling plots of total
conductivity of (a) pristine
and irradiated PPy nanotubes
at ion fluences of (b) 1010,
(c) 5 � 1010, (d) 1011,
(e) 5 � 1011 and
(f) 1012 ions/cm2
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8.9 Dielectric Permittivity Studies

The complex dielectric permittivity ðe
Þ of disordered materials can be determined
from the experimentally measured complex impedance Z 0ðxÞ data by using
Eq. (19),

e
ðxÞ ¼ 1
jxC0Z
ðxÞ ¼ e0ðxÞ � je00ðxÞ ð19Þ

where the real part e0ðxÞ represents the dielectric permittivity that corresponds to
the energy storage and the imaginary part e00ðxÞ represents the dielectric loss
corresponding to the energy loss in each cycle of electric field, C0 ¼ e0A=d rep-
resents the capacitance of free space between the electrodes, x represents the
angular frequency, A is the area of the electrode, d is the thickness of the sample
and e0 is the permittivity in free space ðe0 ¼ 8:854� 10�12 Nm�1Þ. The dielectric
permittivity e0ðxÞ and dielectric loss e00ðxÞ have been calculated from Eqs. (20) and
(21), respectively, given below:

e0ðxÞ ¼ � 1
Cox

Z 00ðxÞ
Z 02ðxÞþ Z 002ðxÞ

� �
ð20Þ

e00ðxÞ ¼ 1
Cox

Z 0ðxÞ
Z 02ðxÞþ Z 002ðxÞ

� �
ð21Þ

where Z 0ðxÞ is the real part of complex impedance ðZ
Þ corresponds to the current
through the contact resistor and Z 00ðxÞ is the imaginary part of Z
 corresponding to
the current through the capacitor.

The plots of dielectric permittivity ðe0Þ versus frequency ðxÞ of both pristine and
irradiated PPy nanotubes at ion fluences of 1010, 5 � 1010, 1011, 5 � 1011 and 1012

ions/cm2 at room temperature (303 K) are depicted in Fig. 22. It is observed that in
lower frequencies, e0 shows strong frequency dispersion and its value decreases
with increasing frequency, and at higher frequencies, e0 attains a nearly constant
value. The response of the charge carriers to the externally applied ac electric field
is faster at lower frequencies (� 104 Hz) giving rise to higher value of e0 corre-
sponding to es (static value of dielectric permittivity). At higher frequencies
(� 106 Hz), the applied electric field changes rapidly and the charge carriers are
unable to respond to the ac electric field giving lower value of correspondence
(dielectric permittivity at infinite frequencies). The higher value of e0 at lower
frequencies can be attributed to the electrode polarization effects [117].

To determine the nature of each of the relaxation, a least square fit of the
experimental data to the Havriliak–Nigami (HN) function giving the complex
dielectric permittivity for a single relaxation process is used [118],
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e
ðxÞ ¼ e1 þ De

1þðixsÞaHN½ �cHN ; ð22Þ

where De ¼ es � e1 is the dielectric relaxation strength, es and e1 are the dielectric
constants at very low and high frequencies, respectively, s is the average relaxation
time, aHN and cHN are the symmetric and asymmetric distribution parameters for the
relaxation peak, which can assume values such that 0� aHNcHN � 1. This expres-
sion reduces to Cole–Cole (CC) function for cHN ¼ 1, Davison–Cole (DC) for
aHN ¼ 1 and ideal Debye type for aHN ¼ cHN ¼ 1. From Eq. (22), the real part of
permittivity e0ðxÞ is given by:

e0ðxÞ ¼ e1 þRe
De

1þðixsÞaHN½ �cHN
� �

ð23Þ

To extract the information about the dielectric relaxation, the experimental
permittivity data in Fig. 22 are fitted using Eq. (23) by the nonlinear curve fitting
method. The solid line represents the best-fitted curve for the experimental data of
dielectric permittivity, and values of various parameters such as e1, De, aHN and
cHN can be estimated from the fitted curve. The calculated values of e1, De, aHN
and cHN of PPy nanotubes at different irradiation fluences at room temperature are
recorded in Table 5. The value of aHN lies in 0.54–0.64, while the value of cHN lies
in 0.88–0.93, suggesting the non-Debye dielectric relaxation in both the pristine and
irradiated PPy nanotubes.

Upon SHI irradiation, e0 increases with increasing ion fluence which can be
attributed to the increased contribution of electrode polarization effects in the
irradiated PPy nanotubes due to the generation of more charge carriers during SHI
irradiation. It is observed that at the highest ion fluence of 1012 ions/cm2, value of e0

at a particular frequency decreases as compared to the pristine PPy nanotubes which

Fig. 22 Plots of dielectric
permittivity ðe0Þ versus
frequency ðxÞ of (a) pristine
and irradiated PPy nanotubes
at ion fluences of (b) 1010,
(c) 5 � 1010, (d) 1011,
(e) 5 � 1011 and
(f) 1012 ions/cm2 at room
temperature (303 K)

232 J. Hazarika and A. Kumar



can be attributed to the decrease in electrode polarization effects at lower fre-
quencies. Furthermore, the dielectric strength ðDeÞ of PPy nanotubes increases with
increasing the irradiation fluences up to 5 � 1011 ions/cm2, and at the highest
irradiation fluence used 1012 ions/cm2, value of De decreases smaller to the pristine
value.

Figure 23 depicts the plots of dielectric loss ðe00Þ versus frequency ðxÞ of both
pristine and irradiated PPy nanotubes at ion fluences of 1010, 5 � 1010, 1011,
5 � 1011 and 1012 ions/cm2 at room temperature (303 K). The linear increase in the
value of e00 with decreasing frequency indicates that the dc conduction loss is more
prominent over the polarization effect. However, upon SHI irradiation, the value of
e00 at a given frequency increases with increasing irradiation fluence, which can be
attributed to increased dc conduction in irradiated PPy nanotubes as a result of
generation of more number of free charge carriers, while at the highest ion fluence
of 1012 ions/cm2, the value of e00 at a given frequency decreases as compared to the
pristine PPy nanotubes.

Table 5 Different dielectric
relaxation parameters for the
pristine and irradiated PPy
nanotubes using Havriliak–
Nigami (HN) equation

Fluence (ions/cm2) e1 De aHN cHN
Pristine 43 17.03 � 102 0.62 0.92

1 � 1010 47 28.19 � 102 0.60 0.91

5 � 1010 52 41.76 � 102 0.58 0.90

1 � 1011 60 76.48 � 102 0.56 0.89

5 � 1011 76 15.75 � 103 0.54 0.88

1 � 1012 38 12.36 � 102 0.64 0.93

Fig. 23 Plots of dielectric
loss ðe00Þ versus frequency ðxÞ
of (a) pristine and irradiated
PPy nanotubes at ion fluences
of (b) 1010, (c) 5 � 1010,
(d) 1011, (e) 5 � 1011 and
(f) 1012 ions/cm2 at room
temperature (303 K)
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8.10 Electric Modulus Studies

Due to the absence of relaxation peak in dielectric loss spectra, it is not easy to
distinguish between the polarization and relaxation contributions. For materials in
which their dielectric loss spectra exhibit a dc conduction phenomenon, then the
dielectric spectra can be analyzed using the complex electric modulus formalism
[119, 120]. The complex electric modulus ðM
Þ is defined as the reciprocal of
complex dielectric permittivity ðM
 ¼ 1=e
Þ, and it can be defined as follows:

M
ðxÞ ¼ 1
e
ðxÞ ¼

1
e0 � je00

¼ e0

e02 þ e002
þ j

e00

e02 þ e002
¼ M0ðxÞþ jM00ðxÞ ð24Þ

where M0ðxÞ and M00ðxÞ represent the real and imaginary parts of complex electric
modulus M
, respectively.

The room temperature (303 K) plots of real part of modulus (M0) versus fre-
quency ðxÞ of both pristine and irradiated PPy nanotubes at different ion fluences
are depicted in Fig. 24. Each ofM0 spectrum exhibits a sigmoid behavior, i.e., value
ofM0 increases with increasing frequency, and it reaches a constant maximum value
at higher frequencies. The elimination of the electrode polarization from the pristine
and irradiated samples of PPy nanotubes can be confirmed from the zero value of
M0 at lower frequencies [121]. At the higher frequency, M0 approaches to
M1ðx ! 1Þ, which suggests that the conduction process of both the pristine and
irradiated PPy nanotubes is due to the short range motion of charge carriers [122].

More information about the conductivity relaxation mechanism in SHI-irradiated
PPy nanotubes can be obtained from the study of the frequency dependence
behavior of M00 spectra. Figure 25 depicts the room temperature plots of imaginary
part of modulus ðM00Þ versus frequency ðxÞ of both pristine and irradiated PPy
nanotubes at different ion fluences.

Fig. 24 Plots of real part of
modulus ðM0Þ versus
frequency ðxÞ of (a) pristine
and irradiated PPy nanotubes
at ion fluences of (b) 1010,
(c) 5 � 1010, (d) 1011,
(e) 5 � 1011 and
(f) 1012 ions/cm2 at room
temperature (303 K)
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A single relaxation peak is observed in each M00 spectrum of both pristine and
irradiated PPy nanotubes which suggests the transition of charge carriers’ motion
from long range to short range with increasing frequency. At low and moderate
irradiation fluence (1010–5 � 1011 ions/cm2), the relaxation peak in M00 spectra
shifts toward the higher frequency indicating the increase in long range motion of
charge carriers in the SHI-irradiated PPy nanotubes. As a result, the relaxation time
ðsÞ of charge carriers’ motion decreases with increasing the irradiation fluences.
However, the M00 peak shifts toward lower frequencies as compared to the pristine
PPy nanotubes at the irradiated highest ion fluence of 1012 ions/cm2 resulting in
increase in the relaxation time ðsÞ of charge carriers. The asymmetric shape of M00

spectra indicates that the relaxation process deviates from the ideal Debye behavior,
and there exists a distribution of relaxation times in irradiated PPy nanotubes.

To further analyze the conductivity relaxation mechanism, the experimentally
obtained M00 data are fitted with the modified Kohlrausch-Williams-Watts
(KWW) fitting function in the frequency domain as proposed by Bergman [123].
In the frequency approach, M00 can be approximated as follows:

M00ðxÞ ¼ M00
max

ð1� bÞþ ðb=ð1þ bÞÞ bðxmax=xÞþ ðx=xmaxÞb
h ih i ð25Þ

where M00
max is the peak maximum of the imaginary part of electric modulus and b is

the Kohlrausch stretched parameter that describes the distribution of relaxation
times. Debye relaxation is obtained for b ¼ 1, and deviation of b from unity
indicates non-Debye relaxation mechanism and a distribution of relaxation times.
The value of b can be defined empirically by Kohlrausch-Williams-Watts
(KWW) function as follows [124, 125]:

Fig. 25 Plots of imaginary
part of modulus ðM00Þ versus
frequency ðxÞ of (a) pristine
and irradiated PPy nanotubes
at ion fluences of (b) 1010,
(c) 5 � 1010, (d) 1011,
(e) 5 � 1011 and (f)
1012 ions/cm2 at room
temperature (303 K)
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uðtÞ ¼ exp �ðt=sÞb
h i

ð26Þ

where s is the relaxation time for charge carriers. Figure 27 depicts that the
experimental data ofM00 spectra are well fitted with Eq. (25). The room temperature
(303 K) values of maximum of imaginary part of modulus ðM00

maxÞ, relaxation
frequency ðxmaxÞ, relaxation time (s) and Kohlrausch stretched parameter (b) for
charge carriers in both pristine and irradiated PPy nanofibers at different irradiation
fluences are tabulated in Table 6.

Figure 26 depicts the room temperature scaling plots of M00 spectra of both
pristine and irradiated PPy nanotubes at different ion fluences. The scaling of
modulus spectra can provide a deep insight into the ion fluence dependence of
relaxation dynamics in the irradiated PPy nanotubes. The scaling is done by
dividing M00 with M00

max, while the frequency axis is scaled by the relaxation fre-
quency xmax. It is observed that each of the individual M00 spectra at different ion
fluences merge on a common master curve indicating the ion fluence independent
of relaxation dynamics of charge carriers in SHI-irradiated PPy nanotubes.

Table 6 Room temperature values of maximum imaginary part of modulus ðM00
maxÞ, relaxation

frequency ðxmaxÞ, relaxation time (s) and Kohlrausch stretched parameter (b) for charge carriers in
both pristine and irradiated PPy nanofibers at different irradiation fluences

Fluence (ions/cm2) Relaxation frequency, xmax (rad.s−1) Relaxation time, s (s)

Pristine 1.19 � 106 8.35 � 10−7

1 � 1010 1.43 � 106 6.94 � 10−7

5 � 1010 1.87 � 106 5.33 � 10−7

1 � 1011 2.44 � 106 4.09 � 10−7

5 � 1011 3.44 � 106 2.90 � 10−7

1 � 1012 9.95 � 105 1.00 � 10−6

Fig. 26 Room temperature
scaling plots of imaginary part
of modulus ðM00Þ of
(a) pristine and irradiated PPy
nanotubes at ion fluences of
(b) 1010, (c) 5 � 1010,
(d) 1011, (e) 5 � 1011 and
(f) 1012 ions/cm2
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9 Perspectives for Ion-Solid Interactions

Despite the rapid growth in the fundamental and applied aspects of research in
ion-solid interaction and use of the irradiated materials for different applications,
issues remain unresolved and are not fully understood. Some of the examples which
address problems regarding the pre-/post-irradiation as well as processing, char-
acterization and applications of the target materials are mentioned below [126]:

(a) Although the electronic and nuclear energy deposition in target materials by the
projectile ion beam can be adequately explained by both classical and quantum
mechanical properties, the theories of ion-solid interaction in more complex
systems, for example, collision parameter dependence and channeling effects,
have not yet been treated analytically.

(b) A major challenge for ion irradiation is that what happens for ion-solid inter-
actions, if the target dimension is reduced and approaches zero. It is well known
that upon high-energy ion irradiation in polycrystalline materials, the fission
fragments produce strong surface plasmons resulting in unsustainable energy
confinement, followed by swift “explosion” of successive crystallites along
the cylindrical ion track. However, the atomic collision cascades in
low-dimensional targets, such as free-standing or embedded nanoparticles, or
nanocrystallites behave completely different from the cascades in semi-infinite
matter. Therefore, in-depth study needs to be focused on the irradiation-induced
unusual mechanism in low-dimensional structures.

(c) The formation of irradiation-induced clusters of non-soluble high-dose
implants, for example, with metals in a polymer, is less studied.

(d) The process of polymerization and depolymerization induced by ion irradiation
in materials has not been investigated as of now.

(e) The mechanisms of irradiation-induced radiobiology, such as the adsorption
and desorption of biological species on ion-irradiated surfaces, are at the
beginning stage. The sterilizing properties of the ion-irradiated surfaces need to
be studied thoroughly.

(f) Though the irradiation-induced processing has potential of preparing new
materials, the successful utilization of such materials in large-scale applications
has not been encouraging as yet. Main drawback for the limited applications is
the duration of the irradiation time and the initial cost.

(g) One of the limitations of irradiation on materials is that the irradiation exper-
iment always has to be carried out in the form of thin film whose thickness
should be smaller than the range of the projectile ion beam. In general, most of
the samples for irradiation experiment are synthesized by the chemical poly-
merization method which gives samples in power form. However, the irradi-
ation on powder samples is not possible since the experiment is carried out
under high vacuum of 10−5 Torr or more. Thin films from the powder samples
can be prepared using suitable polymer binders that may significantly reduce
the properties of the as-prepared sample as well as the irradiated ones.
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(h) Although the interaction mechanisms and irradiation-induced physico-chemical
properties of different ion-irradiated materials have been studied, the potential
applications of ion irradiation, such as designing and developing of ion
track-based sensors, are in its nascent stage. More systematic studies are
required to be conducted for specially designed sensors with low cost, light
weight and high efficiency for household, vehicular, chemical industry, medi-
cine, and atomic-biological–chemical (ABC), anti-terrorist protection
environments.

10 Conclusions

In this chapter, studies on the fundamentals of conducting polymers and their
nanostructures along with their different excellent properties have been described.
Highly conducting conjugated polypyrrole (PPy) and their different nanostructures
have brought special attention due to the properties of light weight, flexibility,
biocompatibility, low toxicity, thermal and environmental stability and low cost.
The highly conducting one-dimensional (1-D) nanostructured PPy can be used as
molecular wires and for making nanodevices. The self-assembled synthesis and
characterization of different properties of PPy nanotubes with diameter *20 nm
and lengths of few microns have been discussed in this chapter. A unique and
versatile technique, known as the “ion irradiation” in materials, can be extensively
used to modify different physico-chemical properties of materials by transferring
projectile ion energy to the target. The chapter also describes the use of ion irra-
diation technique to enhance the morphological, structural, optical, electrical,
thermal and dielectric relaxation properties of PPy nanotubes by suitable selection
of ion species, ion energy and fluences. The detailed mechanism of ion-matter
interaction, in which the process of energy transfer by the ions to the target (dif-
ferent theoretical models), formation of the cylindrical ion core, called the “latent
track,” latent track chemistry such that the phenomena of cross-linking, chain
scission, evolution of gaseous species have been discussed to gain an understanding
of the ion-matter interaction. The experimental results show that different properties
of PPy nanotubes can be enhanced significantly than that of the unirradiated PPy
nanotubes by irradiating with 160 MeV Ni12+ SHI up to the ion irradiation fluence
of 5 � 1011 ions/cm2, above which all the studied properties degrade as compared
to the pristine PPy nanotubes. HRTEM studies of irradiated PPy nanotubes indicate
denser structure at the low and moderate ion fluence (1010–5 � 1011), while PPy
nanotubes irradiated at the highest ion fluence of 1012 ions/cm2 show breaking of
PPy nanotubes. Upon SHI irradiation, crystallinity of polymer chains increases with
increasing the irradiation fluence, while at the highest ion fluence (1012 ions/cm2),
crystallinity decreases as compared to that of the pristine PPy nanotubes. With
increasing the irradiation fluence, the optical band gap energy of PPy nanotubes
reduces, and it again exhibits a higher value at the investigated highest irradiated
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fluence of 1012 ions/cm2. The reduction in optical band gap energy upon SHI
irradiation is attributed to the formation of defects and clusters in the irradiated PPy
nanotubes. Upon SHI irradiation, thermal stability of PPy nanotubes increases with
increasing the irradiation fluence up to 5 � 1011 ions/cm2, while thermal stability
of PPy nanotubes decreases than that of the pristine sample at the highest ion
fluence of 1012 ions/cm2. Upon SHI irradiation, total conductivity of the irradiated
PPy nanotubes increases with increasing the irradiation fluence, which can be
attributed to the formation of crystalline structure besides formation of the conju-
gated double bonds. The decrease in total conductivity of the irradiated PPy nan-
otubes at the highest irradiation fluence of 1012 ions/cm2 is due to the lowering of
crystallinity as compared to that of the pristine PPy nanotubes. The decrease in the
value of frequency exponent “s” with increasing temperature suggests that the
charge carriers in both the pristine and irradiated nanotubes follow the correlated
barrier hopping (CBH) transport mechanism. The room temperature scaling of
conductivity spectra of the irradiated PPy nanotubes reveals the irradiation
fluence-independent conductivity relaxation mechanism. The M00 relaxation peak
shifts toward higher frequency with increasing the irradiation fluence, which reveals
the enhancement of long range motion of charge carriers up to the irradiation
fluence of 5 � 1011 ions/cm2. The asymmetric nature of M00 relaxation peak indi-
cates the non-Debye relaxation of charge carriers in the irradiated PPy nanotubes.
The scaling of M00 spectra of the irradiated PPy nanotubes at different ion fluences
indicates the irradiation fluence-independent relaxation dynamics of charge carriers.

From the above discussion and experimental outcomes, it can be inferred that the
swift heavy ion (SHI) irradiation is a potential technique to tailor the properties of
conducting polymers and their nanostructures. Different parameters related to SHI
irradiation play a critical role in modification of the properties of polymers.
Depending upon the ion irradiation fluence and the transferred energy density to the
polymer, the processes of cross-linking and/or chain scission of the polymer chains
dominate which give rise to the enhancement and degradation of the different
physico-chemical properties of the irradiated polymers.
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Impact of Etchant Variables
on the Track Parameters in CR-39
Polymer Nuclear Track Detector:
A Review

Pawan K. Diwan

Abstract Nuclear track detector has numerous applications in various fields. The
effective use of this detector depends upon the thorough understanding of track
parameters of energetic ions. The present study attempts to develop and strengthen
this understanding. It describes the various methods to measure bulk etch rate VBð Þ
of the detector and track etch rate VTð Þ of the incident ions. Further, it throws light
on the other parameters such as bulk activation energy EBð Þ, track activation energy
ETð Þ, sensitivity Sð Þ, critical angle hCð Þ and etching efficiency gð Þ. Finally, an
attempt is made to review the studies related to the impact of different etchants and
etchant variables on the different types of CR-39. Based on the observations
available in the literature, the comparisons are made among impacts of different
etchants on CR-39 and results are compiled. The present review concludes the
observations and their relevant impacts.

Keywords CR-39 � Chemical etching � Track etch rate � Bulk etch rate �
Activation energy � Sensitivity � Etching efficiency � Critical angle

1 Introduction

The field of nuclear track detector was introduced in 1958 when Young reported a
remarkable note on his study in Nature [1]. In this study, he observed fission
fragment tracks in LiF crystal, which was initially placed in contact with uranium
foil, irradiated with thermal neutrons and treated with chemical etching. He per-
formed these measurements in Atomic Energy Research Establishment (AERE) at
Harwell in England. After one year, in 1959, working in the same laboratory, Silk
and Barnes also observed fission fragments tracks in mica. In their investigations,
mica was not chemically etched, but tracks were viewed through transmission
electron microscope (TEM) [2]. These two studies are historically important in the
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field of nuclear track detector, but the field was popularized by the team of three
scientists (R.L. Fleischer, P.B. Price and R.M. Walker) who were working at the
General Electric Research Laboratories at Schenectady, New York. They extend the
chemical etching technique and tried different etchants on variety of materials such
as minerals, glasses and polymers to reveal the tracks. Further, they used these
materials, later known as nuclear track detector, to explore different applications in
various scientific fields. Based on their investigations, they published number of
research articles. Finally, they compiled their own studies and studies available in
the literature in the form of a book [3], which acts as a landmark in this field.

Nowadays, nuclear track detectors are widely used to detect/measure different
types of nuclear radiations involved in various fields such as nuclear physics [4–7],
space science and radiation dosimetry [8–16], micro-technology [17, 18], nan-
otechnology [19, 20], environmental studies [21–23], archaeology [24, 25], biology
and medicine [15, 26, 27] and many more [3, 28–32]. These detectors are most
commonly known as solid-state nuclear track detectors (SSNTDs) and are more
promising as compared to other detectors due to their simplicity, low cost, less
weight, high efficiency and durability. Also, these detectors do not involve any
sophisticated instrumentation. Further, SSNTDs provide a unique opportunity to
visualize the complete path of nuclear radiations, from its entrance to almost its end
point [3, 30–32].

Researchers, around the globe, tried various materials as track detectors to detect
different types of radiations. These materials/track detectors are broadly categorized
into three categories, viz. glasses, minerals and plastics. In the category of plastic
track detector, CR-39, a polymer of poly-allyl diglycol carbonate (PADC), is the
most commonly used track detector due to its high detection sensitivity, superb
optical quality, thermoplasticity, mass and charge resolution [33–36]. Although
CR-39 polymer is commercially available and is used to make high-quality optical
lenses, its usage as a nuclear track detector was first reported by Cartwright et al.
[37]. Thereafter, researchers started using CR-39 polymer extensively as a nuclear
track detector to detect different types of radiations varying from light ions to the
extremely heavy ions, in various applications [10, 11, 23, 34–36, 38–41].

In order to widen the range of applications, researchers worked on two funda-
mental aspects: (a) to develop/improve CR-39 with better characteristics and (b) to
improve etching properties of CR-39. Related to the first aspect, few research
studies are available [42–44], where researchers tried to enhance the etch-track
contrast and optical quality of post-etch surface by introducing small quantities of
various plasticizers in CR-39 monomer. However, following this procedure, sen-
sitivity of the detector is generally reduced, and hence, no remarkable progress was
achieved. As far as second aspect is concerned, appreciable attempts are made to
improve the etching properties of CR-39. For this, researchers performed series of
experiments and tried different etchants and etchant variables (concentration and
temperature) on CR-39 to reveal the ion’s tracks and measured track parameters.
These track parameters are highly essential to use CR-39 as a track detector in a
variety of applications. Further, out of these applications, CR-39 is widely used for
the detection of a-particles emitting from natural radioactive sources, in the field of
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radiation protection and environmental radiation monitoring. Therefore, the
response of CR-39 polymer track detector against a-particles is of essential interest.

The present review deals with the impact of different etchants on the CR-39
polymers track detector. Since CR-39 is widely used in a-particle detection/
protection, so the study is confined with etching parameters of a-particle only. The
study describes the track formation mechanism, etching procedure, track etching
parameters and methods. Further, these etching parameters are compiled as a
function of different etchants, to use for future studies/applications.

2 Track Formation and Etching Parameters

The energetic ions, while passing through solid, lose all or some of its orbital
electrons in the few atomic layers of solids. Consequently, these energetic ions
become fully stripped (lose all electrons) or partially stripped (lose some electrons).
These fully/partially stripped ions further pass through the material and transfer
their energies to the electrons of the target atoms via inelastic collisions, and as a
result, the electrons are: (a) ejected from the original position (ionization) and/or
(b) excited from original state to less tightly bound state (excitation). This is known
as primary ionization and excitation. The ejected electrons (delta rays) produced
through ionization are further capable of generating ionization and excitations in the
material. This is the secondary ionization and excitation. This secondary ionization
and/or excitation totally depends upon the kinetic energy of the ejected electrons. It
is meaningful to mention that the primary ionization and excitation occur close to
the path of the ions, while the secondary ionization and excitation spread over large
radial distances from the path. In addition to primary and secondary ionization/
excitation, the radiations emitted through de-excitation process also break the long
molecular chain and produce free radicals and, as a result, reduce the average
molecular weight. As far as polymers are concerned, both primary and secondary
ionization/excitation contributes to create the narrow trails along the ion trajectory.
These narrow trails are popularly known as latent tracks. Further, the shape of these
latent tracks depends upon the angle of incidence of energetic ion with the material.
For normal incidence, conical tracks are formed, and for other angle of incidence,
elliptical latent tracks are formed [3, 30].

In track etch technique, these latent tracks are enlarged with the suitable etchants
(Figs. 1 and 2). Here, it is clear from these figures that the effect of etchant along the
latent track is more than the surrounding undamaged material. The rate at which the
etchant attacks along the track is termed as track etch rate VTð Þ and it depends upon
the nature of incident particle (atomic number and energy of incident particle) and
etching conditions. The surrounding undamaged material is attacked with different
etch rates, which is termed as bulk etch rate VBð Þ. The bulk etch rate is generally
constant for a given material for a particular etching condition [3, 30]. Both track
and bulk etch rates provide the information of the complex chemical processes
taking place within solid including transport of etching products, diffusion of
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etching solution and radiation damage. So, it is highly essential to know the effect
of different etchants and etchant variables on the track and bulk etch rates.

The next section reviewed the impact of different etchant variables on track etch
and bulk etch rates of CR-39 polymer track detector. Along with these etch rates,

Original Surface

Latent Track

Etched Surface

Fig. 1 Geometry of the track development for normal incidence

Original Surface

Latent Track

Etched Surface

Fig. 2 Geometry of the track development for oblique incidence
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other associated etching parameters such as sensitivity (S), critical angle hCð Þ and
etching efficiency gð Þ) are also discussed.

3 Etching Parameter Measurements

3.1 Bulk Etch Rate

The bulk etch rate VBð Þ is the rate of removal of undamaged surface of the detector
due to the chemical reaction between the etchants and the detector material. It
depends upon the type, concentration and temperature of the etchant solution and
duration of etching time. The bulk etch rate is an important parameter, which
provides (i) a reference to measure other etching parameters and (ii) acts as a
calibration parameter for the detector and the etching process.

3.1.1 Methods for Bulk Etch Rate VBð Þ Measurements

Mainly, the following three methods are used for bulk etch rate measurements:

1. Track Diameter Method

In this method, firstly, detector is exposed with the fission fragments at normal
incidence using Cf252 source; secondly, the exposed detector is etched with suitable
etchants; and finally, the average diameters of the enlarged tracks are measured
using screw micrometre attached with eye piece of optical microscope.

Suppose Dff is the average track diameter of fission fragments after etching time
t, then bulk etch rate VBð Þ of the material is measured through the following relation
[30]:

VB ¼ 1
2

Dff

t

� �

2. Thickness Measurement Method

In this method, micrometre (with least count 1 µm) is used for thickness mea-
surement. Suppose dwithout and dwith are the thicknesses of the detector at a particular
point without and with etching, respectively. Based on this thicknesses difference,
the bulk etch rate is determined through the relation [45, 46]:

VB ¼ dwithout � dwithð Þ
2t

where t is the etching time.
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3. Weight Loss (Gravimetric) Method

In this method, mass of detector is measured before and after etching. Based on the
mass difference Dmð Þ, area Að Þ and density qð Þ of the detector, the bulk etch rate is
measured through the following relation [47, 48]:

VB ¼ Dm
2Aqt

where t is the etching time.

3.1.2 Activation Energy of Bulk Etch Rate VBð Þ

Activation energy is the energy required to activate the reaction between the
detector material and etching solution. This gives the information regarding the
kinetics of the reaction.

In order to measure the activation energy of bulk etch rate, firstly, the bulk rate
VBð Þ of detector is measured at different temperatures for fixed etching conditions,
and then, graph is plotted between lnVB and 1000

T (K−1). Using a least square fit, the
value of bulk activation energy EBð Þ for the detector is determined from the slope of
the straight line through the following relation:

lnVB ¼ lnA� EB

KT

� �

where

K is the Boltzmann constant and
A is a constant for a particular normality.

3.1.3 Bulk Etch Rate and Activation Energy Measurements of CR-39
Track Detector

Cartwright et al. [37] measured bulk etch rate of CR-39 (Pittsburgh) through track
diameter method at different concentrations (3–10N) of NaOH. They observed
linear relationship between bulk etch rate and etchant concentration. The measured
activation energy of bulk etch rate was 0.85 ± 0.05 eV.

Rana and Qureshi [49] etched fission fragment exposed CR-39 (Pershore
Mouldings) detector with 6N NaOH solution at 70 °C for 3-h duration, and
diameters of fission fragments tracks were measured. Using average track diameter
and etching time, the bulk rate was determined, which was 1.43 ± 0.07 µm/h. In
this study, they also measured bulk etch rate of CR-39 detector with different
concentrations (3, 5, 6, 7N) of NaOH at seven different temperatures (50, 55, 60,
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65, 70, 75, 80 °C) and observed that bulk etch rate shows Arrhenius dependence on
temperature. From the measured bulk rate as a function of temperature at different
concentrations, they measured activation energy, which was 0.939 ± 0.068 eV.

Adopting track diameter method, Farid [50] measured the bulk etch rate of
CR-39 (Pershore Mouldings) using 6N NaOH as an etchant at five different tem-
peratures (30, 40, 50, 60 and 70 °C) and pointed out that bulk etch rate expo-
nentially depends upon the etchant temperature. The activation energy of bulk etch
rate, reported in this study, is 0.75 ± 0.03 eV.

Ansari et al. [51] exposed two types of CR-39 (American Acrylics, Pershore
Mouldings) detector with fission fragments (Cf252 source), and after etching the
detectors with different time duration in 6M NaOH solution at fixed temperature
(70 °C), they measured the track diameter using optical microscope. From track
diameter and etching time plot (track diameter method), bulk etch rate of CR-39
was determined. The reported bulk etch rate values for CR-39 (American Acrylics)
and CR-39 (Pershore Mouldings) are 1.1 and 1.2 µm/h, respectively. These values
show that the bulk etch rate for CR-39 (Pershore Mouldings) is slightly higher than
CR-39 (American Acrylics).

In order to study the depth dependence bulk etch rate, Kobayashi and Fujii [52]
used different types of CR-39, manufactured by Solar Optical Japan (SOJ) and
Teijin Lens Limited (TL). They exposed these detectors with fission fragments and
etched with the 7N NaOH solution at 70 °C. In their study, the surface removal of
CR-39 due to etchant was measured with the help of micrometre and bulk etch rate
was measured adopting track diameter method. They observed that, in the con-
sidered samples, bulk etch rate first increases with the increase in depth and then
decreases. Authors also tried new etchant (different ratios of NaOH and
(C2H5)4NOH), at different temperatures, and measured the bulk etch rate.

Bethe et al. [53] exposed CR-39 (Pershore Mouldings) detector with fission
fragments and etched these detectors with three different concentrations (4, 6 and
8N) of NaOH solution at five different temperatures (30, 45, 60, 70 and 80 °C).
Adopting track diameter method, bulk etch rate was measured as a function of
etchant concentration and etchant temperature. They observed that bulk etch rate
values increase with the increase in (a) etchant concentration at particular tem-
perature and (b) etchant temperature at particular normality. Further, based on the
experimentally measured bulk etch rate (lm/h) values, a semi-empirical relation
was developed, which is expressed as:

VB N; Tð Þ ¼ 8:33� 1010e 0:286N�1
Tð Þ

The activation energy determined from the bulk etch measurements was
0.792 ± 0.024 eV with 6N NaOH solution.

Awad and El-Samman [54] irradiated the American Acrylic CR-39 track
detector with fission fragments and etched with NaOH etchant with different con-
centrations (4, 5, 6.25, 8 and 9N) and at five different temperatures (50, 61, 72, 80
and 90 °C). For bulk etch rate measurements, they adopted track diameter method.
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Based on the experimentally measured values, they observed
temperature-dependent bulk etch rate and expressed by an Arrhenius-type equation.
Using this equation, they plotted the graph between lnVB and 103

T (K−1) and mea-
sured the activation energy, which was 0.80 ± 0.04 eV.

The bulk etch rate of a CR-39 (Homalite) was measured as a function of different
concentrations (4–10N) of NaOH solution at different temperatures varying from 50
to 80 °C, using weight loss method. The measurements reveal that bulk etch rate
increases linearly with the increase in etchant concentration and follows a power
law, which is expressed by,

VB ¼ ACn

where C is the etchant concentration and A and n are the temperature-dependent
constants. Finally, based on their measurements and fitted constants, they devel-
oped a fitted relation for bulk rate (lm/h) as a function of etchant concentration and
etchant temperature and written as:

VB C; Tð Þ ¼ AC2:46e 0:83=kTð Þ

The average activation energy, obtained through these measurements, is
0.83 ± 0.04 eV [55]

Charvát and Spurńy [56] measured bulk etch rate of CR-39, through fission track
diameter and thickness measurement methods, as a function of etchant concentra-
tion (1–10N NaOH) and at different temperatures (40–70 °C). They observed that
bulk etch rate increases exponential with the increase in etchant normality up to a
concentration of 6N. From the measured values, they examined that Arrhenius
equation is valid for the considered concentrations and temperatures. The average
activation estimated through the Arrhenius equation is 0.745 ± 0.033 eV. They
also observed that etchant concentration has only a minor influence on the bulk
activation energy.

In order to avoid surface effects [57] and to ensure that the fission fragment
tracks are over-etched, Hermsdorf et al. [58] pre-etched the CR-39 (TASTRAK)
detectors before starting measuring procedure. After this, they exposed CR-39 with
fission fragments and etched the detectors with different concentrations (0.5–
22 mol/l) of NaOH solution at different temperatures. They measured bulk etch rate
as a function of concentration and observed that bulk etch rate cannot be understood
by simple Arrhenius equation, which separates both variables: concentration and
temperature.

Ghazaly et al. [59] measured bulk etch rate of CR-39 (TASTRACK) after
etching the detector with 7.25N NaOH etchant at 70 °C through weight loss
method. The measured value of bulk etch rate is 1.80 ± 0.05 µm/h. The same
method and temperature are also evidenced in the study of Hofy et al. [60], and
reported values are 2.33 µm/h and 6.58 µm/h with 30% NaOH and 60% NaOH
solution, respectively.
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Besides the commonly used methods, masking method is also used to measure
bulk etch rate of CR-39 (Page Mouldings) as a function of different concentrations
of NaOH/ethanol. Here, the measured bulk etch rate increases with the increase in
etchant concentration up to 2.5N, and after this, it starts declining. Further, authors
also studied the effect of stirring on the bulk etch rate and observed higher bulk etch
rate than without stirring at same etchant concentration [61].

Based on measured bulk etch rate of CR-39(TASTRACK) detector with dif-
ferent concentrations of NaOH at temperature range *333 to 353, Fromm et al.
[62] developed a following empirical relation for bulk etch rate measurements.

VB ¼ 1:276 e 2:303 0:828Cþ 0:049T�0:002CT�17:624ð Þ½ �

where concentration (C) is in mol/l and etchant temperature (T) in degree Kelvin.
CR-39 (Pershore Mouldings) were etched with five different NaOH concentra-

tions (2, 4, 6, 8 and 10M) at six different temperatures (40, 50, 59, 65, 68 and 75 °
C), and bulk etch rate was measured using weight loss method. The measurements
reveal that the bulk etch rate increases with the increase in etchant temperature/
concentration at particular concentration or temperature. Based on the measured
values, they developed a relation for bulk etch rate as a function of temperature:

VB M; Tð Þ ¼ 9:88� 1010e 0:271� 9263:8
Tð Þ½ �

Further, from the plots between lnVB and 1000
T (K−1) for different concentrations,

the activation energies were determined. The average value of activation energy is
found to be 0.799 ± 0.013 eV. In this study, it was also observed that the acti-
vation is independent of the etchant concentration [63].

In order to see the effect of stirring on the bulk etch rate of Pershore Mouldings
type CR-39, Ho et al. [64] etched the detectors with 6.25N NaOH at fixed tem-
perature (70 °C) with and without magnetic stirring. They observed
1.104 ± 0.024 µm/h and 1.195 ± 0.028 µm/h bulk etch rate with magnetic stirring
and without magnetic stirring, respectively.

Singh et al. [65] etched CR-39 detector with 6.25N NaOH solution at four
different temperatures (65, 70, 75 and 80 °C), and bulk etch rate was measured,
using thickness measurements method. In their study, they observed that bulk etch
rate increases with the increase in temperature, at fixed etchant concentration. They
also measured the bulk etch rate as a function of concentration (1, 2.5 and 6.25N) of
NaOH at fixed temperature (75 °C) and observed the increase in bulk etch rate with
the etchant concentration. Based on the measured bulk etch rate as a function of
temperature, they measured the activation energy, which is 0.92 eV with 6.25N
NaOH solution. Further, in their study, they used three etchants, viz. Ba
(OH)2.8H2O, NaOH and LiOH�H2O, at 75 °C for bulk etch rate measurements and
reported bulk etch rate values are 0.81 µm/h for 1N Ba(OH)2�8H2O, 0.18 µm/h for
1N NaOH and 0.28 µm/h for 1N LiOH�H2O. From these reported values, it is clear
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that the bulk etch rate with Ba(OH)2�8H2O etchant is higher than NaOH and
LiOH�H2O etchants.

CR-39 (Pershore Mouldings) detectors were etched with different concentrations
of NaOH and methanol at fixed temperature (50 °C), and bulk etch rate was
measured, through thickness measurement method. It was observed that bulk etch
rate value is maximum when a combination of 60% methanol and 40% NaOH was
used an etchant [66].

Khan et al. [67] etched exposed CR-39 samples in conventionally used 6M
NaOH solution in the presence of 1, 2, 3, 4, 5% Na2CO3 and observed significant
enhancement in activation energy of bulk etch rate at 4% of Na2CO3.

Ashry et al. [68] measured the bulk etch rate of CR-39 (TASTRACK) detector
through the track diameter method. For this purpose, they exposed the detectors
with the fission fragments, using Cf252 source, and then etched with various
combinations of 8 ml of 10N NaOH with different amounts of methanol (CH3OH)
at various temperatures (55, 60, 65, 70 °C). They observed that the bulk etch rate
increases with the increase in the amount of methanol and etchant temperature. The
bulk etch rate of CR-39 track detector with etching condition 10N NaOH + 1 ml
CH3OH at 60 °C is found to be 2.73 µm/h. Further, they measured the activation
energy of bulk etch rate at different amounts of methanol and average value found
to be 0.88 eV.

Matiullah et al. [69] exposed CR-39 (Page Mouldings) detectors, at normal
incidence, with fission fragments using thin Cf252 source. In order to see the impact
of different etchants on bulk etch rate, one set of detectors is etched with different
concentrations of NaOH solution at 70 °C, second set etched with different con-
centrations of NaOH/1-propanol at 49 °C and third set etched with different con-
centrations of NaOH/ethanol solution at 55 °C. These bulk rate measurements were
taken using track diameter method. From these measurements, it was observed that
bulk etch rate increases with the increase in concentration of NaOH at 70 °C. In
case of NaOH/1-propanol and NaOH/ethanol etching solutions, first bulk etch rate
increases and then decreases with the increase in etchant concentration. They also
measured the activation energies of bulk etch rate for these etchants. The measured
activation energies were 0.77 eV for NaOH, 0.83057 eV for NaOH/1-propanol and
0.7928 eV for NaOH/ethanol etchant.

Matiullah et al. [70] tried two other etchants (NaOH/methanol and NaOH/
methanol + water) at different temperatures on CR-39 (Page Mouldings) to see the
impact on bulk etch rate. With 1.5M NaOH/methanol etchant, highest measured
bulk etch rate value was 62.5 µm/h at 55 °C. However, no systemic trend in bulk
etch rate as a function of temperature was observed. After this, they used another
etchant (10% NaOH dissolved in X% methanol and (90 − X)% water) at 55 °C and
measured the bulk etch rate as a function of methanol concentration, which varied
from 40 to 80%. The measured bulk etch rate first increased and then decreased
with the increase in percentage of methanol, and the maximum observed bulk etch
rate values was 1.292 µm/h at 55 °C.

Tse et al. [71] through their measurements observed that the bulk etch rate of
CR-39 (Page Mouldings) in NaOH/ethanol etchant is faster than NaOH/H2O.
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Through mass spectrometry, they observed same etched products of CR-39 for both
the etchants. They clarified that same etching mechanism is involved in CR-39 for
both the etchants and higher bulk etch rate is due to high solubility of CR-39 in
ethanol.

Tahiri et al. [72] measured the activation energy of bulk etch rate of CR-39 (Page
Mouldings) with different etchants (LiOH, NaOH, molten Ba(OH)2�8H2O) at dif-
ferent temperatures and reported 0.88 ± 0.02 eV activation energy for LiOH,
0.77 ± 0.08 eV for NaOH and 1.37 ± 0.11 eV for Ba(OH)2�8H2O molten state.
They observed that bulk activation energy for molten Ba(OH)2�8H2O etchant is
higher than the other two considered etchants.

Somogyi et al. [73] measured the bulk etch rate of three different types of CR-39
(Homalite, Pershore Mouldings and MA-ND) and observed that the bulk etch rate
depends upon the type of CR-39 and is a thickness-dependent parameter, i.e. it
varies with the change of thickness of even same type of CR-39.

The bulk etch rate was measured in NaOH and KOH with different concentra-
tions from 1 to 12N and at different temperatures of 40, 50, 60, 70 and 80 °C. These
measurements were taken through track diameter technique. The observation
reveals that bulk etch rate increases with the increase in concentration and tem-
perature for both NaOH and KOH etchants. Further, result shows that at all tem-
peratures, the bulk etch rate for a given normality of KOH is greater than that for
the same normality of NaOH etchant. The activation energy of CR-39 (Pershore
Mouldings) obtained through these measurements was 0.77 ± 0.02 eV for NaOH
and 0.76 ± 0.03 eV for KOH [74].

Amin and Henshaw [75] etched CR-39 (Pershore Mouldings) exposed samples
using various concentrations of KOH and NaOH and measured track diameter of
fission tracks. Using fission track diameter and etching time, they measured the bulk
etch rate and observed that bulk etch rate increases steadily with the increase in the
concentration range 4.5–40%. They also added various quantities of methyl alcohol
in 6.25N NaOH solutions and etched CR-39 samples at various temperatures (25,
37, 60, 70 °C) and observed that bulk etch rate increases remarkably with the ratio
of methanol to NaOH. Further, they studied the effect of bulk etch rate as a function
of relative concentration of 6.25N NaOH/methanol and 6.25N NaOH/ethanol
solution at 37 °C and no significant difference in bulk etch rate was noticed.

CR-39 (Pershore Mouldings) samples were etched with 6.25M KOH at constant
temperature of 60 ± 0.5 °C for different etching time, and bulk etch rate was
measured through the following relation:

VB ¼ M1 �M2ð ÞD1

2M1t

where M1 and M2 are the initial and final weights after etching time t and D1 is the
initial thickness of the detector. The mass of each detector was determined before
and after etching at different etching time using a sensitive balance with an accuracy
of ±0.01 mg, and the detector thickness D1 was measured electronically using a
sensitive device with an accuracy of ±1 µm. The change in the mass according to
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the above equation as a function of the etching time is plotted. A linear relationship
is observed resulting in a constant bulk etch rate of Vb ¼ 1:37� 0:05 lm/h over an
etching time of 20 h [76].

3.1.4 Data Compilation of Activation Energy of Bulk Etch Rate
of CR-39

The measured bulk activation energy of different types of CR-39 using NaOH as an
etchant is given in Table 1. It is clear from the table that bulk activation energy of
Pershore Mouldings, Page Mouldings and American Acrylic types CR-39 generally
varies from 0.75 to 0.80 eV. It is further noticed that the bulk activation energy of
Pittsburgh and Homalite is slightly higher than Pershore and Page Mouldings type
CR-39.

Table 2 presents the bulk activation energy of CR-39 as a function of different
etchants. From the reported values, it is observed that the value of bulk activation
energies is almost same for NaOH, KOH and NaOH/ethanol etchants. Further, it is
observed that the activation energy due to NaOH/1-propanol, LiOH and
NaOH + CH3OH etchants is higher and is maximum with molten Ba(OH)2�8H2O
etchant.

3.2 Track Etch Rate

Track etch rate is the rate at which the etchant attacks along the damaged trails in
the detector. Along with the etching conditions, track etch rate also depends upon

Table 1 Activation energy
of bulk etch rate of different
types of CR-39 with NaOH

Type of CR-39 Activation energy (eV) References

Pershore Mouldings 0.939 ± 0.068 [49]

Pershore Mouldings 0.75 ± 0.03 [50]

Pershore Mouldings 0.792 ± 0.024 [53]

Pershore Mouldings 0.799 ± 0.013 [63]

Pershore Mouldings 0.77 ± 0.02 [74]

Page Mouldings 0.77 [69]

Page Mouldings 0.77 ± 0.08 [72]

American Acrylic 0.80 ± 0.04 [54]

Pittsburgh 0.85 ± 0.05 [37]
a 0.745 ± 0.033 [56]
a 0.92 [65]

Homalite 0.83 ± 0.04 [55]
aType of CR-39 not mentioned
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the atomic number and energy of incident ion. Without the understanding of this
parameter, track detector cannot be used in most of the applications.

3.2.1 Methods for Track Etch Rate VTð Þ Measurements

As discussed in Sect. 2, when energetic ions enter into the detector, they generate
latent tracks. These latent tracks are enlarged with suitable etchants and etching
conditions (concentration and temperature of etchants) that vary from detector to
detector and these enlarged tracks can be viewed through ordinary optical micro-
scope. The diameters/lengths of these enlarged tracks as a function of etching time
is measured using screw micrometre attached with eye piece of optical microscope.

In case of track diameter, the track etch rate is measured through the following
relation:

VT ¼ 4V3
Bt

2 þVBD2

4V2
Bt

2 � D2

This relation is applicable mainly for circular tracks but can be used for elliptical
tracks also. For elliptical tracks, the minor axis of the tracks is considered instead of
track diameter.

In case of track length, the track etch rate is determined from the linear portion of
the plot between track length and the etching time.

Table 2 Activation energy
of bulk etch rate of different
types of CR-39 with different
etchants

Etchant Activation energy
(eV)

References

Pershore mouldings

NaOH 0.75 ± 0.03 [50]

NaOH 0.792 ± 0.024 [53]

NaOH 0.799 ± 0.013 [63]

NaOH 0.77 ± 0.02 [74]

KOH 0.76 ± 0.03 [74]

Page Mouldings

NaOH 0.77 [69]

NaOH 0.77 ± 0.08 [72]

NaOH/ethanol 0.7928 [69]

NaOH/1-propanol 0.83057 [69]

LiOH 0.88 ± 0.02 [72]

Ba(OH)2�8H2O
molten

1.37 ± 0.11 [72]

TASTRACK

NaOH + CH3OH 0.88 [68]
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3.2.2 Activation Energy of Track Etch Rate

Activation energy is the energy required to activate the reaction between the
damaged trails, in the detector, and etching solution. With activation energy, one
can understand the reaction kinetics.

The activation energy of track etch rate ETð Þ is determined from lnVT versus
1000
T (K−1) plot, through the following relation:

lnVT ¼ lnA� ET

KT

� �

where

K is the Boltzmann constant and
A is a constant for a particular normality.

3.2.3 Track Etch Rate and Activation Energy Measurements of CR-39
Track Detector

Ansari et al. [51] irradiated CR-39 (American Acrylics) and CR-39 (Pershore
Mouldings) detector with a-particles using Cf252 source. These detectors are etched
with 6M NaOH solution at fixed temperature (70 °C) to measure the track etch rate
of a-particles. The measured track etch rate in CR-39 (American Acrylics) shows
slightly lesser value than CR-39 (Pershore Mouldings) when etched with identical
etching conditions.

CR-39 detectors were exposed with a-particles using Am241 source and etched
with different concentrations (1–10N) of NaOH solution at various temperatures
(40, 50, 60, 70 °C) and measured the track etch rate. The track etch rate as a
function of etchant concentration shows exponential behaviour up to 6N. Further,
they measured the activation energy using Arrhenius equation and reported value is
0.906 ± 0.093 eV. They observed that etchant concentration has not a significant
impact on the activation energy [56].

Matiullah et al. [69] measured the track etch rate VTð Þ of a-particles in CR-39
(Page Mouldings) through the following relation:

VT ¼ VB

1þ D2
a

D2
ff

� �

1� D2
a

D2
ff

� �

where Da and Dff are the average track diameter of a-particles and fission frag-
ments, respectively. In their measurements, they observed that in case of NaOH
etchant (temperature: 70 °C), the track etch rate increases with the increase in
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concentration. However, in NaOH/1-propanol (temperature: 49 °C) and NaOH/
ethanol (temperature: 55 °C) etchants, first track etch rate increases and then
decreases with the increase in etchant concentration. The maximum track etch rate
was 1.063 µm/min and 261.488 µm/min for 1.2M NaOH/1-propanol and 1.5M
NaOH/ethanol etchant, respectively. They also measured the activation energy of
track etch rate, which is 0.67 eV for NaOH, 0.7267 eV for NaOH/ethanol and
0.7336 eV for NaOH/1-propanol etchants.

The track etch rate of a-particles in CR-39 (Page Mouldings) detector was
measured using 1.5M NaOH/methanol etchants at different temperatures (40, 45, 50,
55, 60 °C) and observed maximum track etch rate value at 55 °C. In their study,
authors also etched CR-39 detectors with other etchants (10% NaOH dissolved in
X% methanol and (90 − X)% water) at 55 °C and observed that the track rate
increases with the increase in methanol concentration up to 70% and then decreases.
The maximum track rate was 6.092 µm/min, which was at 70% methanol concen-
tration [70].

Tahiri et al. [72] reported track activation energy 0.74 ± 0.06 eV,
0.67 ± 0.04 eV and 0.97 ± 0.10 eV for LiOH, NaOH and molten Ba(OH)2�8H2O
etchants, respectively. They noticed that track etch activation energy is maximum
for molten Ba(OH)2�8H2O etchants and minimum for NaOH etchants. In this study,
Page Mouldings type CR-39 is used which was exposed with a-particles.

Lounis et al. [76] exposed CR-39 samples with a-particles with different ener-
gies using different radioactive sources and etched the samples with 6.25M KOH at
constant temperature of 60 ± 0.5 °C. This etching process was undertaken for
different etching time from 3 to 10 h. The diameter of a-particles is measured using
optical microscope, and track etch rate is plotted as a function of a-energy. It was
observed that track etch rate varies noticeably along with the particle energy due to
varying energy loss.

Dörschel et al. [77] etched a-particles exposed PATRAS and Pershore
Mouldings types CR-39 with 7.25N NaOH solution at 70 °C and observed that the
track etch rates in PATRAS type detector are distinctly lower than the Pershore
Mouldings type CR-39 detector. Since the bulk etch rate of both types of CR-39 is
same, therefore, the sensitivity of PATRAS type detector is lower for the a-particles
registration.

3.2.4 Data Compilation of Activation Energy of Track Etch Rate
of CR-39

The track activation energy of a-particles in CR-39 (Page Mouldings) as a function
of etchants is presented in Table 3. It is clear from the table that activation energy
varies with the different etchants and maximum activation energy appears with
molten Ba(OH)2�8H2O etchant.
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3.3 Sensitivity

Sensitivity Sð Þ of the detector is a strong function of nature of material and incident
ions and is most important parameter for the selection of material for particular
application. This is the ratio of track etch rate VTð Þ to bulk etch rate VBð Þ and
expressed as:

S ¼ VT

VB

The sensitivity is also known as etch rate ratio or reduced etch rate.
Ansari et al. [51] etched CR-39 (American Acrylics) and CR-39 (Pershore

Mouldings) detectors with 6M NaOH solution at 70 °C and reported track etch rate
and bulk etch rate values. From these values, sensitivity of these detectors is
determined. The computed sensitivity of these detectors is 1.70 and 1.67 for
American Acrylics and Pershore Mouldings, respectively.

Kobayashi and Fujii [52] etched different types of CR-39 detectors with different
ratios of NaOH and (C2H5)4NOH (tetraethylammonium hydroxide), at different
temperatures and measured (S − 1) for 6.1 MeV a-particles. The measurements
reveal that the sensitivity (S − 1) value is maximum with 80% NaOH and 20%
(C2H5)4NO etchant mixture.

Ashry et al. [68] observed that sensitivity of CR-39 (TASTRACK) track detector
decreases with the increase in a-particle energies when etched with a mixture of
8 ml of 10N NaOH and different amounts of methanol (CH3OH) at 60 °C for
etching time of 45 min. Further, they observed that sensitivity decreases with the
increase in amount of (CH3OH).

Matiullah et al. [69] measured the sensitivity of CR-39 (Page Mouldings) as a
function of concentration of two different etchants (NaOH/1-propanol at 49 °C,
NaOH/ethanol at 55 °C). They found that sensitivity first increases and then
decreases with the increases in concentration. The maximum sensitivity they
observed was 3.307 for 1M NaOH/1-propanol and 4.36 for 1.5M NaOH/ethanol.
From the available values of track etch and bulk etch rate of CR-39 with different

Table 3 Activation energy
of track etch rate of
a-particles in CR-39 (Page
Mouldings) with different
etchants

Etchant Activation energy
(eV)

References

NaOH 0.67 [69]

NaOH 0.67 ± 0.04 [72]

NaOH/ethanol 0.7267 [69]

NaOH/1-propanol 0.7336 [69]

LiOH 0.74 ± 0.06 [72]

Ba(OH)2�8H2O
molten

0.97 ± 0.10 [72]
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concentrations of NaOH etchant, the sensitivity of detector as a function of con-
centration is determined and observed maximum sensitivity (4.0) with 6M NaOH
solution at 70 °C.

The measured sensitivity of exposed CR-39 (Page Mouldings) detectors varies
with temperatures of 1.5M NaOH/methanol solution. The sensitivity increases up to
55 °C and decreases with the increase in temperature. The maximum sensitivity is
4.55. In this study, authors also observed the impact of other etching solution (10%
NaOH dissolved in X% methanol and (90 − X)% water) at fixed temperature (55 °
C) on the sensitivity of CR-39 track detector as a function of percentage concen-
tration of methanol. They observed maximum sensitivity (5.212) at 60% methanol
[70].

The track registration sensitivity measured by Somogyi et al. [73] for three
different types of CR-39 (Homalite, Pershore Mouldings and MA-ND) shows that
sensitivity not only depends upon the type of CR-39 but also on the thickness of
same type of CR-39. Further, they developed three different types of fitted relation
for these three types of CR-39 for alpha particles and examined through correlation
that the following is best one.

V ¼ 1þ aRR�n

where RR is the residual range; a and n are constants; and fitted values are given in
the tabulated form along with the correlation coefficients.

Green et al. [74] measured the sensitivity of CR-39 (Pershore Mouldings) as a
function of normality between 1 and 12N with both NaOH and KOH etchants at
different temperatures and observed that sensitivity first increases (generally up to
6N) with the increase in normality and then decreases.

Randhawa et al. [78] measured the sensitivity of a-particles irradiated CR-39
and CR-39(DOP) detectors. These detectors were etched with 6.25N NaOH at a
constant temperature of 70 °C. They reported the sensitivity of CR-39 and CR-39
(DOP) as a function of etching time. From their measurements, they observed that
sensitivity increases up to 10-h etching time and then starts decreasing. The sen-
sitivity at 10-h etching time is 2.47 and 2.53 for CR-39 and CR-39(DOP) plastic
track detector.

Hermsdorf [79] reviewed the sensitivity function developed by different authors
for registration of a-particles in CR-39 track detector. Based on the new experi-
mental data, they tested these models and developed new parameterization for
sensitivity calculations and recommended Fromm et al. [80] and own new
parameterization for future applications.

Table 4 presents the maximum sensitivity for registration of a-particles in
CR-39 with different etchants at different temperatures. From the table, it is clear
that (a) for same etchant and at same temperature, the sensitivity of the different
types of detectors is different. (b) Sensitivity of the detector varies with different
etchants and etching conditions.
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3.4 Critical Angle of Etching

Critical angle hCð Þ of etching is the minimum angle of incidence of the incident
ions with detector surface for which formed latent track is etchable. This is one of
the geometrical limitations for the revelation of the etched tracks in nuclear detector
and can be determined through the relation:

hC ¼ sin�1 VB

VT

� �

It simply means that to visualize the tracks, along with the suitable etchants, the
angle of incidence is also important. Visualization of tracks is only possible, if the
angle of incidence is greater than the critical angle of etching.

Ansari et al. [51] compared the critical angle of a-particles in two types of
CR-39 (Pershore Mouldings and American Acrylics) and observed that with same
etching conditions (6N NaOH at 70 °C), the critical angle is slightly higher in case
of CR-39 (Pershore Mouldings) as compared to CR-39 (American Acrylics).

Ashry et al. [68] studied the variation of critical angle with different combina-
tions of etchant solutions (8 ml of 10N NaOH and different amounts of methanol
(CH3OH) at 60 °C for etching time of 45 min) and different energies of a-particles
and observed that critical angle increases with the increase in amount of methanol
and a-particle energies.

From the available track etch and bulk etch rate values [69, 70], the critical angle
of a-particle in CR-39 (Page Mouldings) with five different etchant combinations is
determined. For all the considered etchants, the critical angle first decreases with the
increase in etchant concentration and then increases. The minimum critical angle of

Table 4 Maximum sensitivity for registration of a-particles in CR-39 with different etchants at
different temperatures

Type of CR-39 Etchant Temperature
(°C)

Sensitivity
(S)

References

American Acrylics 6N NaOH 70 1.70b [51]

Pershore
Mouldings

6N NaOH 70 1.67b [51]

Page Mouldings 6M NaOH 70 4.00b [69]
a 6.25N NaOH 70 2.47 [78]

DOP 6.25 NaOH 70 2.53 [78]

Page Mouldings 1M NaOH/1-propanol 49 3.31 [69]

Page Mouldings 1.5M NaOH/ethanol 55 4.36 [69]

Page Mouldings 1.5M NaOH/methanol 55 4.55 [70]

Page Mouldings 10% NaOH + 60%
methanol + 30% water

55 5.21 [70]

aType of CR-39 not mentioned
bComputed from the available track etch and bulk etch rate values
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a-particles in CR-39 (Page Mouldings) is 14.48 with 6M NaOH solution at 70 °C,
17.60 with 1M NaOH/1-propanol at 49 °C, 13.26 with 1.5M NaOH/ethanol at 55 °
C, 12.68 with 1.5M NaOH/methanol at 55 °C and 11.06 with SMW (10% NaOH
dissolved in X% methanol and (90 − X)% water) at fixed temperature (55 °C).

Randhawa et al. [78] reported the critical angle of incidence of a-particles in
CR-39 and CR-39(DOP) track detector as a function of etching time. They reported
minimum critical angle value 23.84 for CR-39 and 23.28 for CR-39(DOP) track
detector at 10 h etching time with 6.25N NaOH etchant at 70 °C etchant
temperature.

The minimum critical angle of a-particles in different types of CR-39 as a function
of different etching conditions is presented in Table 5. From these observations, it is
ascertained that along with the types of the CR-39, critical angle strongly depends
upon the etchant and etchant variables (concentration and temperature).

3.5 Etching Efficiency

The etching efficiency of a detector is defined as the proportion of tracks etched out
expressed as a fraction of particles actually incident on the detector surface. The
etching efficiency gð Þ of the detector can be determined through the following
relation:

g ¼ 1� VB

VT

Table 5 Minimum critical angle of a-particles in different types of CR-39 with variety of etchants
at different temperatures

Type of CR-39 Etchant Temperature
(°C)

Critical
angle hCð Þ

References

American Acrylics 6N NaOH 70 35.80 [51]

Pershore
Mouldings

6N NaOH 70 36.87 [51]

Page Mouldings 6M NaOH 70 14.48b [69]
a 6.25N NaOH 70 23.84 [78]

DOP 6.25N NaOH 70 23.28 [78]

Page Mouldings 1M NaOH/1-propanol 49 17.60b [69]

Page Mouldings 1.5M NaOH/ethanol 55 13.26b [69]

Page Mouldings 1.5M NaOH/methanol 55 12.68b [70]

Page Mouldings 10% NaOH + 60%
methanol + 30% water

55 11.06b [70]

aType of CR-39 not mentioned
bComputed from the available track etch and bulk etch rate values
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Ansari et al. [51] measured the track etch and bulk etch rate in CR-39 (Pershore
Mouldings) and CR-39 (American Acrylics) with 6N NaOH etchant at 70 °C. In the
present study, using these measured values, etching efficiency of these detectors is
determined and observed that etching efficiency of American Acrylics is slightly
higher than the Pershore Mouldings type detector.

Ashry et al. [68] etched the group of exposed CR-39 (TASTRACK) track
detector with a mixture of 8 ml of 10N NaOH + 1 ml CH3OH at 60 °C and studied
the variation of etching efficiency as a function of a-particle energy for different
etching times (45, 60 and 90 min) and observed that the efficiency increases with
the decrease in etching time. Further, they observed that efficiency decreases with
the increase in a-particle energy from 1 to 5 MeV and also deceases with increasing
the amount of CH3OH.

Matiullah et al. [69] measured the efficiency of CR-39 (Page Mouldings) for
three different etchants. They observed maximum efficiency 64% for 6M NaOH
etchant at 70 °C; *70% for 1M NaOH/1-propanol at 49 °C and 77% for 1.5M
NaOH/ethanol at 55 °C. Matiullah et al. [70] also measured the sensitivity of
exposed CR-39 samples, as a function of temperature, with 1.5M NaOH/methanol
etching solution and observed the maximum efficiency (*78%) at 55 °C. They also
measured the efficiency as a function of methanol concentration of (10% NaOH
dissolved in X% methanol and (90 − X)% water) etchant at 55 °C temperature and
observed that first etching efficiency increases (up to *81%) and then decreases
with the increase in methanol concentration. They prove that the efficiency of
CR-39 with these newly used etchants is higher as compared to most commonly
used 6M NaOH solution as an etchant. Further, the required temperature to achieve
higher etching efficiency is less for newly used etchants.

Tahiri et al. [72] etched CR-39 (Page Mouldings) samples with three different
etchants (4–12M NaOH, 4–12M KOH and 3–7M LiOH) at different temperatures
(50–90 °C). They reported higher etching efficiency with 6M NaOH and 6M KOH
etchants at 70 °C. Also, they observed that LiOH etchant yields lower etching
efficiency as compared to first two etchants. In addition to these etchants, they also
tried three other etchants (Mg(OH)2, Ca(OH)2 and Ba(OH)2�8H2O) on CR-39 and
observed that first two etchants are relatively less soluble in water and hence cannot
be used as an etchant. As far as third etchant is concerned, it varies with the
concentration of Ba(OH)2�8H2O from 0.5 to 2.75M at 78 °C. They observed that
etching efficiency decreases with the increase in concentration of barium hydroxide.
The authors reported maximum etching efficiency 66% with 0.5M of Ba
(OH)2�8H2O etchants at 78 °C etchant temperature. Further, they observed 72%
etching efficiency with molten Ba(OH)2�8H2O etchant at 84 °C.

Randhawa et al. [78] reported maximum etching efficiency 59.54 for CR-39 and
60.47 for CR-39 (DOP) track detector, when detector was etched with 6.25N NaOH
solution at 70 °C, after 10 h etching time.

Maximum etching efficiency of a-particles in different types of CR-39 as a
function of etchant variables is presented in Table 6. It is clear from the table that
the etching efficiency of the detector generally varies from 40 to 81% depending
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upon the etchant variables. The highest etching efficiency is achieved with SMW
(10%NaOH + 60% methanol + 30% water) etchant at 55 °C.

4 Applications and Future Projections of Nuclear Track
Detectors

4.1 Applications of Nuclear Track Detectors

Due to unique advantages of nuclear track detectors as compared to other con-
ventional detectors, these detectors have numerous applications in different scien-
tific disciplines. Some fascinating fields are listed as under:

4.1.1 Biological Applications

Nuclear tack detectors are used to:

(a) Study the radiological consequences of inhalation of a-particles, present in the
environment, and their deposition in the human’s lungs [30, 81].

(b) Monitor the a-activity in the blood of smokers and non-smokers [82].
(c) Examine the lead content and their distribution in human teeth and human

bones as a function of age [83–85].

Table 6 Maximum etching efficiency of a-particles in different types of CR-39 with variety of
etchants at different temperatures

Type of CR-39 Etchant Temperature
(°C)

Efficiency
gð Þ (%)

References

American Acrylics 6N NaOH 70 41b [51]

Pershore
Mouldings

6N NaOH 70 40b [51]

Page Mouldings 6M NaOH 70 64 [69]
a 6.25N NaOH 70 59 [78]

DOP 6.25N NaOH 70 60 [78]

Page Mouldings 1M NaOH/1-propanol 49 70 [69]

Page Mouldings 1.5M NaOH/ethanol 55 77 [69]

Page Mouldings 1.5M NaOH/methanol 55 78 [70]

Page Mouldings 10% NaOH + 60%
methanol + 30% water

55 81 [70]

Page Mouldings 0.5M Ba(OH)2�8H2O 78 66 [72]

Page Mouldings Molten Ba(OH)2�8H2O 84 72 [72]
aType of CR-39 not mentioned
bComputed from the available track etch and bulk etch rate values
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(d) Separate out the cancer cells from the normal blood cells [3, 30, 86].
(e) Investigate the blood circulation disorders connected with heart diseases [3, 30,

86].
(f) Study dust, smoke and pollutant transport in industries, etc. [87, 88].

4.1.2 Radiation Dosimetry

Nuclear track detectors are used as radiation dosimeters, which measure the dif-
ferent types of radiations available in normal environment. These dosimeters are
also used in the radiation prone areas such as mines, dwellings, caves and area
where the accident due to nuclear explosion was occurred. The unique advantages
of these detectors as radiation dosimeters are: (a) the detectors are generally
insensitive to background radiations such as b, c and X-rays, (b) the detectors do
not require any sophisticated electronic equipment for counting the radiations,
(c) the detectors store the radiations permanently without any environmental effects
(fogging, fading, storage) at ambient temperatures, (d) no dark room conditions are
required to reveal the tracks, and (e) wide range of ion’s doses can be studied [3,
30].

4.1.3 Nuclear Physics

In nuclear physics experiments, these detectors are used for (a) particle identifi-
cation [3, 30], (b) charge-to-mass resolution [37, 89], (c) cosmic rays study [89–92],
(d) fission reactions study [93], (e) searching superheavy elements [94], (f) cross
sections and angular distributions study [95], (g) spallation products study [96] and
(h) determination of half-life of spontaneous fission nuclei [97].

5 Conclusions and Future Scope

Track etch parameters (track etch rate, bulk etch rate, sensitivity, critical angle,
efficiency) in CR-39 are highly influenced by etchant variables such as nature of
etchant, etchant temperature, etchant concentration, duration of etching and stirring.
The track activation energy is lower than the bulk activation energy, for particular
etchant. This shows that the etchant is attacked with faster rate in damaged regions
than the undamaged regions. Track/bulk activation energy varies with different
etchants. However, it is not affected by the concentration of etchant. Track etch
parameters depend upon the types of CR-39 polymer although the monomer
(C12H18O7) composition is same. This shows that preparation method, purity of
monomer, polymerization conditions, additives, contaminants during preparation
also play a significant role. Track etch parameters are depth-dependent parameters,
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i.e. they hold different values in different depths in the same type of CR-39 detector.
Generally, in the presently considered studies and the various studies available in
the literature, one can use 6.25N NaOH solution at 70 °C as an etchant for etching
CR-39 track detector. However, one can use the presently considered new etchant
for etching and/or explore the new etchant to enhance the etching efficiency and
sensitivity of the track detector.

This study is confined to the a-irradiated CR-39 track detectors and examines the
impact of etchant variables on track parameters. In future perspectives, one can
review/study the impact of (a) different types of radiations, (b) detector temperature
before, during and after irradiation and (c) various environmental effects on etching
parameters of CR-39 and explore the various applications in different disciplines of
science and technology.
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Synthesis of Hydrogels by Modification
of Natural Polysaccharides Through
Radiation Cross-Linking Polymerization
for Use in Drug Delivery

Kashma Sharma, Vishal Sharma and Vijay Kumar

Abstract Hydrogels are three-dimensional polymer structures that can captivate
and hold a vast quantity of water. They have superior’s properties such as
hydrophilicity, high swelling ability, non-toxic in nature, and biocompatibility
which makes them prospective materials for various applications. The concept of
graft copolymers in biomedical field developed in the past few ten years and lasts to
fascinate researchers working in this sector. Research in this sector is ongoing with
the aim of alteration of the inherent properties of polysaccharides after grafting,
which offers premises to be pervasive in integrated systems with multiple func-
tionalities or the enhanced properties of one domain. This chapter aims to give
comprehensive details about research that have been made on radiation-induced
synthesis of polysaccharide-based hydrogels in context to biomedical application.
This review also intends to explain the mechanism of radiation-induced synthesis of
hydrogels. The effect of various radiation sources such as gamma, microwave,
electron, and heavy ions is also discussed. Also, current status and plans of
hydrogels are presented along with proper citations extracted from the scientific
literature. Moreover, this article provides you with essential information that one’s
need to start work in this area.

Keywords Polysaccharides � Hydrogels � Radiation � Cross-linking
Biomedical

K. Sharma (&) � V. Sharma
Institute of Forensic Science & Criminology, Panjab University,
Chandigarh, India
e-mail: shama2788@gmail.com

V. Kumar (&)
Department of Physics, National Institute of Technology, Srinagar,
Hazratbal 190006, Jammu and Kashmir, India
e-mail: vj.physics@gmail.com

© Springer Nature Switzerland AG 2019
V. Kumar et al. (eds.), Radiation Effects in Polymeric Materials, Springer Series
on Polymer and Composite Materials, https://doi.org/10.1007/978-3-030-05770-1_8

269

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05770-1_8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05770-1_8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05770-1_8&amp;domain=pdf
mailto:shama2788@gmail.com
mailto:vj.physics@gmail.com
https://doi.org/10.1007/978-3-030-05770-1_8


1 Historical Background

A polymer gel is defined as a solvent-comprising system in which sufficient
numbers of cross-link present to tie all polymer chains to other chains at various
points [1, 2]. It is considered as a unique state of matter because the polymer gel has
solid- and liquid-like characteristics. The gels can be cross-linked either chemically
or physically which leads to the construction of a bulky three-dimensional network
soaking through the entire solution volume. The cross-linked gel networks are
potentially very useful in many sectors such as pharmaceuticals, biotechnology,
agriculture, food processing, and electronics [2].

The first scientific study of gels was carried out by Thomas Graham, who is also
known as Father of Physical Chemistry in the nineteenth century [3]. He employed
solgel chemistry in his work to yield a silica gel. The conventional chemical
approach normally uses colloidal suspension followed by the removal of the solvent
during synthesis of fine particulate solids. Solgel chemistry generally involves the
preparation of concentrated solution of a metal salt in a dilute acid. During the
synthesis process, pH of the solution was adjusted followed by the addition of a
gelling material, finally vaporizing the liquid to yield a gel and heating the gel at a
particular temperature to get fine particles of the material [3].

The 1940s and 1950s evidenced the growths of gels which is carried out by
pioneers such as Flory [4, 5], Huggins [6, 7], and Treloar [8, 9]. Treloar is generally
famous for his work in the investigation of elasticity in polymer structures. Paul
Flory discovered the modern polymer science via using the experimental and
theoretical investigations of macromolecules; for the same, he received the Nobel
Prize in the year 1974 [10]. Currently, much interest and activity exist in synthesis,
characterization, and applications of synthetic and natural polymers, mainly
hydrogels for biomedical applications.

2 Hydrogels

Hydrogels are polymeric candidates which have the ability to regain a large mea-
sure of water owing to the presence of various hydrophilic groups, without dis-
solving in water, as there is cross-linking which helps to bind the various chains
together [11, 12]. As soon as they come in closer with aqueous solutions or fluids,
they swell up to a best level, which resembles to state about the osmotic pressure
that pushes water inside the network and the retroactive elastic strength which
comes from the strained hydrogel chains between the cross-links on swelling. The
presence of water in hydrogels performs a crucial part in the complete penetration
of active elements into and out of the gel. Water can be linked to any hydrogel
network in subsequent techniques as displayed in Fig. 1.

The overall characteristics of the hydrogels are mainly dependent on various
factors, viz. the hydrophilicity of the polymer chains and the magnitude of
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cross-linking [12–16]. The water absorbing ability of the hydrogels linked with
availability hydrophilic groups (such as –OH, –COOH, –CONH–, –CONH2, and –

SO3H) in the polymer chains [2, 15–20]. Hydrogels have gained much respon-
siveness in the past thirty years, due to their remarkable potential in biomaterial
fields [19]. The presence of a large number of water in the hydrogel occupies the
voids and permits a particular circulation of solute molecules through the matrix.
This behavior makes them better candidates to be used in a membrane separation
process [21]. The formation of hydrogels can be done with various natural and
synthetic backbones, which have extensive features and as a result found important
applications in biomedical fields [15, 22, 23]. Hydrogels have existed in nature
since the start of life. A variety of naturally occurring polymers such as collagen,
alginate, agarose, and gelatin were also explored in early civilization [2]. The
application of hydrogels in the medical field has been started in the year 1950s. The
foremost synthetic hydrogel poly(2-hydroxyethyl methacrylate) has been prepared
by DuPont’s scientists in 1936 [24].

Wichterle and Lim established the importance of poly(2-hydroxyethyl
methacrylate) hydrogels as superb candidates for contact lens industry [25]. This
development was the milestone in the contact lens business and to the novel field of
biomedical hydrogels. Hydrogels undergo physiochemical changes in response to
small variations in the experimental conditions such as temperature, pH, electric or
magnetic field, enzymes, and solvent polarity, and such candidates are known as
“smart hydrogels” [2, 26–30]. Previous research clearly indicates that hydrogels
could be used in various research fields such as biomedical, agriculture, pharma-
ceutics, and biotechnology [26–36]. Biopolymer-based cross-linked networks have
become an interesting field of research in the sector of tissue engineering and
regenerative medicine, owing to their extraordinary swelling behavior, mechanical
resemblance to natural tissues, and simplicity of surgical grafting [37].

Fig. 1 Graphical representation of molecular structure of hydrogel network with different types of
water [12]
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3 Classifications of Hydrogels

Based on the source of origin, synthesis method, ionic charge, or structural char-
acteristics, hydrogel can be divided into various classes [2, 15, 38]. An organization
of hydrogels based on their source is presented in Fig. 2.

On the Basis of Polymeric Composition: The synthesis process results in the
construction of four types of hydrogels which may be:
Homopolymeric Hydrogels: are denoted to polymer chains imitative from only
one kind hydrophilic monomer component [39]. Homopolymers can be
cross-linked in very thin arrangement subject to the type of the monomer unit and
the synthesis process.
Copolymeric Hydrogels: They are comprised of two or more monomer units; in
any case, one of them should be hydrophilic to make them water swellable [40].
Multipolymer Hydrogels: They are synthesized from three or more than three
monomers mixing together.
Interpenetrating Polymeric Hydrogel (IPN): IPNs were pronounced for the first
time in the year 1914, once Aylsworth fabricated the first synthetic IPN for the
application of gramophone record [41]. The researchers began to express their
interest in IPNs after 1950s. The name “interpenetrating polymer network” was
exactly introduced by Millar in the year 1960 [42]. Subsequently, lots of researches
have been devoted to the preparation and characterization of IPNs for various uses
by employing both synthetic and natural polymers [43–45]. A combination of two
or more preformed polymer structures is not considered as IPN [46].

Classification Based on Type of Cross-Linking

Chemical hydrogels are normally synthesized via two dissimilar means:
“three-dimensional polymerization” (Fig. 3), wherein a hydrophilic monomer
combines to form a polymer in the vicinity of a multifunctional cross-linking
mediator (Fig. 4) [22].

4 Synthesis of Hydrogels

Graft copolymerization is a generally employed technique for the surface treatment
of polymeric backbones, and it is an important means to transform the physio-
chemical features of backbones [47–50]. The pictorial representation of the polymer
modification is shown in Fig. 5. The free radicals are formed on the backbone for
the fabrication of graft copolymers during the process of polymerization [51]. Up to
now, ample of synthesis techniques have been adopted for the production of active
sites on the backbone and are generally classified as physical techniques, chemical
approaches, photo-initiated grafting, plasma, radiation-induced grafting, enzymatic
grafting, etc. Among them, chemical methods and radiation-induced graft copoly-
merization are extensively studied methods. There are large numbers of original
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Fig. 3 Synthesis of hydrogels by three-dimensional polymerization [22]

Fig. 4 Synthesis of hydrogels by cross-linking of readymade water-soluble polymers [22]
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research papers and detailed review articles concentrated on the fabrication, prop-
erties, and applications of hydrogels. This chapter gives a detailed literature for the
synthesis of hydrogels through radiation cross-linking and their applications in
numerous biomedical sectors.

4.1 Chemical Synthesis of Hydrogels

Various initiators, viz. conventional radical initiators, ammonium persulfate (APS),
ceric ammonium nitrate (CAN), potassium persulfate (KPS), potassium perman-
ganate (KMnO4), have been successfully used for the chemical grafting [2, 52–54].
Various authors grafted a wide variety of monomers onto natural polysaccharides
by use of radical initiator [55–57]. In the case of chemical synthesis, active sites are
generated from the initiators and shifted to the backbone to act in response to
monomer to form the graft copolymers [47]. The part of the initiator is essential as it
decides the route of the grafting process. A variety of cross-linked hydrogels have
been synthesized by chemical synthesis method [58]. In general, free radical
polymerization has four kinds of reactions [2, 59]:

Fig. 5 Schematic representation of the methods of polymer modification. Copied from Ref. [47]
with consent from the Elsevier
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i. Production of active species (initiation)
ii. Addition of these active species to a substituted alkene (propagation)
iii. Atom transfer and atom abstraction reactions (chain transfer and termination

by disproportionately)
iv. Radical–radical recombination reactions (termination by coupling).

4.2 Radiation-Induced Synthesis of Hydrogels

Radiation-induced grafting is the more favorable technique for the graft copoly-
merization. When electromagnetic radiations go through the material, it leads in the
creation of free radicals for the reaction (Fig. 6). There are many advantages of the
synthesis of hydrogels by radiation processing such as ionizing radiation, gamma
(c) radiations, or electron beam over the conventional methods [60]. In the event of
radiation-induced synthesis, the chemical reactions in the matrices are instigated by
radiation, and there is no requirement to use (usually toxic) initiators, cross-linking
agents, or other secondary materials [60–68]. This supports to cut prices, makes the
technology easy, does not lead to secondary products, and the resultant material is
of high purity.

Grafting can initiate either in the presence of low or high energy radiations [47].
Bombardment of polymer matrix with low energy radiations like ultraviolet and
visible light leads in the homolytic splitting to created active sites on the backbone
[47]. Under the influence of low energy radiations, polymerization can be initiated
with or without photo-initiator. Possible biomedical applications of hydrogels have
been found in implants, topical dressings, and drug delivery devices. As a result,
radiation-induced cross-linking of polymers is considered important for medical
applications, where even a pinch of small impurity is unwanted. A tremendous
amount of work has been carried out on radiation-induced synthesis of natural
polymers, and the realization of various applications has been achieved. The focus
on natural polymers is due to their distinctive characteristics like intrinsic bio-
compatibility, biodegradability, and easy accessibility. Usually, the marketable use
of natural polymers, like gum ghatti, carrageenans, alginates, starch, and cellulose,
has been based mainly on existing knowledge.

The progress in the field of radiation-induced synthesis of hydrogels for various
applications has been started in the late 1960s as reported by various researchers

Fig. 6 Schematic representation of “radiation-induced grafting”
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[69–71]. The much work in this direction has been carried out by Rosiak and
coworkers by understanding the fundamental of radiation physics and chemistry as
well as popularize the growth of an industrial products out of them [72, 73]. The
ease of the radiation process, the prospect of uniting sterilization and cross-linking
in a real-time process, and the backing of the International Atomic Energy Agency
(IAEA) in endorsing the technology transfer of the radiation-induced synthesis of
hydrogels by various researchers all across the globe and at a same time promoting
the use of this technology in other countries [74]. Radiation has been extensively
applied with the purpose of inducing cross-linking in polymeric materials [75–77].

4.2.1 Gamma Radiation-Induced Synthesis of Natural Gum-Based
Hydrogels

Gamma radiations are the ionizing radiations and useful for the preparation and
modification of materials for biomedical uses. It also offers unique advantages like
easy process control, sterilization, high impurity, zero cross-linking agents, and
fewer waste products [74]. Solpan and co-worker prepared acrylamide- and acrylic
acid-based hydrogels in the cylindrical form by gamma-induced irradiation method
involving 2.6–20.0 kGy rays [78]. Alam and coworkers reported that hydrogels
have been prepared in from 10, 20, 30, 40, 50, and 60% aqueous solutions of
acrylamide monomer by gamma radiation using gamma doses varied from 0.2 to
30 kGy [79]. A group of researchers from Gazi University, Besevler, Ankara,
prepared macroporous poly(acrylamide) [poly(AAm)] hydrogels by using poly
(ethylene glycol) (PEG) by using gamma radiation-induced grafting [80]. Our
group has carried out c-irradiation-induced grafting of various vinyl monomers and
aniline onto gum ghatti [34, 35, 81]. The possible mechanism of c-irradiation-
induced synthesis of acrylic acid grafted onto gum ghatti is depicted in Fig. 7. The
synthesized hydrogels are successfully used for the elimination of methylene orange
from wastewater. In addition, these candidates can be employed as ion exchangers
to enhance their efficacy for dye removal wastewater [35]. The addition of
water-hating groups into these hydrogels makes them better candidates to control
the oil spill in the oceans. The synthesized hydrogels based on gum ghatti
(Gg)/methacrylic acid (MAA)/aniline (ANI) can be employed in the construction of
site-specific drug delivery devices where rapid release of the drug is preferred in the
beginning and constant release afterward [34].

The researchers varied the different reaction conditions to get the product with
optimum percentage swelling. Seo and coworkers synthesized cross-linked
PVA-gelative copolymers in the presence of c-ray irradiations [82]. They have
reported that the synthesized hydrogel candidate revealed promising physical
properties, which is necessary for the construction of diploid cell culture. Taleb
et al. [83] performed c-ray-induced cross-linking and synthesis PVA and
methacrylic acid (MAAc) onto gelatin, which leads to the formation of PVA/
MAAc/gelatin copolymer [83]. The synthesize hydrogels can be employed for
antibiotic drug carrier and as encouraging candidate for wound-healing
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Fig. 7 Mechanism of graft copolymerization of acrylic acid onto gum ghatti [35]
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applications. Synthesis and characterization of novel graft copolymers based on
N-vinyl-2-pyrrolidone (NVP), 4-vinyl pyridine (4VP), and 2-vinyl pyridine (2VP)
monomers onto poly(ethylene-alt-tetrafluoroethylene) (ETFE) by radiation-induced
grafting have been reported [84]. It is well reported in the literature that the extent
of grafting is directly related to various factors, viz. kind of polymer and monomer,
monomer concentration, type of radiation, temperature, reaction atmosphere, con-
centration of homopolymerization suppressor, and type of solvent [85–87]. As a
result, the effectiveness of the method can be managed by the optimization of these
reaction parameters. Hamzah and coworkers carried out gamma radiation-induced
synthesis of nanocurcumin and studied cell viability [88]. They have concluded that
the use of radiation technique is a pretty easy and clean approach of fabricating
nanocurcumin. Recently, Fekete et al. performed gamma irradiation-induced syn-
thesis of carboxymethylcellulose/starch superabsorbent hydrogels [89]. They have
studied the effect of absorbed dose on the percentage swelling. Mahmoud et al.
(2014) carried out a gamma radiation-induced synthesis of hydrogels based on
starch, acrylic acid, and 2‐hydroxyethyl methacrylate, and the synthesized hydro-
gels have been used for the removal of red dye from aqueous solution [90].
Varshney et al. (2007) have synthesized polyvinyl alcohol, carrageenan, and
agar-based hydrogel film via gamma irradiation which was elastic even without
plasticizer and was mechanically tough and biocompatible [91]. Singh and
coworkers have fabricated tragacanth gum-based sterile hydrogel films via gamma
radiation and their utilization in drug delivery devices [92]. The hydrogels films
were made by changing the gamma radiation from 9.1 to 63.5 kGy and evaluated
their swelling capacity (Fig. 8). The synthesized hydrogels are also suitable
materials to be used in wound dressings owing to their sterile and biocompatible
nature. In another study, Singh and coworkers have synthesized tragacanth
gum-based hydrogels films by gamma radiation for wound-dressing application
[93]. The formation of tragacanth gum-cl-PVA-co-PVP-based hydrogel by means
of gamma radiation is schematically shown in Fig. 9. Preparation, characterization,
and swelling behavior of gamma-induced synthesized guar gum‐based pH, tem-
perature, and salt-responsive hydrogels have been carried out by Dharela and
coworkers [94], whereas Co60 c radiation-induced synthesis of acrylamide-grafted
guar gum-based hydrogels has been reported by Biswal and coworkers [95]. They
have also studied the flocculating properties of the synthesized hydrogels for
industrial effluents.

4.2.2 Microwave-Assisted Synthesis of Gum-Based Hydrogels

Microwave radiation is the alternative source of energy and is evolving as an
important means for the preparation of a variety of graft copolymers.
Microwave-assisted technique reveals the finest prospective for preparing hydro-
gels, for the reason that the active species are created by the use of microwave
radiation along with free radical initiators, exhibiting a better percentage of grafting
in comparison with the other methods [96–100]. Microwave heating is totally
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Fig. 8 Influence of gamma radiation dose on swelling capacity of TG-co-SA-cl-PVA polymer
films in distilled water at 37 °C. Inset figure shows the effect of irradiation dose on swelling of
hydrogel film after 24 h. Reproduced with permission from Ref. [92] from the Elsevier

Fig. 9 Formation mechanism of tragacanth gum-cl-PVA-co-PVP-based hydrogel by means of
gamma radiation. Reproduced with permission from Ref. [93] from the Elsevier
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different from various other existing heating techniques. In microwave heating, heat
is produced within the matrix but not created from any outerheating source [36,
101]. It has various other benefits, which comprise green synthesis, no secondary
product, quick reaction speed, and capability of form nanostructures (Fig. 10).

We have conducted microwave-assisted grafting of vinyl monomers onto
polysaccharide gum ghatti [32, 36, 102]. General scheme for the grafting of gum
ghatti with vinyl monomers is presented in Fig. 11. Reactive chains for grafting of
vinyl monomers onto polysaccharide gum ghatti are the –OH and –CH groups.
Ammonium persulfate (APS) is a thermal initiator and gets dissociated under
microwave irradiation leading to the creation of sulfate ion radicals. SO4

−* on
reaction with water molecules gives rise to the formation of OH* and HSO4

−. OH*
free radicals and SO4

−* both generate active sites on backbone and monomer

Fig. 10 SEM micrographs of a, b gum ghatti, c, d Gg-cl-poly(AAm), and e, f Gg-cl-poly
(AAm-ipn-aniline) [36]
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species. The microwave energy engrossed by water molecules is rapidly shifted to
the monomer species, initiating dielectric heating effect which leads in the breaking
of the double bonds, generating extra free radicals [103]. Active sites are produced
on the polar –OH groups of backbone with the elimination of H−*. Live poly(vinyl)
chains get grafted onto free radical species of backbone resulting in the creation of

Fig. 11 Probable mechanism of graft copolymerization of vinyl monomers onto gum ghatti [36]
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graft copolymers. MBA undergoes cross-linking between the various poly(vinyl)
chains, in this manner leading to the formation of semi-IPNs [32, 36, 98–103].

Various authors have carried out microwave supported synthesis of hydrogels
based on numerous synthetic and natural polymers [104–117]. A comprehensive
review article stressed the various applications of microwave-induced synthesis of
polysaccharides-based hydrogels and also covered the fundamental mechanism, and
related problems were reviewed by Singh and coworkers [118]. This review article
covered the microwave induced synthesis of various polysaccharides such as gum
acacia, alginate, artemisia seed gum, cellulose, fibers, chitin and chitosan, guar
gum, cassia seed gums, starch, konjac glucomannan, carboxymethyl starch, agar
and carrageenan, and xanthan gum. Graphical representation of microwave-assisted
grafting of the polysaccharides is displayed in Fig. 12.

4.2.3 Electron Radiation-Induced Synthesis of Hydrogels

As mentioned earlier that many of techniques have been employed for the synthesis
hydrogels [119–122], It is also stated that the beginning of chemical reactions by
the means of radiation is gradually employed for the synthesis of new hydrogel
candidates. The radiation-induced synthesis technique is better than the chemical
one, because of the benefit presented by the control of the amount of cross-linking

Fig. 12 Schematic diagram of microwave-assisted grafting of the polysaccharides. Reproduced
with permission from Ref. [118] from the Elsevier
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by simply varying the time of irradiation, which is related to the absorbed dose
[119]. It is easy without any chemical initiation which is taking place at any
temperature; the reactions such as polymerization, cross-linking, and grafting can
be certainly adjusted, and the exposure can be restricted to a definite region [123].
Electron beam-induced synthesis of nanostructure has been recently reviewed by
Gonzalez-Martinez and coworkers [124]. The processing of materials by irradiation
with fast-moving electrons eliminates many shortcomings of the chemical
methodologies, since ionizing radiation starts polymerization devoid of external
thermal energy, owing to free radicals that are generated at the interaction with the
monomers and with the solvent. Therefore, a better option to synthesize hydrogel
networks is to employ ionizing radiation and particularly electron beams, which
direct their energy in the volume of the polymeric matrix to be irradiated [125–127].
The impacts of electron irradiation on the structure, the conformation and the
optical and mechanical properties of polymers have been extensively investigated in
the literature [128–135].

4.2.4 Heavy Ion-Induced Modifications and Synthesis of Hydrogels

It is also widely accepted that polymers undergo structural alterations due to the
impact of heavy ion irradiation [136, 137]. Irradiation of polymers induced the
generation of highly reactive species, cross-linking, and oxidative breakage of
bonds [138]. The supremacy of the above processes is evaluated by various factors
like polymer structure and irradiation conditions (such as the atmosphere, LET,
radiation dose, dose rate, sample thickness, and irradiation temperature). These
changes have a direct association with the macroscopic properties for the target
materials [136–138]. Although, a significant amount of work has already been done
over the synthesis and characterizations of hydrogels by irradiation. But there are
very few reports on the structural and morphological properties of cross-linked
hydrogels after irradiation [139–142]. In our first report, we have investigated the
effects of 100 meV O7+ ions irradiation on the structural and morphological
behavior of poly(methacrylic acid)-cross-linked gum ghatti films [140].
Subsequently, a comparative study has been reported to study the influence of Ni9+

and Au8+ ions beam on the various properties of poly(methacrylic acid)-
cross-linked gum ghatti films [141]. From these studies, we have concluded that
there was a noticeable decrease in transmittance values which was ascribed to chain
scissioning and cross-linking of the polymer chains. The overall surface mor-
phologies of the irradiated hydrogel films got modified after irradiation. In another
study, we have reported the effects of O7+ and Ni9+ heavy ions irradiation on
polyacrylamide-grafted gum acacia thin films and sorption of methylene blue [142].
The sorption trend of pure and irradiated hydrogel films with O7+ and Ni7+ ions at a
fluence of 1 � 1012 ions/cm2 as a function of time has been studied separately
(Fig. 13). The so-induced changes have been discussed by taking into account the
linear energy transfer of these ions. The influences of irradiation on controlled drug
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delivery devices have been studied by various authors and reported that ion-beam
irradiation is a very important tool for modifying the surface properties of poly-
meric materials without losing the bulk properties [143–145].

5 Miscellaneous

Ultraviolet radiation‐initiated synthesis of methyl acrylate onto the sodium salt of
partially carboxymethylated guar gum has been carried by researchers [146].
A group of researchers from Koc University, Istanbul, Turkey, reported a new
process for the preparation of a pH-sensitive composite hydrogel using visible light
[147]. They have used the synthesized composite hydrogel for controlled drug
delivery of the anticonvulsant drug pregabalin. Further, they have conducted
in vitro human fibroblast survival assay and in vivo rabbit grafting tests and

Fig. 13 UV–visible spectra of MB dye solution kept in contact with cross-linked hydrogel thin
film, a pristine, b O7+ ion irradiated at fluence 1 � 1012 ions/cm2, and c Ni9+ ion irradiated at
fluence 1 � 1012 ions/cm2
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confirmed that the composite hydrogel is not toxic and has required biocompati-
bility (Fig. 14). There are several original papers focused on UV and visible
light-induced synthesis of hydrogels based on various synthetic and natural poly-
mers [148–154]. Huang and coworkers reported an ultraviolet light irradiation
technique to prepare gold or silver nanoparticles in carboxymethyl chitosan solution
and observed that the solution worked as both reducing agent for cations and
stabilizing agent for nanoparticles [155, 156]. Kumar et al. [157] synthesized Ag
clusters by reduction of Ag+ in polyvinyl alcohol hydrogel using gamma irradiation
[157]. Radiation-induced synthesis is also useful for the reduction of metal salts in a
hydrogel solution [158]. A review of radiation-induced synthesis of hydrogels and
their applications in various fields is given in Table 1.

Fig. 14 In vivo implantation experiment results for an irritation assay. a Schematic representation
of intracutaneous reactivity assay sites, b results of intracutaneous reaction, and c photographic
images of implantation experiments before the experiment, 4 h later, and 72 h later. Reproduced
with permission from Ref. [147] from the Elsevier
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Table 1 Radiation-induced preparation of hydrogels and their applications in various sectors

S.
No.

Hydrogel Types of
radiation

Applications Ref.

1 Gg-cl-poly(acrylic acid-aniline) Microwave Water retention and dye
adsorption

[32]

2 Gum ghatti/methacrylic acid/
aniline

Microwave Colon-specific drug delivery [34]

3 Nanocellulose composite Electron
beam

Biorefining [159]

4 Butyl methacrylate and
acrylamide onto low-density
polyethylene

c-radiations Wastewater treatment [160]

5 Poly(ethylene glycol)/acrylic
acid

c-radiations Site-specific drug delivery [161]

6 Polyelectrolyte-cross-linked
hydrogel

c-radiations Oral delivery of insulin [162]

7 Starch/(EG-co-MAA) c-radiations Various applications [163]

8 Poly(vinyl pyrrolidone), poly
(ethylene glycol), and agar

c-radiations Wound dressings [164]

9 PVA/MAAc/gelatin copolymer c-radiations Wound-healing applications [83]

10 Natural polysaccharides
blend-grafted acrylamide

Microwave
and
ultraviolet

Drug delivery systems [165]

11 Carboxymethylcellulose/starch
superabsorbent

c-radiations Pure polyelectrolyte-based
superabsorbents

[89]

12 Acrylic acid (AAc) and
2-hydroxyethyl methacrylate
(HEMA)

c-radiations Removal of acid dye [90]

13 Tragacanth gum-based sterile
hydrogel

c-radiations Drug delivery and wound
dressings

[92]

14 Tragacanth
gum-cl-PVA-co-PVP-based
hydrogel

c-radiations Wound dressing [93]

15 Psyllium and acrylic acid-based
polymeric networks

c-radiations Selective absorption of water
from different oil–water
emulsions

[166]

16 Tara gum/acrylic acid c-radiations Diaper applications [167]

17 Kappa-carrageenan/acrylamide c-radiations Agricultural purposes as a
material for sodic soil
remediation

[168]

18 Poly(acrylic acid) modification
of Cassia javanica seed gum

Microwaves Heavy metal ions removal [98]

19 Polyacrylamide-grafted gum
ghatti

Microwaves Flocculant [100]

20 Guar gum with acrylamide Microwaves Colonic drug delivery [104]

21 Polyacrylamide-grafted gum
acacia

Heavy ions Sorption of methylene blue [142]
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6 Conclusion

As mentioned earlier that the main concern of this chapter is about the synthesis of
polysaccharide-based hydrogels, however, fabrication and characterization of some
selectively graft copolymers are need to be further explored. It is reported that
components of such graft copolymers had functioned as smart materials. Therefore,
it can be used for the advancing sensor and actuators technologies. The scientific
community is putting tremendous efforts to enhance the properties of hydrogels and
expected that the overall performance could be increased in near future in terms of
better swelling capacity, biocompatibility, and biodegradability.
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Effects of Radiations on the Properties
of Polycarbonate

K. Hareesh and Ganesh Sanjeev

Abstract The exposure of the polymer to radiation results in modification on
chemical and physical properties of the polymer. Whenever radiation passes through
polymer, the drastic changes in the optical, electrical, thermal, chemical, structural,
surface morphological, mechanical and rheological properties due to chain scission,
chain aggregation, cross-linking, gas evolution etc. The chain scission process
results in the decreases of molecular weight, whereas cross-linking process increases
the molecular weight. This chapter deals with the changes in the properties of PC due
to the effect of the radiation along with the detailed schematic mechanism.

Keywords Radiations � Polycarbonate � Cross-linking � Free volume
Chemical properties

1 Importance of the Study of Radiation Effects
on Polymers

Every material and component is affected to some extent by radiation. Radiation
effects can be classified into two types namely transient and permanent. Transient
effects appear in the presence of the radiation field and disappear shortly after the
removal of the radiation field. Permanent effects begin during an irradiation and
also persist even after it has ended. Such changes may cause the materials and
component systems to fail. In order to avoid radiation-induced degradation,
radiation hardened materials and component systems are to be developed.
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Successful operation of materials and component systems requires an understanding
of the mechanisms that cause degradation and also require radiation testing of
materials and component systems through ground simulation in order to ensure that
they will withstand the radiation environments encountered [1].

The amount of radiation that polymeric material receives during their life cycles
depends upon the radiation environment and its operating conditions. The
radiation-harsh environment is obvious for nuclear and space applications. In
addition to this, the devices get affected by ionizing radiation during their fabri-
cation processes and standard terrestrial operation. The possible experiments or
realistic scenarios under which a material experiences a radiative environment are
as follows: space environment, high-energy physics experiments, nuclear reactor
premises, natural environments and processing-induced radiation, etc. Figure 1
shows the images of polycarbonate irradiated by gamma radiation just after irra-
diation and one week after irradiation. When polymeric material is used for such
applications, a detailed study of the radiative environmental effect on the material
needs to be done. Such studies can be carried out using ionizing and non-ionizing
radiations through ground simulation [1–4].

2 Types of Radiation

The literature reports reveal that different types of radiations like electromagnetic
(ex. gamma rays, UV radiation) [5] or corpuscular (ex. electrons, protons, alpha
particles and heavy ions) [4] have been applied to modify the properties of

Fig. 1 Polycarbonate samples, a immediately after gamma irradiation and b one week later
(upper side figures are PC at 0 kGy) (Copied from Ref. [2] with consent from the Elsevier)
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polymeric materials. Generally the ionizing radiations (like beta, X-rays [6], gamma
rays [7], various energetic charged particles such as accelerated electrons [7],
protons [8], alpha particle [8], neutrons [9] and ions of heavier chemical elements
[10–12]) having high/low energy are frequently used for irradiation purpose and
they affect the atomic structure of the material. Non-ionizing radiations (radio
waves, microwaves, UV radiation and infrared rays) with lower energy levels and
longer wavelengths interact with matter predominantly to produce excitation [13,
14]. Among all these radiations, electrons, protons, alpha particles and UV radiation
are present in the earth radiation belt which causes damage to the polymers used in
space applications. A brief explanation for these radiations is given in the following
paragraphs.

Electron is a subatomic particle having a negative elementary electric charge.
When an electron passes near an orbital electron, a strong repulsive force (Coulomb
force) exists between the two negatively charged particles. If this force is sufficient,
the orbital electron may get repelled with enough momentum to move it to a higher
energy orbit of the same atom (excitation) or is dislodged away from the atom
(ionization). Some of the energy of the original moving electron has thus been
transferred to the orbital electron. In this process, if the electron gets ejected from
the atom, it is called a secondary electron. It may have given sufficient energy to
produce excitation or ionization in other atoms. The second mechanism of energy
transfer from electrons involves interaction with atom nuclei. When a fast-moving
electron approaches the nucleus of an atom, the electrical interaction causes the
electron to be accelerated and drifted from its original path. Subsequently, there
should be the emission of energy as electromagnetic radiation in accordance with
Maxwell’s theory.

Proton is also a subatomic particle with a positive electric charge of one ele-
mentary charge. The protons interact with polymer results in the production of free
radicals, escort the formation of double bonds and anti-oxidation occurs in the
presence of oxygen. These reactions depend upon the proton beam fluence and
environmental conditions during and after irradiations.

Alpha particles are comparatively heavy and have a charge. Hence, they can
react interact with matter results in the production of large numbers of ions per unit
length of their path. Therefore, the penetration is less for alpha particle. For
example, the range of 5 MeV alpha particles is 3.6 cm in air and will not penetrate
an ordinary piece of paper. For other materials, the range of alpha particle with
respect to air is inversely proportional to the respective densities of each material.
Alpha particles can interact with either nuclei or orbital electrons in any polymer.
An alpha particle passing in the vicinity of the nucleus will be deflected with no
change in energy (Rutherford scattering) or deflected with a small change in energy
causing nuclear transformation (this process is negligible for alphas).

Ultraviolet (UV) light is an electromagnetic radiation having wavelength in the
range 290 to 400 nm. The UV radiations are invisible to humans, but visible to
number of insects and birds. However, they are visible by causing fluorescent
materials to glow with visible light. UV light can degrade many polymers used in
consumer products. The changes induced in the polymer by UV radiation depend
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on the time of exposure and also on the wavelength of UV radiation. UV radiation
can cause chain degradation and loss of strength in the polymer. The irradiation of
the polymers by UV light has applications in nanotechnology, transplantology,
X-ray lithography, etc.

3 Interaction of Radiation with Polymer

In recent years, irradiation is established as an effective method to modify the
properties of the polymer. Particularly, in certain applications such as in the field of
biomedical electrical, space and pharmaceutical industries, etc., the irradiation
method is very useful. When radiation interacts with matter, it results in the
deposition of full or partial energy and causes ionization or excitation of atoms. This
ionization/excitation serves as the basic signal to detect the presence of radiation
and often its quantitative amount [15]. Low ionization radiations, regarded as
low-linear energy transfer (LET) radiations (X-rays, c-rays, etc.) interact with
matter in three different ways viz. (a) photoelectric effect, (b) Compton effect and
(c) pair production. Figure 2 shows the different effects with variation of energy.

The relative importance of these processes depends on the energy of the photons.
During low LET radiations interaction with matter, the energy will be absorbed by
the medium to emit electrons from the atoms of the material which mainly depends
on the atomic composition. When incident ions collide with target atoms, it will be
displaced from its original positions leading to a subsequent nuclear collision
cascade. This interaction leads to structural changes such as the creation of point

Fig. 2 Different effects (such as Compton scattering, photoelectric effect and pair production)
with variation of energy and total photon cross section for different effects
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defects, amorphization, chain scission, cross-linking, etc. Nuclear stopping power is
the origin of most sputtering processes and ion beam mixing of materials. These
nuclear stopping power effects are most efficient if the Rutherford scattering cross
section is highest, i.e. *10–100 keV.

In case of the higher ion energies (>2 MeV) regarded as high LET radiations, the
energy loss due to electronic stopping power will be dominated. The range of ion or
track of ion remains roughly straight for high-energy ions due to the large mass
difference between the ion and the electrons. The energy in the electronic subsystem is
transferred to the atomic subsystem by means of two different mechanisms [16]:

• The lattice-relaxation model which describes a collective atomic rearrangement
due to non-equilibrium potentials. Therefore, a fraction of the electronic
potential energy or equivalently the degree of target excitation leads to modi-
fication of inter-atomic forces and subsequent atomic motion.

• The thermal spike model assumes that electronic excitation leads to the
electron-phonon coupling (equivalent to electron–atom collisions).

Figure 3 shows a graph of the total stopping power of electron in polycarbonate
[17] obtained using E-STAR program.

4 Polycarbonate

Polymeric structures are different than the molecular level materials by the con-
centration of groups to form chains. In this century, polymers have played a major
role in our day-to-day life as they have supplemented conventional structural
materials such as metals, ceramics, wood, leather, textiles and paper. The polymers
have rapid growth due to their various advantages such as easy processability,

Fig. 3 Total stopping power of electron in polycarbonate calculated using E-STAR program
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extensive range of rigidity or flexibility, toughness, lubrication/adhesion, thermal
and electrical insulation, clarity/opacity and colour, resistance to corrosive chemi-
cals as well as overall advantage of economical superiority [18].

In precise, engineering designs for high-performance polymers have often suf-
fered from certain limitations: low elastic modulus, strength and creep prone, lesser
than perfect lubricity, higher coefficient of thermal expansion, poor heat resistance,
etc. Reinforced polymers have been developed over the past 70 years to overcome
many mechanical problems. But the difficulty in the processing of the reinforced
polymers results in limited design possibilities. Reinforced polymers often have low
lubricity, changed electrical properties, loss of clarity, colour and higher cost.

Polycarbonate (PC) was invented by Dr. Hermann Schnell of Bayer in 1953, just
one week before Dr. Daniel Fox of General Electric Company independently made
the same discovery while working on a wire coating. Both the teams were over-
whelmed by the remarkable toughness of the polycarbonate. In the 1960s, NASA
used polycarbonate for astronaut helmet assemblies and visors which became
known as “bubble helmets” including those used by the Apollo moon astronauts
[19]. Later, PC sheet was used in signs, windows, greenhouses and other appli-
cations. Recently, the PC has attracted even more because of its enormous appli-
cations such as lightweight traditional eyewear, bulletproof jacket, bus shelters,
aircraft windows, machine guards, sports helmets, windshields and aircraft canopies
[20, 21]. The chemical formula for polycarbonate is C16H14O3 and its structural
formula is shown below in Fig. 4.

5 Schematic Mechanism of Effect of Radiation
on Polycarbonate

When radiation interacts with a polymer, it results in the chain scission or
cross-linking. A schematic proposed mechanism of irradiation-induced reaction in
PC is shown in scheme 1a, b [22] which can be explained as follows. Zimmermann
et al. [23] have reported that the C–O bonds adjacent to the carbonyl group in the
PC polymer chain are vulnerable bonds, lacking the resonance stabilization of the
phenyl group [24].

This carbonate group absorbs energy selectively and undergoes chain scission
forming phenoxy and phenyl free radicals (as shown in Scheme 1a) and thereafter
cross-linking with the residual polymer. It was reported by Hama and Shinohara

Fig. 4 Chemical structure of
polycarbonate
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[25] that the production of phenoxy radical may be about five times greater than
that of the phenyl radical. This concludes that C–O bond (C in the C = O bond;
bond dissociation energy = 330 kJ/mol) is more susceptible compared to that of
other C–O bond (C on the ring; bond dissociation energy = 358 kJ/mol). The
decrease in the viscosity average molecular weight in the initial stage of the
photo-irradiation and then a gradual increase to attain a plateau value was observed
by Torikai et al. [26], and they argued that this behaviour may be due to chain
scission and subsequent photo-fries rearrangement. It was reported that the
UV-irradiation of Nylon 6 [27] results in the increase of viscosity due to
cross-linking. It is also known that most of the carbonates in epoxies and aryl esters
undergo photo-fries rearrangement [28] during photolysis results in the rearrange-
ment of oxygen atoms leading to the formation of photo-stabilisers such as phenyl
salicylate and 2, 2′-dihydroxybenzophenone (as shown in Scheme 1b). This reveals
that PC forms phenyl salicylate and 2, 2′-dihydroxybenzophenone during irradia-
tion and is shown in Scheme 1b.

6 Effect of Radiation on the Properties of Polycarbonate

The irradiation is a useful tool to tune the desired properties of polymer for some
specific applications. By irradiation, most of the properties such as optical,
mechanical, electrical and chemical of the polymers can be modified. The exact
modifications in the properties of polymer depend on the nature of radiation.

6.1 Optical Properties

The information about the optical band gap (Eg) of polymer can be obtained by
UV–Visible spectroscopy. The polymeric materials absorb the light energy in the
UV and visible regions and promote the electrons from the ground state of r, p and
n-orbitals to higher energy states described by molecular orbitals [29]. The allowed
electronic transitions (!) of polymer in UV–Visible region are, r ! r*, n ! r*,
n ! p* and p ! p* [30].

The UV–visible absorption spectra of pristine PC and Ni ion beam irradiated PC
films are shown in Fig. 5. It can be seen from Fig. 5 that the pristine PC has an
absorption edge at 285 nm which is assigned to n ! p* transition. After irradiation,
the absorption edge of PC films shifts towards higher wavelength. This indicates
carbonization of the polymeric materials under electron irradiation [31, 32]. Also
the irradiated polymer surface shows visible colour change from transparent to
yellow and the intensity of the colour increases with increase in ion fluence.

The relation between optical band gap (Eg) and absorption coefficient (a) is
given by aðhmÞ ¼ Aðhm� EgÞr=hm [33]. The optical band gap of PC films can be
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obtained by plotting a2 versus photon energy (hv) and is shown in Fig. 6. The value
of Eg can be deduced from the intersection of the extrapolated lines from the linear
part of the curves with the hv-axis. For pristine PC, Eg was found to be 4.36 eV.
After irradiation, Eg decreases with increase in radiation dose/fluence. The decrease
in the optical band gap indicates increase in electrical conductivity, which is
attributed to the scissioning of the polymer chains [34, 35] and the formation of free
charge carriers as explained in Sect. 5. The values of optical band gap of PC films
for different radiations are listed in Table 1.

Scheme 1 a Possible scheme of chain scission mechanism in PC after irradiation [22],
b schematic representation of a possible photo-fries rearrangements in PC after irradiation [22]
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The number of carbon atoms per cluster (N) can be calculated using optical band
gap by an equation, Eg ¼ 34:3

ffiffiffi

N
p and they are listed in Table 1. The number of the

carbon atoms per cluster increases with increase in radiation dose/fluence which is
attributed to slowing down of radiations in polymeric matrix by the interaction with

Fig. 5 Absorption spectra for pristine and Ni+11 irradiated PC films (Copied from Ref. [10] with
consent from the Elsevier)

Fig. 6 Variation of a2 with photon energy (hv) of pristine and 8 MeV electron beam irradiated PC
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Table 1 Optical parameters of pristine and irradiated PC films

Radiation Dose/fluence/exposure time Eg (eV) N Reference

Pristine 4.36 62

Electron beam (8 MeV) 25 kGy 4.33 63 [22]

50 kGy 4.30 63

75 kGy 4.29 64

100 kGy 4.28 64

125 kGy 4.26 65

150 kGy 4.24 65

175 kGy 4.22 66

200 kGy 4.21 66

225 kGy 4.19 67

Proton (15 MeV) 5 � 1013 p/cm2 4.34 62 –

1 � 1014 p/cm2 4.31 63

5 � 1014 p/cm2 4.28 64

1 � 1015 p/cm2 4.25 65

3 � 1015 p/cm2 4.22 66

Alpha particle (40 MeV) 5 � 1013 a/cm2 4.32 63 –

1 � 1014 a/cm2 4.27 64

5 � 1014 a/cm2 4.23 65

9 � 1014 a/cm2 4.20 66

1 � 1015 a/cm2 4.16 68

UV radiation (k = 240 nm) 1 h 4.32 63 [5]

2 h 4.28 64

4 h 4.26 65

6 h 4.24 66

7 h 4.21 67

95 MeV O6+ 1010 ions/cm2 3.98 5 [11]

1011 ions/cm2 3.56 5

1012 ions/cm2 3.22 6

1013 ions/cm2 2.52 7

2 � 1013 ions/cm2 2.34 8

100 MeV O+7 1 � 1011 ions/cm2 3.9 77 [10]

3 � 1011 ions/cm2 3.7 86

1 � 1012 ions/cm2 2.9 140

3 � 1012 ions/cm2 2.2 243

150 MeV Ni+11 1 � 1011 ions/cm2 3.8 81 [10]

3 � 1011 ions/cm2 3.5 96

1 � 1012 ions/cm2 2.2 242

3 � 1012 ions/cm2 1.8 363
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the electronic system of target atoms. As a result of the interaction, atomic electrons
will be produced by excitation or ionization leading to chain scission, and hence,
the surface layer of polymer can be transformed into a hydrogenated amorphous
carbon.

6.2 Electrical Properties

The AC conductivity of irradiated PC films along with pristine was calculated using
the equation ra.c. = 2pfCPDt/A (S/m), where f is the frequency, CP and D are the
capacitance and dissipation factor, respectively, measured directly from the LCR
meter, t is the thickness of the polymer film and A is the area cross section of the
electrode. Figure 7 shows the AC conductivity (ra.c.) of O

6+ ion beam irradiated
PC films plotted against logarithm of frequency (f).

From Fig. 7, it is found that the conductivity at low frequency (up to 500 kHz)
looks like straight line for all the samples, typical of hopping conduction. The
further increase in frequency (i.e. beyond 500 kHz), a sharp increase in conduc-
tivity was observed for both pristine and electron irradiated PC samples. It is also
found that ra.c. value increases with increase in electron dose due to the increase in
number of charge carriers which are formed by the conversion of polymeric
structure into a hydrogen depleted carbon network that is believed to make the
polymers more conductive [36–38].

Fig. 7 Variation of AC conductivity (ra.c.) with log (frequency) for pristine and O
6+ ion irradiated

PC (Copied from Ref. [11] with consent from the Elsevier)

Effects of Radiations on the Properties of Polycarbonate 303



Dielectric constant can be calculated for PC films using equation e = CPt/e0A,
where e0 is the permittivity of free space. Figure 8 shows dielectric constant versus
log (frequency) for electron beam irradiated PC. The dielectric constant was found
to be constant till 150 kHz; thereafter, it increases with increase in frequency. The
constant dielectric constant is due to the constant motion of free charge carriers at
these frequencies. Further increase in frequency results in the migration of charge
carriers through the dielectric and they get trapped in defect sites. The trapped
charges induce an opposite charge in its vicinity due to which the motion of free
charge carriers is slowed down and the value of dielectric constant decreases.
Further, the decrease in dielectric constant at higher frequencies can be explained
by Jonscher’s power law, i.e. er a fn−1 where 0 < n < 1 [39]. The value of ‘n’
increases from 0.68 to 0.84. It is also evident from Fig. 8 that the dielectric constant
measured at 1 MHz increase from 7.06 for pristine to 7.99 for electron irradiated
PC at a dose of 225 kGy. In contrast, the dielectric constant of PC decreased due to
95 MeV O+6 ion irradiated PC with increase in fluence. As the frequency increased,
the charge carriers migrate through the dielectric and get trapped against a defect
site and induce an opposite charge in its vicinity. At these frequencies for the ions,
the polarization of trapped and bound charges cannot take place, and hence, the
dielectric constant decreases [11].

The dielectric loss is the power dissipated in a dielectric media when it is
exposed to electric field. It can be measured directly from LCR meter/Impedance
gain analyser. Figure 9 shows the variation in the dielectric loss as a function of log

Fig. 8 Plot dielectric constant versus log (frequency) for pristine and 8 MeV electron irradiated
PC films
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(frequency) for pristine and irradiated samples. It is observed that the dielectric loss
decreases exponentially with increase in frequency and becomes less dependent at
higher frequencies.

6.3 Thermal Properties

Differential scanning calorimetry (DSC) is used for the study of thermal charac-
teristic of materials. These include glass-transition temperature (Tg) and heat of
fusion (DH). In the present work, the effect of electron beam irradiation on the
glass-transition temperature (Tg) and heat of fusion has been monitored by DSC
thermograms. The temperature at which the polymer changes from rigid glassy state
to rubbery state is known as glass-transition temperature. At the glass-transition
temperature, the bonds in the polymer chains are broken and macromolecule starts
to move towards rubbery state. DSC thermograms of pristine and electron irradiated
PC samples were measured and are shown in Fig. 10.

The endothermic transformation of the pristine film occurs around the temper-
ature range from 145 to 154 °C with a glass-transition temperature (Tg) of 150 °C
and the corresponding heat of fusion was found to be 4.43 J/g. After irradiation the
Tg decreased to 146 °C (for 100 kGy) and 143 °C (for 225 kGy). The decrease in
Tg after irradiation reveals that the irradiation leads to chain scission and subse-
quently reduction in molecular weight. As a result of decrease in molecular weight,
the disorderness increases in the polymeric system [39]. In addition to this, the heat

Fig. 9 Correlation of dielectric loss with log (frequency) for 8 MeV electron irradiated PC
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of fusion (ΔH) for pristine sample was found to be 4.43 J/g. After irradiation, the
heat of fusion decreases with increase in electron dose, i.e. for 100 kGy it was
found to be 4.34 J/g and for 225 kGy it was found to be 4.15 J/g. Similarly, it can
also be observed from Table 2 that the glass-transition temperature decreased with

Fig. 10 DSC pattern of pristine and 8 MeV electron irradiated PC films

Table 2 Glass-transition temperature (Tg) and thermal decomposition temperature (Td) of pristine
and irradiated PC

Radiation Dose/fluence/time Tg (°C) Td (°C) Reference

Pristine – 150 495 [22]

8 MeV electron beam 100 kGy 146 502 [22]

225 kGy 143 516 [22]

15 MeV proton 5 � 1013 ions/cm2 148 345 [8]

5 � 1014 ions/cm2 145 280 [8]

1 � 1015 ions/cm2 141 212 [8]

40 MeV alpha particle 5 � 1013 ions/cm2 148 315 [8]

5 � 1014 ions/cm2 144 265 [8]

1 � 1015 ions/cm2 139 202 [8]

UV radiation (k = 240 nm) 2 h 149 450 [5]

4 h 147 461 [5]

7 h 145 464 [5]

6 keV Ar ions 0.5 � 1018 ions/cm2 142.24 503.35 [40]

1 � 1018 ions/cm2 144.96 512.33 [40]

1.5 � 1018 ions/cm2 146.59 528.00 [40]
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increase in fluence/dose for different radiations. This decrease in glass-transition
temperature and heat of fusion may be due to bond breaking during electron
irradiation.

The thermal stability of polymers before and after irradiation can be studied by
using Thermogravimetric analysis (TGA). The thermograms of pristine and the
proton irradiated PC sample showing the weight (%) as a function of temperature is
shown in Fig. 11. The thermal stability of polycarbonate detector decreases at high
dose of gamma, and the weight loss starts at around 420 °C and continues up to
700 °C [41].

Figure 11 depicts that the pristine PC showed a little decrement in weight loss at
250 °C and continuous till 440 °C. This small weight loss was due to water
vaporization and not much significant. After 440 °C, the PC film showed a huge
weight loss till 530 °C because of thermal decomposition and about 76% of the
sample decomposed into volatiles. After 530 °C, there is a small decrease in weight
loss due to emission of volatile gases. The thermal decomposition temperature for
pristine PC was found to be 495 °C. The irradiated samples also exhibited similar
zones but thermal decomposition temperature decreased with increase in dose/
fluence due to chain scission as explained in the above section.

6.4 Structural Properties

X-ray diffractogram (XRD) was carried out in order to study electron irradiation
effect on degree of crystallinity of PC. Figure 12 shows the XRD pattern of pristine

Fig. 11 TGA thermograms of pristine and proton irradiated PC films
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and 100 MeV O7+ ion beam irradiated PC films at different fluences. For pristine
sample, the first main peak was obtained at 2h = 17.56°. The interchain distance
between the polymer chains (d-spacing) is calculated using Bragg’s law given
by an equation, 2dsin(h) = nk. For pristine PC, the d-spacing was found to be
5.05 Å. It can be observed that the d-spacing of PC decreased due to the effect of
radiation on it. This decrease in d-spacing may be due to bond breaking with
evolution of volatile gases after irradiation.

The crystallite size (L) of PC can be calculated using Scherre’s formula given by
equation L = Kk/bcos(h) where L is crystallite size in Å, b is full width at half
maximum (FWHM) in radians, k = 1.5406 Å, wavelength of the X-ray beam, K is
a shape factor (=0.9), and are tabulated in Table 3. After irradiation, the crystallite
size of PC decreased to 14.15 Å for 100 kGy and it was 13.79 Å for 225 kGy,
whereas 16.18 Å for 2 � 1013 ions/cm2 for 95 MeV O6+ ion irradiated PC.
Percentage of crystallinity of the polymer can be determined by area ratio method.
In this method, the areas of amorphous and crystalline parts of the pattern were
calculated. The degree of crystallinity for pristine sample was found to be 43% and
after irradiation it decreased to 27% for 225 kGy, 29% for 1 � 1015 p/cm2, 23%
for 1 � 1015 a/cm2, 38% for 7 h in case of electron, proton, alpha particle and UV
radiation, respectively. The decrease in both crystallite size and percentage of
crystallinity after irradiation were due to breakage of the polymeric bonds and
emission of some volatile gases, which may form the disordered state in the
polymer which is also supported from DSC studies.

Fig. 12 XRD pattern for pristine and 8 MeV electron beam irradiated PC films
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6.5 Chemical Properties

The vibration modes of chemical bonds in polymer films are characterized by the
absorption/transmittance bands [42, 43]. FTIR spectra for pristine and electron,
proton and alpha particle irradiated PC films are as shown in Figs. 13, 14 and 15,
respectively. The changes in the bonds have been estimated from the relative
increase or decrease in the transmittance of the peak associated with the functional
groups present in PC. It can be seen from figures that the transmittance of most of
the FTIR peaks decreased and some shifted towards the higher and lower wave
number regions. Similar kinds of variations were also observed from Gagnadre
et al. [44] during irradiation of PC by H+ and Li+ ion. The FTIR spectra of PC
remain unchanged at lower dose/fluence indicating the no changes in the chemical
properties. However, the intensity of the peak 1656 cm−1 representing C = O
stretch changed for higher doses/fluence suggesting the chain scission mainly at the
carbonate site with probable elimination of carbon dioxide/carbon monoxide and
formation of hydroxyl group. Surinder et al. [45] have also observed similar type of
changes irradiation of PC by gamma radiation, and they have also argued that the
transmittance of carbonyls, methyl and methylene groups decreased indicating the
cleavage of the carbonate linkage as explained in the above section.

Table 3 Structural parameters of pristine and irradiated PC films

Radiation Fluence d (Å) L (Å) K (%) Reference

Pristine 5.06 15.22 43

Electron (8 MeV) 100 kGy 5.01 14.15 33 [22]

225 kGy 4.94 13.79 27 [22]

Proton (15 MeV) 5 � 1013 p/cm2 5.06 14.62 41 –

5 � 1014 p/cm2 5.03 12.07 34 –

1 � 1015 p/cm2 5.01 10.32 29 –

Alpha particle (40 MeV) 5 � 1013 a/cm2 5.03 13.40 38 –

5 � 1014 a/cm2 5.02 11.47 32 –

1 � 1015 a/cm2 4.97 8.21 23 –

UV radiation (k = 240 nm) 2 h 4.73 14.91 41 [5]

4 h 4.66 14.40 40 [5]

7 h 4.61 14.08 38 [5]

95 MeV O6+ ion 1010 ions/cm2
– 17.41 – [11]

1011 ions/cm2
– 17.32 – [11]

1012 ions/cm2
– 17.17 – [11]

1013 ions/cm2
– 17.00 – [11]

2 � 1013 ions/cm2
– 16.18 – [11]
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Fig. 13 FTIR spectra of pristine and electron irradiated PC films

Fig. 14 FTIR spectra for pristine and proton irradiated PC films
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6.6 Surface Morphological Properties

The irradiated PC surface shows a visible colour change from transparent to yellow
and the intensity of the colour increases with increase in radiation dose/fluence as
shown in Fig. 1. This change in the colour of the irradiated samples is due to
formation of carbon clusters results in the transfer of energy from incident ions to
the polymer [46, 47].

Figure 16 shows the SEM images of pristine and electron irradiated PC samples
at different doses. The surface of the pristine film was smooth and homogeneous as
can be seen from Fig. 16a. It is observed from the Fig. 16b that the surface of PC
irradiated with a dose of 100 kGy shows pores of different sizes. This pores for-
mation is due to the chain scissioning in PC after irradiation. Further increase in
electron dose almost all the network structure was found to be broken as shown in
Fig. 16c and its surface roughness increases [48, 49].

Figure 17 shows two-dimensional and three-dimensional image of pristine and
proton irradiated PC sample at fluence of 1 � 1015 p/cm2. It can be seen from
figure that the pristine sample was smooth having average surface roughness value
of 25.59 nm. After irradiating with proton with fluence 1 � 1015 p/cm2, pores were
formed in the sample. These pores can be clearly seen in three-dimensional AFM
image as shown in Fig. 17. The average surface roughness value of sample irra-
diated with fluence 1 � 1015 p/cm2 increases to 59.22 nm. This increases in
average surface roughness value indicating the topographical changes in PC after
irradiation is due to chain scission [50, 51].

Fig. 15 FTIR spectrum for pristine and alpha particle irradiated PC films
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Fig. 16 SEM images for a pristine and 8 MeV electron irradiated PC at doses, b 100 and
c 225 kGy

Fig. 17 Two-dimensional (a, b) and three-dimensional (c, d) AFM image of pristine (a, c) and a
particle irradiated (b, d) PC at fluence of 1 � 1015 a/cm2
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6.7 Free Volume Properties

Positron annihilation lifetime spectra (PALS) were used to measure the
three-lifetime components s1, s2, s3 and corresponding intensities I1, I2, I3. The
shortest lifetime component (s1) with intensity I1 corresponds to the
self-annihilation of para-positronium (p-Ps) atoms and free annihilation of positrons
in the bulk samples. The intermediate lifetime component (s2) with intensity I2 is
due to the positrons trapped in the defects. The longest-lived component (s3) with
intensity I3 is attributed to the ortho-positronium (o-Ps) atoms in the free volume
sites of amorphous regions of polymer via pick-off annihilation.

The radius (R) of the free volume hole can be calculated using o-Ps lifetime (s3)
by semi-empirical relation [49] given by equation s3

−1 = 2[1 − (R/R0) + 1/2p sin
(2pR/R0)], where R0 = R + ΔR and ΔR is the fitting parameter and a value
ΔR = 0.166 nm. The free volume size (Vf) and free volume fraction (Fv) can be
calculated using the equations Vf = (4/3) pR3 and Fv = CI3Vf, C is a constant whose
value is taken as 0.0018 Å−3 and Vf is the average free volume size. The obtained
values of s3, I3, Vf and Fv for pristine and irradiated PC films are listed in Table 4.
From Table 4, it can also be noted that, a decrease in o-Ps intensity (I3) and
fractional free volume (Fv) similar to s3 and Vf are observed for the irradiated PC
compared to pristine. The average free volume size decreases due to cross-linking
which results in the close packing of the polymer chains. This close packing results
in the decrease of number density of free volume sites and hence decreases in I3
after irradiation. As explained in Scheme 1b, PC undergoes photo-fries rear-
rangement during irradiation which results in the formation of photo-stabilisers
such as Phenyl salicylate and 2, 2′-dihydroxy benzophenone. Among these two, 2,
2′-dihydroxy benzophenone is more stable photo-stabiliser [52, 53] which prevents

Table 4 PALS parameters irradiated PC films

Radiation Dose/fluence (s3 ± 0.013) ns (I3 ± 0.26) % (Vf ± 1.1) Å3 (FV ± 0.1)%

Pristine 2.00 24.22 97.60 4.26

Electron (8
MeV)

100 kGy 1.98 27.20 95.74 4.69

225 kGy 1.99 23.32 96.66 4.06

Proton (15
MeV)

5 � 1013 p/cm2 1.86 13.36 84.57 2.03

1 � 1015 p/cm2 1.84 18.26 84.36 2.78

Alpha
particle (40
MeV)

5 � 1013 a/cm2 1.86 14.71 84.94 2.25

1 � 1015 a/cm2 1.83 15.84 81.72 2.33

UV
radiation (k =
240 nm)

2 h 1.93 20.45 90.77 3.35

4 h 1.92 23.42 90.29 3.81

7 h 1.91 19.45 88.93 3.11
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the formation of o-Ps in PC, thereby decreasing the o-Ps intensity. A PALS report
on polyisoprene [44] showed that a decrease in the fractional free volume with an
increase in cross-link density and a decrease in average hole size. In this context,
the decrease in the fractional free volume as well as o-Ps lifetime can be ascribed to
an increase in cross-link density.

It can be further confirmed by the formation of photo-stabilized groups in PC.
UV–visible absorption spectra of PC were recorded before and after proton irra-
diation (1 � 1015 p/cm2), and the difference between the two spectra is shown in
Fig. 18. Figure 18 shows a strong absorption peak at 352 nm and a weak
absorption at 303 nm which are due to the 2, 2′-dihydroxybenzophenone and
phenyl salicylate groups, respectively. This is in agreement with the literature
results [23]. The difference in the intensity of the absorption peaks is due to rear-
rangement of majority of the oxygen atoms of phenyl salicylate to form the more
stable 2-2′ dihydroxybenzophenone.

6.8 Mechanical Properties

Figure 19 depicts the photograph and SEM image of PC irradiated by gamma
radiation [54].

Figure 20 depicts the tensile stress–strain curve of PC samples for different UV
radiation time. The obtained values of percentage of elongation and tensile strength
for irradiated PC along with pristine PC are listed in Table 5. It is observed from

Fig. 18 Difference in the UV absorption spectra of unirradiated and 1�1015 p/cm2 irradiated PC
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Table 5 that the tensile strength and percentage of elongation decreased after
irradiation indicating changes its mechanical properties from a ductile material to
brittle one. This variation of the mechanical properties of PC with radiation dose is
in agreement with the results reported in the literature [55]. The decrease in tensile
strength and percentage of elongation of PC is due to the chain scission as
explained in Scheme 1a.

Fig. 19 Photographs of fracture surfaces of tensile specimens: a macroscopic aspect-up: 0 kGy
(non-irradiated)/down: irradiated with 125 kGy; b SEM microphotograph of the fracture surface of
specimen irradiated with 125 kGy (Copied from Ref. [54] with consent from the Elsevier)

Fig. 20 Stress–strain curves for UV irradiated PC films
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6.9 Rheological Properties

The average molecular weight (MV) of pristine and irradiated samples can be
calculated using the equation ½g� ¼ 1:23� 10�4M0:83

V and they are listed in Table 5.
The average molecular weight of PC decreased after irradiation due to chain
scission at the carbonate site as explained in Scheme 1a. This decrease in molecular
weight of PC after irradiation corroborates the decrease in mechanical properties of
PC after irradiation.

7 Conclusions

Polycarbonate is an important engineering polymer utilized in many fields such as
optical, medical, electronic and in space applications. The polymers used in space
applications are subjected to the harsh effects of space environment factors
including solar electromagnetic rays, atomic oxygen, charged particle radiation, etc.
The irradiation of solar electromagnetic rays, charged particle radiations degrades
the PC leading to breakage of bonds, formation of free radicals which would lead to

Table 5 Average molecular weight (MV), the average number of chain scission per original
polymer molecule ðMVo=MV � 1Þ, tensile strength (rf) and percentage of elongation (ef in %) of
irradiated PC films

Radiation Dose (kGy) MV MVo=MV � 1 rf (MPa) P (%) Reference

Pristine 17,000 0 58.67 8.54 [22]

8 MeV Electron 100 kGy 11,200 0.52 56.15 6.19 [22]

225 kGy 6155 1.76 50.46 5.25 [22]

15 MeV Proton 5 � 1013 p/cm2 11,119 0.53 55.31 7.93 [8]

5 � 1014 p/cm2 7656 1.22 45.03 7.38 [8]

1 � 1015 p/cm2 3585 3.74 35.79 6.62 [8]

40 MeV Alpha
particle

5 � 1013 a/cm2 11,010 0.55 50.11 7.76 [8]

5 � 1014 a/cm2 6817 1.49 45.53 7.41 [8]

1 � 1015 a/cm2 3223 4.27 30.71 5.87 [8]

UV radiation (k
= 240 nm)

2 h 15,928 0.06 58.31 8.03 [5]

4 h 12,583 0.35 – – [5]

7 h 10,494 0.62 55.03 7.48 [5]

Gamma
radiation

25 kGy – – 62.8 99 [54]

50 kGy – – 60.9 99 [54]

75 kGy – – 60.8 94 [54]

100 kGy – – 61.2 95 [54]

125 kGy – – 60.9 94 [54]

2 MeV electron 1.2 kGy – – 63.78 ± 0.41 25 ± 6 [56]

22 kGy – – 65.44 ± 0.55 80 ± 4 [56]
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decrease in the lifetime of polymer. Therefore, the study of effect of radiations on
PC through ground simulation has gained attention. In addition to this, PC being an
insulating polymer agglomerates static charges on its surface during long time use
in space. Therefore, it is required to reduce the surface resistance of PC to make it
applicable for different applications for long time, which can be done by implanting
PC by low-energy ions.

Another major challenge is to increase the properties of PC further, which can be
done by blending it with other polymers. However, these kinds of blends ate
immiscible blends, which are limited due to the low adhesion strength at the
interface. To improve these aspects, the immiscible blends must be irradiated by
radiations. The radiation mixes the polymers at the interface and increases the
adhesion strength. In overall, the effect of radiation on PC not only degrades the PC,
but also helps to increase the properties.
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Plasma Irradiation of Polymers: Surface
to Biological Mitigation

Narendra Kumar Agrawal, Neha Sharma, Tamanna Kumari Sharma,
Priti Agarwal and Ravi Agarwal

Abstract Development in science and technology has made human life much
simpler, but evolution and progress of time as well as increasing human demand
have generated problems related to energy, health [1], etc. Progress in science and
technology is trying to solve these issues to make the human life more comfortable.
Growing requirement of biomedical devices, replacement of body parts after their
failure, body implants [2, 3], bio-separation, sterilizations [4, 5], biosensors, etc. [6,
7], have shown need of development of advance smart materials (biomaterials). The
choice of any material to be used as biomaterial/biomedical applications [8]
depends on physical, chemical, surface, and biological properties, i.e., the presence
of functional groups, surface free energy, hydrophilicity, surface morphology
affects use of any material as biomaterial [9]. In other words, materials having high
bio-adoptability and biocompatibility can only be used as biomaterials [10, 11].
Polymers arise as a suitable alternative of conventional biomaterial from last few
decades, for synthesis of important biomaterials in modern manufacturing processes
as they offer wide varieties of physical, chemical, biological, mechanical, and
elastic properties with good processability. None of the normally available poly-
mers possess surface and chemical properties required for many of biomedical
applications. Nanomaterials and low-temperature plasma processing offer a novel
route for surface and chemical modification in controlled manner without affecting
their bulk properties [12]. Plasama processing can be utilized in various pathways to
control the desired properties of modified materials, makes plasma so important that
we can say “Plasma will future: Plasma for mankind.” Present work shows efficient
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and relevant route for synthesis of nanobiomaterials using nanotechnology and
plasma processing to fabricate biomedical devices for biomedical applications [13].

Keywords Plasma irradiation � Polymers � Biomaterials � Biomedical applications

1 Biomaterials

Any substance/material (other than a drug) or a combination of substances/
materials, synthetic [14] or natural [15] in origin that can be used for any period of
time, as a whole or part of a system which treats, augments, or replaces any tissue,
organ, or function of the body is known as biomaterials [16]. They are nonviable
materials used in biomedical devices, intended to interact with biological systems
[17, 18]. If the word “nonviable” is removed from the definition, it becomes even
more general and can address tissue engineering and hybrid artificial organ appli-
cations where living cells are used [19]. These materials can be classified into
several categories on basis of their use. Most common classification consists of two
parts: body implants and medical devices [20].

Body implants are generally made from one or more biomaterials that are
intentionally placed as a substitute for biological system within the body, totally or
partially buried beneath the surface and usually intended to remain there for a
significant period of time like artificial skin, lenses for eye, bone cement, intraocular
lenses, contact lenses, dentures, adhesives, artificial hearts, hip joint, knee joint
[21]. While medical devices refer instruments, apparatus, implement, machine,
contrivance, in vitro reagent, other similar or related articles intended for use in
diagnosis, cure, mitigation or treatment of disease or other conditions do not depend
on being metabolized or being part of chemical action within or on the body [22–
26]. In other words, medical devices generally involve materials, tools, or devices
that are not directly used in biological systems but are equally important in many of
biomedical applications like fabrication of blood storage bags, tubes for various
catheters, blood pumps, syringes, arterial tubules, surgical sutures [27]. Figure 1
shows various parts of the human body. Artificial materials that simply are in
contact with the skin, such as hearing aids and wearable artificial limbs are not
included in our definition of biomaterials since the skin acts as a barrier with the
external world. So biomaterial can be internal or external material; but the subject
cannot be explored without considering biomedical devices and the biological
response to them, i.e., for both cases, materials must be bio-adoptable and bio-
compatible with an ideal bio-integration [28]. It must be noted here that normally
the biomaterials have some common properties but sometime, depending upon
application they may require markedly different properties. Biomaterials require
best specific surface and biological properties, so that they will not produce any
deleterious effects, failure of materials, or formation of unusual tissues, meanwhile
having bulk properties to meet other physical, chemical, and mechanical require-
ments [29].
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2000 years ago Romans used gold in dentistry as first generation ad hoc
implants. Since then extensive research has been performed on many metals,
compounds and alloys for their possible use as biomaterials. From 1960 onwards, a
new era has started for biomaterials fabrication processes when first time poly-
ethylene was used for hip implants [30] since then many polymers have been
thoroughly investigated for their possible use for synthesis of biomaterials with
relatively great success.

Fig. 1 Schematic representation of various parts of the human body and implants
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Polymer nanocomposites (PNC) comprise polymer or copolymer having nano-
materials dispersed in polymer matrix [10]. Polymer nanocomposites (PNC) have
demonstrated advanced applications in composite reinforcement, solar cell [12], gas
sensor, biomedical sensors, fuel cell, chromatography, optical information tech-
nology, sensors, heterogeneous catalysis, filter applications, optoelectronics, optical
computing devices, and synthesis of the biomaterials [1]. PNC are being used for
fabrication of various biological implants like ear replacement [15], tendon and
knee prosthesis, hip prosthesis, ocular prosthesis, artificial heart and lungs, synthetic
skin, cardiac valve, tube for neuron regeneration, catheters, blood storage bags,
skin, bone, cartilage, blood vessels, and other organs [4–8].

From most of the biomaterials available do have acceptable bulk and mechanical
properties but do not possess required bioactivity as implant tissue interfaces have
very complex phenomenon. Hence, success of designed devices depends on con-
trolled healing, normal wound healing, interfacial layer, cell attachment, and matrix
[13]. Also, the chemical functionality of the surfaces greatly affects the response of
the biomaterials. But biocompatibility is measure issue with biomaterials to use in
specific application [3]. Many materials can meet their bulk biocompatibility
requirements but do not possess ideal surface properties like topography, surface
energy, wettability, surface mobility, crystallinity, heterogeneity, chemical com-
position [8]. This shows the need for controlling surface properties, depending on
specific applications [6].

Researchers were working in the area using chemical modification/oxidation,
plasma modification, irradiation, ion implantation, graft copolymerization,
self-assembled monolayers, morphological methods, biomolecule immobilization,
plasma surface treatment for modulation of surface properties of polymer surface
[18]. But numerous parameters involved and produced variation on material pro-
cessing by modulation of experimental condition makes plasma treatment very
useful technique for advanced applications [31]. The number of experimental
investigations has been performed to identify effect of plasma treatment on surface,
chemical, physical, biological, and mechanical properties. These investigations
show that plasma treatment can modulate wettability, antibacterial properties,
roughness, smoothness, cross-linking, chemical functionality, blood compatibility,
surface energy, permselectivity, conductivity, adhesion, cleaning of organic con-
taminations, micro-etching, cross-linking, etc. It can also produce etching, remove
surface contaminants, substitute chemical groups, and produce induced grafting/
polymerization [7–12].

These modified materials have various applications in automobiles, microelec-
tronics, chemical, and biological industry. Biomaterials in contact with biological
systems need optimal combinations of mechanical properties and surface properties
that can lead to superior performance in biological systems. Various investigations
performed in the field of plasma surface modification of polymers/polymer
nanocomposite have shown enhancement/increase in hydrophilicity and cell
adhesion by helium plasma, gas sensor, antibacterial properties, immobilization of
thrombomodulin to inhibit coagulation applicable in improved drug adhesion in
intrauterine devices, adhesion of metals, in vitro activation of artificial surfaces,
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small diameter vascular grafts, blood vessel, blood-borne tissue generation, vascular
prosthetic grafts, cardiopulmonary bypass with heparin-coated circuits, etc.
[17–21].

Such various combinations of polymer, plasma parameter and processing con-
ditions have been explored by many researchers around the world like
pre-irradiation of PTFE–styrene produces improved adhesion, cation exchange
membrane, and grafting mechanism while per irradiation of PTFE in the presence
of vinyl acetate improves the grafting conditions [21–28]. Simultaneous of PTFE
with DMAA produces improve blood compatibility [28] while simultaneous of
ePTFE with AAc improve bone-bonding ability [29]. Methacryloyloxyethyl
phosphate (MOEP)/high-density polyethylene has been used for surface modifi-
cation of biopolymers for orthopaedic applications [30]. Studies performed by
Garbassi and Occhiello show that plasma treatments can enhance adhesion as well
as decrease adhesion. Shenton et al. describe the use of atmospheric plasma
treatment improves adhesion for LDPE and PET [12]. Also, atmospheric plasma
treatment is potential tool for modifying tribological, toughness, hardness, optical,
electronic properties of polymers [6]. Reactive gases plasma treatment of polymers
can produce branching, cross-linking, etching, and functionalization of surface
groups [9]. Fakes et al. and Li et al. have shown that plasma treatment can render
polymer surfaces hydrophilic as well as hydrophobic depending on plasma gases
[10]. Inert gas (argon and helium) plasmas modify the surface through
cross-linking, chain scission, branching, surface roughening, and wettability by
inducing surface charge via polarization which changes during storage and storage
conditions [11]. Surface with very good wettability, high roughness, and high
surface energy favors cell attachment, platelet adhesion, thrombus formation, and
proliferation while reactive plasmas have potential ability to chemically etch
polymers depending on dose and volatility of products produced. Few modified
polymers like polydimethyl siloxane (PDMS) and polymethyl methacrylate
(PMMA) are also used as structural material for fabrication of microfluidic devices,
routinely patterned with the hot-embossing technique [2], diagnostic tests, chemical
sensing, and detection experiments [30].

Hence, these plasma-based approaches for surface modification have received
considerable interest for the formation of surfaces designed to be in contact with
biological systems/interfaces [31]. In last few decays, various studies have been
reported using various processing parameters and process gases. Recently, the
majority of studies in the area have been focus on the applicability of plasma for
processing of polymers, but to use plasma-treated surfaces or plasma polymers as
interfacial bonding layers for subsequent immobilization of molecules designed to
elicit specific biological responses [31]. Now the design of plasma treatment
methods for biomaterial/biomedical applications is based on understanding of
requirements of the bio-interface/device. Definitions of “biocompatibility” [7–9]
are, unfortunately, vague in terms of what chemical composition a biocompatible
surface should possess. Endothelial seeding [9] and pre-adsorbing fibronectin for
endothelialization [10] are approaches for blood compatibility, but design rules do
not exist for plasma surfaces that are to promote these effects. Interactions of plasma
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surfaces with proteins and cells are also important. Control of surface properties and
chemistry not only modulates cell attachment but also cell spreading, which is
important as it affects cell division [30].

2 Polymers

Exciting chemical, mechanical, elastic properties, lightweight, flexibility, and easy
processability that can be varied drastically in various polymers had made them
widely useable materials in modern manufacturing processes [31]. These vast
ranges of properties of various polymers are increasing their applicability in
numerous fields starting from fabrication of materials used in daily life to some
advanced applications like gas filtration [32], bactericidal properties [33], electrical
[34], optical [35], mechanical applications [36], organic solar cells formations [37],
biomaterial, and implant fabrications [38]. During the last 20 years’, polymers have
received fabulous interest for synthesis of biomedical devices and continuously
replacing all conventionally available biomaterials, as physicochemical properties
of the surface of polymers (like surface free energy, hydrophilicity, and surface
morphology) influence cell–polymer interactions that make them widely useable
material for synthesis of advance biomaterials, bio-devices, and biosensors.

Thousands of natural and synthetic polymers are available around the world, and
polymer reaction engineering makes it very easy to synthesize various kinds of
polymers with desired physicochemical properties [43, 44]. Depending on the
properties, mechanical strength and chemical structure/functionality, these poly-
mers can be used for synthesis of various biomaterials and implants (Table 1).

Table 1 Polymers and their applications for fabrication of biomaterials and implants [14, 39–41]

Polymers Biomedical applications

Polyethylene Tubes for various catheters, hip joint, knee joint prostheses

Polypropylene Suture materials, hemodialysis, blood transfusion bags

Polytetrafluoroethylene Vascular and auditory prostheses, catheters, tubes

Polyacetals Hard tissue replacement

Polycarbonate Syringes, arterial tubules, hard tissue replacement, hemodialyzers,
blood pumps, oxygenators

PET Vascular, laryngeal, esophageal prostheses, surgical sutures, knitted
vascular prostheses

Biodegradable
polymers

Sutures, drug delivery matrix, adhesives, temporary scaffolding,
temporary barrier

Polyurethane Adhesives, dental materials, blood pumps, artificial hearts and skin,
blood contacting devices [42]

PMMA Bone cement, intraocular lenses, contact lenses, fixation of articular
prostheses, dentures, adhesives, artificial hearts and ski, blood
contacting devices [42], various catheters
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2.1 Polymethyl methacrylate (PMMA)

Poly(methyl methacrylate) (PMMA)/methyl methacrylate resin/polymethyl
2-methylpropenoate (IUPAC name) is a transparent thermoplastic polymer nor-
mally used as a shatter-resistant alternative to glass. It is also well known as acrylic
glass ACRYLITE®, Lucite, Perspex, Optix (Plaskolite), Oroglas, Altuglas in sci-
entific community based on its properties and uses. Chemically, it is the synthetic
polymer of methyl methacrylate. Industrial production of PMMA is carried out by
emulsion polymerization, solution polymerization, or bulk polymerization tech-
niques. A bisphenol group available in PMMA also makes it an economical
alternative to polycarbonate (PC) with high degree of flexibility [45, 46].

Excellent properties, easy handling and processing, low cost, high impact
strength, more prone to scratching make them suitable in various applications.
Various modifications applied to PMMA through polymer reaction engineering
offer very high scratch and impact resistance to PMMA for ex. addition of butyl
acrylate or plasticizers in very small amount and improve its impact strength [47].

Various physical and chemical properties of PMMA are listed in Table 2, and its
chemical structure is shown in Fig. 2 [48]. It allows 92% transmission of visible
light with only 4% reflections. Its refractive index is 1.4914 at 587.6 nm and can
also filter ultraviolet (UV) light at wavelengths below 300 nm (similar to ordinary
window glass). Adding/coatings with various organic and inorganic additive

Table 2 Chemical and physical properties of PMMA [47]

Molecular formula (C5O2H8)n
Molar mass Varies

Density 1.18 g/cm3

Melting point 160 °C (320 °F)

Refractive index (nD) 1.4914 at 587.6 nm

Reflectance R = 0.03890 at 587.6 nm

Brewster’s angle hB = 56.158°

Molecular weight (MW) 100 g/mol

Glass transition temperature (Tg) 105 °C (221 °F) [varies from 85 to 165 °C (185–329 °F)]

Coefficient of thermal expansion (5–10) � 10−5 K−1

Fig. 2 Chemical structure of
PMMA [48]
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materials to PMMA improve absorption in the 300–400 nm range. It shows similar
behavior in case of IR light, where it transmits IR light of up to 2800 nm and blocks
IR of longer wavelengths up to 25,000 nm. Hence, its color composite or colored
PMMA is used in remote control and heat sensor applications where they allow
specific IR wavelengths to pass while blocking visible light. PMMA swells and
easily dissolves in many organic solvents on account of its easily hydrolyzed ester
groups. Environmental stability of PMMA is superior to most other plastics such as
polystyrene and polyethylene which makes it material of choice for outdoor and
biomedical applications. Its maximum water absorption ratio (0.3–0.4% by weight)
is lower relative to other conventional polymers. Tensile strength decreases with
increased water absorption. It ignites at 460 °C (860 °F) and burns to produce
carbon dioxide, water, carbon monoxide, low-molecular weight compounds, and
formaldehyde [47].

These exciting properties of PMMA make it suitable for various mechanical,
optical, and biomedical applications [49] including synthesis of bone cement,
intraocular lenses, contact lenses, fixation of articular prostheses, dentures, adhe-
sives, artificial hearts and skin, blood contacting devices [42], various catheters
[38]. Figure 3 shows polymerization process of polymers.

3 Nanotechnology and Nanomaterials

Nanotechnology and nanoscience are the study of materials having at least one
dimension in nanometer, and their applications across various fields of science and
technology including chemistry, biology, physics, materials science, medical sci-
ence and engineering to make human life more simple, comfortable, and advance.
The literal meaning of “Nano” is “dwarf” (Greek term), while Technology “sέvmη”
in Greek is an art/skill for making, modification, usage, visualize, characterize, and
production of tools, machines, systems and methods in order to solve problems,
improve a preexisting solution to a problem, and ability to control and adapt natural
environment [50]. Nanotechnology also includes fabrication and uses of structures
that have novel properties because of their size in nanorange. It is a multidisci-
plinary science that looks at how matter can be manipulated and controlled at
molecular and atomic level and hence dramatic improvements in their properties.

Fig. 3 Schematic representation of polymerization process in various polymers
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At these scales, materials show completely different properties compared to their
bulk counterparts [51], even intrinsic properties of material such as band gap, color,
crystal structure, mechanical, catalytic, optical, chemical, and magnetic properties
of materials get modifies. Field and scope of nanotechnology include all branches
of science even in day-to-day life of living beings. Nanoparticles, can be called
building blocks of nanotechnology, are of great scientific interest as they effectively
bridge between bulk materials and atomic or molecular structures. Nanoparticles
exhibit remarkably improved physical, chemical, and biological activity that
enhances their uses in various applications. Also, biomaterials in contact with
biological body have optimal combination of mechanical properties and surface
characteristics that result superior performance in biological environment [52–54].
Nanomaterials can be used for biological/biomedical applications for fabrication of
biomaterials, having superior surface properties like low surface energy,
hydrophilicity, specific surface morphology, higher cell/protein adhesion, and
antibacterial activity. Many of these properties are directly used or being explored
for their possible application in the synthesis of advanced biological materials,
biomedical devices and implants such as artificial skin diaphragm, valves for heart,
kidney, lenses for eye, and other biomedical fields so that they can positively/
negatively affect cell to material interactions.

From past ten years’, various metal and metal oxide nanoparticles (NPs) are used
or being explored for biomedical applications such as gold NPs for cancer treat-
ment, Cu NPs as good antibacterial agent, ZnO NPs for protection from UV light,
Ag NPs for affecting growth mechanism of plants, TiO2 NPs for degradation of
biomass. In present study, we have used Ag (Fig. 4) and TiO2 NPs for enhancement
of properties and applications of biomaterials [19, 55–90].

4 Polymer—Nanocomposite

Nanocomposites are combinations of materials in which at least one of the phases
having dimension in nanometer range. They can, in principle, be formed from clays
and organoclays in a number of traditional methods including various in situ
polymerization [91], solution and latex [92] methods, mechanical agitation, ball
milling, ultrasonic vibration, shear mixing, non-contact mixing. [34]. Investigations
performed on these materials have indicated that they exhibit improved and
sometimes new possessions that are not displayed by the separate phases or con-
ventional composite complements [93]. Incorporation of nanomaterials/
nanoreinforcements such as nanoparticles, layered silicate clays, nanotubes, nano-
fibers into polymers leads to formations of polymer nanocomposite (PNC) with
ominously enhanced physicochemical, thermomechanical, mechanical, thermal,
dynamic mechanical, and barrier properties along with significant improvements in
adhesion, rheological, and processing behavior [94]. Even a very small amount of
nanoparticles has the potential to radically transform properties of the host polymer
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[95, 96]. As smaller/nanosize of the filler material provides more surface area for
interaction with polymer matrix [61, 97].

Interaction area between filler and polymer matrix is used for controlling
properties of PNC, which make these polymer nanocomposite materials special for
use in particular applications. Polymer nanocomposites have many diverse appli-
cations like composite reinforcement [98], flame resistance [53], self-assembled
polymer films [99], conducting properties [100], barrier properties [101],
dye-sensitized solar cells [64], gas sensor [102], nanomedicine [103], cosmetic
applications [104], information storage [105], electronics [106], sensors, structural
components, catalysis [107], flammability resistance, polymer blend compatibi-
lization [108], bound catalysts [109], miniemulsion particles [110], fuel cell elec-
trode polymer [111, 112], high-performance fabrics, ballistic protection [113],
actuators, diffusion barriers [114], refractive index tuning, corrosion and scratch
resistant, layer-by-layer self-assembled polymer films [115], polymer blends [116],

Fig. 4 TEM images and diffraction pattern of synthesized silver nanoparticles
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nanocomposite. Since last few years, polymer nanocomposites give new alternative
to conventional filled polymers and materials for synthesis of biomaterials.

5 Plasma Surface Modification

Plasma, the fourth state of matter, is known as ionized gases having neutrals with
almost equal number of ions and electrons. A more precise definition is that plasma
is a quasi-neutral gas of charged and neutral particles exhibiting collective behavior.
It is the most wonderful fact about the plasma that the stars and the tenuous space
between them of the visible universe make up more than 99% with plasma and
perhaps most of which is not visible, even not fully explored. The plasma contains
energetic species like atoms, molecules, ions, radicals, electrons, neutrals, dust/
charge particles, and photons. Hence, interaction of plasma with various materials
leads to interaction/bombardment of energetic particles on to the materials. These
bombardments stimulate the productions of outgoing fluxes of neutrals, ions,
electrons, radicals, and photons leading to modification/irradiation/treatment/
etching of surface layer for modulation of physical, chemical, and biological
characteristic that becomes basis for plasma-enabled material processing
[117–121]. Figure 5 shows the PMMA surface after plasma treatment.

Plasma-based processing of materials becomes widely acceptable in all branches
of science and technology [111, 122–124]. Wide range of dynamic applications of
the technique starting from fabrication to processing makes it most powerful

Fig. 5 Atomic force microscopy image of PMMA after plasma treatment (2D and 3D view)
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technique even some time it is neither purely physical nor chemical. It offers desired
pathway for materials processing depending on the application of material. The
plasma modulation technique precedes a number of subtractive and additive pro-
cesses in a selective manner for highly controlled nanomachining, uniformity,
surface quality, and profile control. Based on modification techniques, it also has
variety of advantages such as fewer disposal problems, modifications carried
without use of chemicals/rinsing, less corrosion and material failure, less under-
cutting, high-speed fabrication, cleaner resulting surfaces [125].

Plasma can be produced by electron separation/ionization from atoms/molecules
in the gaseous state. When an atom/molecule gains enough energy (higher than
ionization energy) from any source that makes interaction (collisions) with another
atom/molecule, ionization occurs. Under favorable conditions, these ionizations can
be enhanced to produce sufficient breakdown to satisfy the plasma conditions.
Based on the conditions to create breakdown, many kinds of plasma sources are
available commonly known as gaseous, metallic, sputtering, dry etching, and
laser-based plasma sources. The sources used for plasma productions for material
processing and applications have characteristic difference in plasma parameters
such as electron temperature, ion temperature, electron/ion density, electron/ion
energy, state and uniformity. These plasma parameters can be modulate/controlled
or depend on gas pressure, type of gas, gas composition, gas flow rate, type of
plasma (DC/RF), particle density, electric field strength, electron velocity, electron
current, strength of magnetic field, and distance between anode and cathode. Each
of these experimental conditions can drastically affect the plasma parameter to be
used in various plasma-based processing by ion and electrons such as reflection,
physico-absorption, surface migration, surface damage, heating, material ejection,
sputtering, ion etching, ion implantation, doping. These various plasma parameters
and experimental conditions for creating and maintaining plasma make its nature
very amazing. Below we have listed several other regions which can further
increase superiority of plasma and their effects that can be used in plasma-based
processing and applications:

1. Electrons in plasma can extract energy form electric and magnetic fields.
2. Kinetic energy of electrons can be converted into space charge electric field and

thermal energy [126].
3. Plasma-based processing does not require any type of confinement even some

times de-confinement is required, as the output of processing depends only on
flux of ions and electrons [126].

4. Plasma generation, gas phase chemistry and transportation, material interac-
tions depend on plasma parameter and conditions. Each of these requires input
from plasma and material science [127].

5. Plasma has tendency to shield and localize externally applied electric potential
for creating intense electric field regions called sheath or double layers through
which ions/electrons can be accelerated.

6. Plasma can of the type of momentum transfer type between energetic ion (usually
inert) and substrate surface causes bond breakage or ballistic material ejection.
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7. Natural chemical species such as chlorine/fluorine atoms generated in the
plasma diffuse to the substrate to from volatile products [128].

8. Creation of chemically active species from neutrals by collision with energetic
electrons and ions.

9. Creation of ion damage on surfaces, including highly reactive chemical reac-
tions on surface with plasma neutrals, ion/electron beam bombardment
[106, 129].

10. Background energetic radiations in plasma produced either by atomic processes
or by interactions with electromagnetic field.

11. Plasma process can be carried out in DC field (0 Hz), AC field (50 kHz), RF
field (13.6–27 MHz), and microwave field (300 MHz–10 GHz).

12. During plasma processing, various events can occur based on the kinetic energy
of incoming particle, such as particles having energy between 3 and 5 eV can
either be reflected or physisorbed, 4–10 eV energetic particles induced surface
migration or surface damage, 5–5000 eV can create substrate heating, surface
damage and material ejection, i.e., sputtering or ion etching, and for further
higher energies more than 10,000 eV ion implantation or doping can occur.

13. Plasma usually offers small etching rate typically of the order of hundred to few
hundred angstroms per minute.

14. Ions/energetic particles may implant, bounce, absorbed, or reflected during
plasma processing, while sputtered material can re-deposit and undergo
backscattering.

15. Ion plasma processing of any materials is controlled by (1) neutral atom and
free radical concentration, (2) ion concentrations, (3) ion energies.

16. Respective contribution of chemical and physical action in plasma processing
can be controlled by varying voltage and gas pressure.

17. Plasma can also work as a source of heat, by conversion of electrical energy
into ionization and heating of the feedstock gas

18. Plasma can be a chemical catalyst by formation of species of required chemical
reactivity or other properties.

19. Plasma can work as a source of sputtered particles.
20. Transport of energy, momentum, and mass to the process region of boundaries

including transport to the electrodes.
21. Quenching/termination of reaction at an appropriate time and removal of

products.

The plasma normally used for polymer processing can be divided into two
groups: thermodynamically balanced and unbalanced. Thermodynamically bal-
anced plasma is characterized by very high temperature of heavy particles (often
about 11,000 K) and is not suitable for plasma treatment of polymeric materials, as
high temperature can cause thermal degradation. In thermodynamically unbalanced
plasma, gas temperature is significantly lower, as it is composed of low-temperature
heavy particles (charged and neutral molecular and atomic species) and very
high-temperature electrons (often about 50,000 K). Such plasma exposure causes
following main effects that occur during the plasma modification process itself:
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(i) surface cleaning, (ii) surface ablation or etching, (iii) cross-linking, and
(iv) modification of chemical properties.

Plasma-based surface processing of materials generally works in the region
where incident ions have energies 4–10 eV that can induce surface migration or
surface damage. When organic polymers lead to surface modification by plasma,
the interaction between plasma and polymer produces two competitive processes,
namely modification and degradation [130]. When modification is significant,
properties of the polymer get modified due to ion beam interaction, plasma graft
copolymerization, and plasma polymerization while for degradation processes,
etching takes place on the polymer surface [128, 131]. Other than these plasma
techniques sometimes especially useful for functionalization of surfaces as it is
possible to modify outermost surface layer by this technique. Ions from plasma
have sufficient energy to induce cleavage of the chemical bonds in the polymer to
form macromolecule radicals, which subsequently initiate graft copolymerization
[132]. During plasma processing of materials, plasma exposure not only causes
surface modification but also leaves active sites on the surface which is subjected to
post-reaction [133]. For polymer surface, plasma has been recognized as a valuable
tool to significantly improve adhesion properties. Plasma can also work as a source
for removing weak boundary layers and surface contaminants during modification
[53, 134, 135]. For sufficient plasma density and treatment time, many function-
alities created on surface lead to cross-linked polymer chain formation. In these
plasma implantation processes, hydrogen is first removed from polymer chains to
create radicals in polymer chains that recombine with simple radicals created by the
plasma gas to form oxygen or nitrogen functionalities. Radical species, rather than
ion species, that are created in the plasma zone play an important role in implan-
tation process. Plasma material processing scheme [34] in Fig. 6 shows modulation
in surface properties of polymers by low-pressure plasma treatment such as

Fig. 6 Schematic representation of polymer surface modulation induced by low-pressure plasma
treatment
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formation of macromolecule radicals, increase in chemical reactivity, formation of
sputtered particles, and creation of active sites followed by graft copolymerization.

Research based on plasma surface modification of polymers for biomaterials
synthesis mainly focuses on argon plasma exposure of polymers. This creates an
etching/degradation reaction at surface of the polymers; even a small exposure to
inert gas plasma can cause etching of polymers, and rate of weight loss is strongly
dependent on the nature of polymer as well as energy of the plasma. Polymers
having oxygen functionalities in form of ether carboxylic acid or ester groups show
high plasma susceptibility while polyolefin with no substituent’s show low plasma
susceptibility [136, 137]. Interestingly, polymers subjected to the plasma modifi-
cation process possess similar chemical and physical properties as original poly-
mers since technique only modifies outermost layer of polymers. The elemental
composition, chemical structure, degree of polymerization, and crystallinity of the
bulk polymers are hardly altered. Etching processes sometimes cause smaller
weight loss due to bond scission of polymers and reactions of the radicals generated
in the polymer chains upon plasma exposure [138, 139]. Normally, polymers are
hydrophobic and conversion of these polymers from hydrophobic to hydrophilic
depends on their surface characteristic. Plasma can modulate surface properties in
controlled manner to improve adhesion strength, biocompatibility, and other per-
tinent properties [117–121, 140, 141].

Below is list of other effects that can be obtained by plasma-based material
processing:

Surface Modification [133, 142, 143]

• Alters surface properties of material without affecting their bulk properties
• Surface modification in a controlled fashion
• Surface properties (roughness and smoothness)
• Advantageous for design, development, and manufacture
• Surface interaction.

Chemical Modification [48, 144, 145]

• Ecofriendly nature
• No water and chemicals required
• Selection of desired chemical pathways
• Hydrophobicity and hydrophilicity
• Chemical structure
• Chemical catalyst: increased surface area
• Highly cross-linked films irrespective of the surface geometries.

Physical Modification [120, 146–148]

• Formation of multilayer films
• Prospect of scaling up
• Smooth, pinhole-free ultra-thin film
• Minimization of thermal degradation and rapid treatment
• Conductivity
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• Surface tuning
• Adhesion
• Low friction coefficient.

Bio-Induced Modification [38, 149–152]

• Influence cell adhesion
• Biocompatible polymers
• Hindering bacterial adhesion
• Antimicrobial coatings
• Bio-adoptability: selective bacterial growth.

6 Plasma Gases

Various plasma parameters and experimental conditions such as gas pressure and
flow rate, type of plasma (DC/RF), particle density, electric field strength, ion/
electron velocity, ion/electron energy, type of gas, gas composition, and distance
between anode and cathode can significantly affect the plasma processing. Keeping
all others parameters constant if only the gas will change, it will affect the polymer
property dramatically [127, 135, 153]. As a gas used may increase surface energy
while other gas will reduce the same. Almost similar effect can observe on
hydrophilicity, surface morphology, chemical functionality, antibacterial, and
antimicrobial properties and adhesion strength of processed material. Hence, the
role of gas used and its composition can most significantly affect the processing.
Even a very small variation in gas composition can produce completely different
property to the material that can be used for novel applications. The different
surface properties obtained via using different gases as source of plasma are very
important for biomaterial fabrication processes in desired pathway, as oxygen
plasma used for modification can generate oxygen functionalities and hydrophobic
nature to polymer while other compound gases such as carbon dioxide, carbon
monoxide, nitrogen dioxide, and nitric oxide can make the polymer surface
hydrophilic. Chlorine functionalities can contribute to increase in the hydrophilicity
when CF2C and CCl4 plasmas were used while hydrophobic properties of polymer
can be enhanced using higher-degree fluorinated compound gases such as SF6, CF4,
and C2F6 [154, 155]. Table 3 lists the effect and applications of different gases used
as a source for plasma surface modification.

In this study air, N2, Ne, and SF6 gases were used for controlled modification of
surface properties and a detailed investigation has been performed to identify their
effect on property enhancement of nanobiomaterials. DC plasma surface modifi-
cation instrument (Fig. 7).
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6.1 Air and Its Properties as a Source of Plasma

Air is the atmosphere of Earth or layer of gases surrounding the Earth retained by its
gravity. Role of air is very important to protect life of all leaving beings, absorbing
ultraviolet solar radiation, and production of greenhouse effect, with normal

Table 3 Different plasma gases, their effect, and applications on material processing

Plasma gases Effect and applications in plasma processing

Reducing gases (H2,
mixtures of H2)

Replacement of F or O on surfaces, removal of oxidation sensitive
materials, conversion of contaminants to low-molecular weight
species

Oxidizing gases (O2, air,
H2O)

Removal of organics and to leave oxygen species

Nitrogen (N2) Removal of organic sand to leave N2 species, removing oxide
layers, surface cleaning, surface smoothening

Noble gases (He, Ne, Ar,
etc.)

To generate free radicals on surfaces to cause cross-linking or to
generate active sites for further reaction

Active gases (NH3) Functionalization of materials through amino groups

Fluorinated gases (SF6) To make the surface inert and hydrophobic

Polymerizing gases Polymerization of layers on substrates by direct polymerization or
by grafting on Ar/He-processed polymer surface

Fig. 7 Experimental setup used for production of DC plasma

Plasma Irradiation of Polymers: Surface to Biological Mitigation 335



constitution by volume is nitrogen (78.09%), oxygen (20.95%), argon (0.93%),
carbon dioxide (0.039%), and rest is several other gases like neon, helium, methane,
krypton, hydrogen, nitrous oxide, carbon monoxide, xenon. It also contains a
variable amount of water vapor ranging around 1%.

Air is not only important for animals to survive but also plays a critical role in
plasma generation and processing as thundering of clouds is an example of pro-
duction of natural plasma. Many of the plasma physics experiments and applica-
tions work at atmospheric pressure or at little reduced pressure like high power
laser, MEMS electronic switches, EM absorbers/reflectors, remediation of gaseous
pollutants/waste systems, sterilization, decontaminations and advanced plasma
processing applications including plasma treatment of human skin. In all above-
listed applications, the air plasma can significantly affect material properties that
make the role of air composition very critical for plasma production and processing.
Still very few efforts have been performed by researcher and industry for bioma-
terial production using air as a source of plasma except plasma treatment/healing of
human skin. This shows need of detailed investigation of the properties and
applications of air plasma in materials processing, as this offers low-cost processing
of materials without any damage [156].

6.2 Inert Gas Neon (Ne) and Its Properties as a Source
of Plasma

Neon is a monatomic, colorless, odorless, inert gas at standard temperature and
pressure having two-thirds density of air. It shows bright orange-red emission
spectra under high electric field. It has atomic number 10, atomic weight 20.1797
amu, electronic configuration [He] 2s2 2p6, melting point 24.56 K, boiling point
27.10 K, FCC crystal structure and density 0.9002 g/L. Its first, second, and third
ionization energies are 2080.7, 3952.3, 6122 kJ mol−1, respectively. Interestingly,
it is fifth most cosmic abundant element in universe and solar system after
hydrogen, helium, oxygen, and carbon, but it is rare on Earth (18.2 ppm by vol-
ume). Air is only source for production/separation of neon, which makes it costlier
even than He (helium gas) and limits its industrial applications in plasma tube and
refrigerant.

When inert gas (He, Ne, and Ar gases) plasma is used to modify the surface of
material, they can undergo physical etching, ion etching, or sputtering of the
substrate material. Mostly researcher is using Ar and He plasma for materials due to
their easy availability, but Ne exhibits similar chemical behavior with different
physical characteristic like smaller atomic size and weight compared to argon can
produce different mechanism and results during processing. To best of our
knowledge, no efforts have been performed for Ne-based plasma processing
especially for biomaterials productions. Ne ions can be extracted from glow dis-
charge region and accelerated in electrical field toward the substrate similar to argon
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and other gas ions. Due to inert nature of Ne gas, they cannot produce any type of
chemical reaction on the material surface but Ne ions have sufficient energy to
produce ion etching or sputtering totally controlled by impact of incident ions. The
process is inherently non-selective due to widespread in ion energies compared with
different surface bond energies and chemical reactivity. The modification (based on
inert ion) is generally slow compared to other gases used for modification (with the
etch rate of few ten angstroms to few hundred angstroms per minute). These types
of modifications are used to form facets, ditches, hourglass-shaped trenches,
removing of various damage, device complexity, and re-deposit materials with high
aspect ratio. When ions of sufficient energy are used, they can produce high
sputtering rate of materials and weight loss. Such weight loss is generally restricted
to the topmost layers of the polymer, without affecting the inner layer. Ne gas
plasma can create new surface morphology and improve the hydrophilicity and
wettability on polymer surfaces.

6.3 Reactive Gas Nitrogen (N2) and Its Properties
as a Source of Plasma

Nitrogen is diatomic, colorless, odorless gas with high reactivity at standard tem-
perature and pressure. It is a common element of solar system and most abundant in
atmospheric gases. It has atomic number 7, atomic weight 14.007 amu, electronic
configuration [He] 2s2 2p3, melting point 63.15 K, boiling point 77.35 K, hexag-
onal crystal structure, and density 1.251 g/L. Its first, second, and third ionization
energies are 1402.3, 2856, 4578.1 kJ mol−1, respectively. It is used to make many
industrially important compounds such as ammonia, nitric acid, fertilizers, and
organic nitrates. Organic nitrates such as nitroglycerin and nitroprusside are used to
control blood pressure by metabolization. Chemically it shows high electronega-
tivity in reactions and makes strong bonds. It is also found in various organisms
primarily in form of amino acids, proteins, and nucleic acids (DNA and RNA).
A human body contains about 3% nitrogen by mass (fourth most abundant element
in body after oxygen, carbon, and hydrogen). It is considered as a great source of
energy production at Sun/stars in form of carbon nitrogen cycle.

For plasma processing of materials, nitrogen is extensively used for more than
four decades, due to its easy availability and relatively easier plasma production
ability. First application of nitrogen plasma was nitriding of high-carbon steels,
titanium, aluminum, and molybdenum. This is a process where nitrogen will diffuse
inside the materials in form of ions to form their nitrides that prevent material
rusting/corroding and make them suitable for various applications like gears,
crankshafts, injectors, camshafts, extrusion dies, valve parts, die casting tools,
forging dies, and firearm components. Later nitrogen glow discharge plasma has
shown its potential applications in various material fabrication processes. Nitrogen
ions also work as good reducing agent, and hence, oxide layers can be removed
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very easily from surface by transferring sufficient energy to substrate during
bombardment of energetic particles. It can also remove various organics from
material surface to leave N2 species. Comprehensively, nitrogen plasma is used for
surface cleaning, surface smoothening and also enhances fatigue strength, surface
hardness, wear and corrosion resistance of materials. Based on chemical func-
tionality of materials, nitrogen plasma can leave active sites on materials surface
that can further cause post-reaction. These properties of nitrogen ion plasma
highlight their use for various materials fabrication and processing processes
especially for biomedical applications.

6.4 Sulfur Hexafluoride (SF6) and Its Properties
as a Source of Plasma

Sulfur hexafluoride (SF6) is colorless, nonflammable, odorless, inorganic, and
extremely potent greenhouse gas. It is also an excellent electrical insulator, and it
has molar mass 146.06 g/mol, density 6.17 g/L [i.e., very high in comparison to air
(1.225 g/L)], boiling point 209 K, slightly soluble in water but possesses good
solubility in ethanol, hexane, benzene, and orthorhombic crystal structure. Most
significantly it is used as gaseous dielectric medium in electrical industry.

Use of SF6 gas plasma has been first started in semiconductor industry as an
etchant and making their surface hydrophobic. Depending on plasma parameters
and processing conditions, SF6 breaks down into sulfur and fluorine under plasma
and the fluorine plasma is further used for material processing.

When SF6 gas is used for surface modification of materials, the processing is
sometime known as radical etching or reactive ion etching. Surface modifications
are generally carried out by reactive, neutral or chemical species such as fluorine
atoms and molecular species instead of ions as done by other plasmas. The radicals
are not as much reactive as ions but they are more abundant in plasma because they
can be generated at lower threshold (<8 eV) and have high generation rate with
longer lifetime compared to ions. Here used radicals from SF6 gas plasma (fluorine)
produce volatile products with layer to be removed; hence, they are more useful for
surface cleaning of materials or generation of specific surface functionality where
plasma works to supply reactive gas etchant to materials. Using SF6 as a source gas
for plasma, dry physiochemical modifications regime can be established by oper-
ating at various voltages, impingement of high energetic ions, various chemical
reactions, etc.

The process of modification can be divided into five steps: In glow discharge,
SF6 dissociates in various components or reactive species (like SF5

+, SF4, F ion or
radical) by bombardment of energetic particles (having energy distribution between
1 and 10 eV). These radicals and other neutrals reach to the surface by diffusion
while ions are accelerated by field. Here most of the species does not undergo
spontaneous reaction with the material. These species then diffuse into material,
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further absorbed there to react with the surface material and end reaction products
leave surface by desorption if it is volatile. From the listed steps those occurs in gas
phase are termed as homogeneous reactions while those occurs at the surface of
material are termed as heterogeneous reactions. Radical-based modifications are
generally chemical in nature; hence, they are also selective for different materials or
gas used for processing. As oxygen plasma removes photoresists by oxidizing
hydrocarbon material, fluorine is used for silicon etching. Aluminum makes volatile
chlorides while aluminum fluorides are nonvolatile. If plasma is used for processing
of polymeric material using F radicals, F/C ratio controls the type of processing, as
for F/C > 3 etching is dominant and for F/C < 2 polymerization takes place.

7 Biocompatibility and Bio-adoptability (in General
and Properties Required)

In past few decades, advancements in science and technology focused on animal
health and related issue to make it more and more comfortable. In this consequence,
huge scientific efforts and interdisciplinary research are going on for development
and fabrication of advanced materials those can be used for replacement of body
parts after their failure. The synthesized materials have to be used for various
applications like fabrication of body implants, biomedical devices, bio-separation,
sterilizations, biosensors; hence, they must have specific surface and bulk properties
that should not produce any deleterious effects, failure of material, or formation of
unusual tissues. It must be noted that the synthesized materials are foreign materials
to biological body, and normally, biological bodies do not accept foreign materials
very easily till they shows superior biological response. Material that has to be used
as biomaterial must show superior biocompatibility and bio-adoptability while
retaining high-performance physical, chemical, and mechanical properties to fulfill
other requirements [13, 128, 153].

Phenomena of biocompatibility and bio-adoptability are very similar to each
other. Biocompatibility defines ability of a material to perform appropriate host
response in a specific situation or in contact with biological system [157]. Hence,
biocompatibility phenomena investigation involves the process where biological
response of materials is tested using various components (like blood, DNA, protein)
of any biological system, while bio-adoptability involves identification of biological
response of any material with respect to any living biological body such as virus,
bacteria, or any other. Both biocompatibility and bio-adoptability can be considered
as in vitro and in vivo investigation of materials. It is very difficult to say that a
material is biocompatible/bio-adoptable or not, as different biomaterials require
different properties to be used, in particular, applications for ex. contact lenses and
bones require very high wettability while artificial teeth requires low wettability.
Even though sometimes situations become more critical for ex. artificial skin (its
inner part must be blood compatible while outer part must show low blood
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compatibility with overall system must show high porosity). Hence, any material
and its property that may be suitable for synthesis of one class of biomedical
devices/implants may not be suitable for other applications and produce challenge
in the field of biomedical devices fabrication. Below is the list of few class and
group of properties those are generally required for all kind of biomaterials in
various forms (low/high/positive/negative effect) other than normal physical,
mechanical, and chemical properties, as decided by international biological,
medical boards, and scientific communities [65, 158–164]:

• Antibacterial and antimicrobial properties
• Toxicity
• Ecofriendly nature
• Wettability
• Micro-patterning
• Biological response to foreign materials
• Strong adsorption of proteins by surface
• Chemical functionality
• Cross-linked films formation irrespective of surface energy and geometries
• Adhesion
• Porosity
• Cell/tissue adhesion and compatibility
• Blood compatibility.

It is very easy to find a material with appropriate chemical, physical, and
mechanical properties required for fabrication of biomedical devices/implants, but
in general no natural/synthetic material or polymer possesses the surface interface
and biological properties needed for various biomedical applications or in other
words “any material/polymer do not have inherent properties (like surface energy,
hydrophilicity, surface morphology, chemical functionality, antibacterial and
antimicrobial properties, adhesion, peeling strength, and blood compatibility)
required for synthesis of biomaterials”. These drawbacks/requirements and growing
need of biomaterials have drawn marvelous interest of scientific community in past
decades in this area [20, 128].

8 Role of Nanotechnology for Enhancement
of Biocompatibility and Bio-adoptability

Based on large investigation done by various scientific groups throughout the world
and available literature, it can be easily concluded that most of the properties
required for biomaterial synthesis are surface properties of the material [165].
Hence, techniques are required that can modulate the surface properties of materials
in desired pathways to produce desired bio-response.

340 N. K. Agrawal et al.



Nanotechnology/nanomaterials gain amazing interest for material fabrication
processes due to their large surface to volume ratio that can be directly applicable
for biomedical application. Recently, Agarwal et al. [48, 137] and several other
groups are shown nanotechnology-based innovative approach for modulation of
biological responses and surface properties of polymers with enhancement of
normal physical, chemical, and mechanical properties of polymers using nanos-
tructured materials in polymer matrix. These new class of materials are known as
nanobiomaterials. They have shown that casting of various nanomaterials/
nanoparticles in polymer matrix not only improves physical and chemical proper-
ties of polymers but also drastically modifies the biological response of these
polymer based on properties of selected nanostructured materials [166].
Nanomaterial exhibits unique surface properties due to their smaller size and high
surface to volume ratio. When these nanomaterials are mixed/incorporated in
polymer, they homogenously distribute in polymer matrix, but for the apt amount
incorporation nanoparticles there are sufficient NPs on the surface of polymer that
leads to modification of surface properties of polymer nanocomposite in desired
pathway. Also, attractive forces between polymeric chains and tendency of poly-
merization could provide them unique qualities while reinforcing them by organic
[167] and inorganic nanoparticles that lead to enhancement of wettability, surface
energy, geometries, blood compatibility and antibacterial properties, toxicity, sur-
face tuning [168], abrasion [169], cross-linking [170], and modification of chemical
properties [171] in controlled manner. Advancement shown here for synthesis of
nanobiomaterials will surely be future of biomedical devices/implant fabrications.

9 Role of Plasma Treatment in Enhancement
of Biocompatibility and Bio-adoptability

Forming and removing are the fundamental processes in nanoscale manufacturing
processes or modulation of properties of materials. Removing is process that
destroys cohesion among particles while formation creates an original shape from
molten mass, gaseous/solution states, plasma, or solid particles. During formation
process, cohesions are created among particles. The formation/removing can be
done by wet chemical etching, thermal/mechanical energy-based removing, elec-
trical discharge, traditional mechanical turning, laser drilling, plastic molding,
thin-film deposition by evaporation/sputtering, electrochemical deposition, dry
etching, ion etching, plasma-based etching and irradiation, etc. [172–177]. From the
above-listed techniques, plasma-based etching and irradiations are most powerful
techniques as they can be used for both formation and removing in controlled way
as per requirement in various applications. Plasma-based processing can be con-
trolled precisely using various plasma parameter and experimental conditions
involved in processing that can lead to desired pathway for material modification
due to various process involved in processing like nanomachining, uniformity,
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profile and surface quality, less corrosion and material failure, less undercutting,
high-speed fabrication, physisorbed, surface migration, surface damage, substrate
heating, sputtering, material ejection, ion etching, ion implantation, doping.

Using various plasma parameters, processing methods and their combinations,
one can provide new property to the material in desired pathway that may be useful
for fabrication of different class of biomaterials. Number of experimental investi-
gations performed in this field has shown that plasma treatment is sufficient to
modify wettability, surface characteristic, surface energy, antibacterial property,
hydrophilicity, blood coagulation, toxicity, blood cell adhesion patterns, defense
systems [178], hemocompatibility characteristics, blood anticoagulation, metabolic
functions [22, 179], thrombogenesis [180], tissue engineering [181], etc. These
modifications are responsible for biological response of biomedical devices and
implants in the biological systems such as vascular grafts [182], artificial devices
used for extracorporeal circulation [183], blood cells and postoperative morbidity
[184], pediatric cardiac operations [185], antithrombogenicity by urokinase
immobilization [186]. In short, plasma treatment can significantly affect the bio-
compatibility and bio-adoptability of materials in desired pathways.

10 Influence of Plasma Processing and Nanomaterial
Casting on Biocompatibility and Bio-adoptability
of Biomaterials

Recent advancement in nanotechnology shows various applications in all fields of
science where nanosize materials are receiving great interest for further improving
the materials properties, and plasma is a widely acceptable technique for improving
the material properties [187–189]. The role of nanotechnology and plasma pro-
cessing for controlling biological response of materials is described separately. Few
doped materials have been investigated to identify the influence of plasma treatment
and doping by Zhang et al. [190]. They had demonstrated that Cl-based plasma can
be used to etch lightly doped P/N-type silicon anisotropically while isotropically for
heavily doped n-type silicon. Schwartz et al. [191, 192] shown that more than
1019 cm−3 dopant concentration give higher performance during processing.
Figure 8 shows experimental study of blood cell attachment on various
plasma-treated PMMA surfaces.

Presence of nanoparticles, filler dispersed nano-composites exhibit remarkably
improved properties, compared to pure polymers or their traditional composites
[193]. When nanoparticles are incorporated into the polymer in apt amount,
especially for smaller/nanosize of the filler, material provides more area for inter-
action with polymer matrix that provides very high surface concentration of NPs to
give them superior performance as biomaterials [61]. If these polymer nanocom-
posite materials will further processed by the ion plasma, more superior effect can
be induced via processing on surface properties depending on plasma parameters
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and processing conditions, and those lead to increase in surface amount of NPs; if
polymer is selectively etched out, porosity will increase; if NPs are selectively
etched out, relative surface smoothness increases; if both NPs and polymer are
equally etched out, if NPs are more potent to bacteria, their surface exposure can
enhance the antibacterial efficiency of nanocomposite, blood homo-compatibility of
material will increase; if used NPs show higher compatibility, exposure of NPs on
the surface can influence the cell and DNA attachment to biomaterials, etc. [65,
194, 195]. Figure 9 Optical micrograph of various plasma-treated nanocomposite
surfaces.

11 Nanobiomaterials

Polymers exhibit many interesting properties that have increased their use in
modern manufacture process. Number of experimental investigations performed on
plasma treatment of polymers show controlled improvement in biological properties
of polymers while retaining their bulk properties [196]. Recent advancement in the
field of nanoscience and nanotechnology shows their potential to influence bio-
logical response of materials [197]. If combination of nanotechnology i.e.
nanomaterials/polymer nanocomposites and plasma treatment will used to modify
surface properties of materials that can produces superior biological response
(biocompatibility and bio-adoptability) in more controlled fashion via chemical
functionalization, highly cross-linked films formation, scaling up the antibacterial

Fig. 8 Blood cell attachment on various plasma-treated surfaces
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and antimicrobial properties in ecofriendly nature, high adhesion and peeling
strength, blood compatibility etc. [198]. These new materials are known as
nanobiomaterials [33, 137, 199] (plasma-treated polymer nanocomposite materials),
extremely suitable for biomedical applications (fabrication of biomedical devices/
implants) and nanobiomaterial synthesis.

12 Summary, Conclusions, and Scope for Future Work

Growing requirement of advance materials has been realized in last couple of
decades for fabrication of biomedical devices and implants. These advance smart
materials are called biomaterials. The choice of any material to use as biomaterial
depends on their physical, chemical surface, and biological properties. The surface
characteristics play a vital role in the performance of biomaterials. The fate of
implants is determined by interactions—to a large extent cell-specific [97] between
the biomaterial and tissues. Polymeric materials do not always possess the specific
bioactivity required to promote suitable interaction with cells; thus, methods to
enhance biocompatibility are required [101]. Polymers are receiving great interest
for fabrication of biomaterials in last few decades, but normally no polymer has
suitable property required to be used as biomaterials. Nanotechnology and
low-temperature plasma-based approaches offered unique route to modify the
surface and chemical properties of materials, due to their wide range of dynamic
applications starting from fabrication to processing. Surface properties may be

Fig. 9 Micrograph of plasma-treated PMMA-Ag nanocomposites
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altered by plasma treatment techniques. The modulation of the effects obtained is
possible through control of operational parameters, including the gas used, reaction
conditions (power, pressure, and exposure time), and the reactor geometry [192].
Plasma technique is a convenient method to modify the surface properties of
polymeric materials, keeping intact their bulk properties. Hence, this chapter
explored the use of nanotechnology and plasma treatment for enhancement of
bio-adoptability and biocompatibility of polymers/polymer nanocomposites by
plasma treatment.

Further polymers can be subjected to modifications with various ion plasma but
there are several other parameters of plasma like ion energy, ion temperature, ion
flux, electron flux, type of plasma etc. that can significantly affect the processing
conditions hence the behavior of materials, so one can also explore the effect of
these parameters on plasma based processing.

1. Air, nitrogen, Ne, and SF6 plasma were used, but it is possible to modulate
properties of material by the combination of these and several other gases that
can provide both positive and negative effects on processing even more various
monomers or liquids with high evaporation rate can be used/explored for their
effect on plasma treatment of materials. Further after processing, one can try to
attach various functional groups on plasma-treated polymer surface to increase
their surface properties and efficiency.
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Effects of Neutron Irradiation
on Polymer

Sangeeta Prasher and Mukesh Kumar

Abstract Polymers have been widely utilized in various applications due to their
low cost and easy processability and thus could be utilized in radiation-prone areas
for their radiation-resistant behaviour. Ionizing radiations induce chemical kinetics
in the polymers leading to the exchange reactions causing the variations in struc-
tural conformations. Neutrons since the discovery in 1932 have been posed as a
special particle due to its neutral behaviour and hence been utilized in many
medical and industrial applications. The neutral behaviour provides it a greater
penetration depth and therefore more quantitative measurements to greater accu-
racy. This chapter has been devoted to review the influence of neutrons in various
polymers for their utilization in apron making for radiation workers and neutron
dosimetry. Special attention has been paid to the structural elucidation and reac-
tivity of ionized molecules upon exposure of the polymers to the neutron beam.
Recent developments in utilizing the neutron irradiation for modifications and
upgrading the properties of polymers have also been discussed.

Keywords Neutron irradiation � Optical modifications � Radiation effects �
Structural modifications

1 Introduction

The rapid growth of the particle accelerators and nuclear power plants for research
and energy production not only influenced the lifestyle of the world population but
has also participated in the growth of employment. These places have given
opportunities to technicians, doctors and many key scientists in the fields of nuclear
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science to work and explore the new world. The radiations emitted by these
accelerators and plants are harmful to human life, and thus the occupants working
in the environs of radiations must be protected against these hazards. A number of
studies have investigated the influences of neutron and other neutral radiations,
such as X-rays and gamma radiations in materials, and reported a greater relative
effectiveness to the production of ionization by the recoil protons resulting from
neutron bombardment as compared with an equal amount of ionization produced by
other types of radiations [1–4]. Shielding from these radiations is the best possible
way of protection for a radiation worker. In general, lead and lead composites/
compounds are used for protection against radiation due to its high density. Lead
aprons due to their heavyweight and toxicity are not easy to wear, and hence an
environment-friendly nontoxic and lighter material is required for personal
shielding aprons. These requirements emphasized the scientists to achieve
radiation-resistant material composites and study the impact of different radiations
on these materials. These ideas stimulated the research in the field of radiation
effects on materials and their utilizations in technical and scientific applications.
The technique of irradiation seems to be a boon to the chemical industry due to the
unlimited possibilities of useful modifications in the material structures [5, 6, 7].
Radiation-induced cross-linking technology in polymers has been widely used in
wire and cable industry due to their higher resistance towards solvents, ageing and
high temperatures [8]. Manufacture of “heat-shrinkable” packaging films, tubing
and foams are other well-established applications of radiation-processed polymers,
whereas radiation-induced scissoring in Teflon allowed its use as filler in various
applications. The rapid growth of scientific interest in the field could be traced in
the increasing number of papers and the appearance of special scientific journals on
the subject. Polymeric materials with enhanced mechanical and physical properties
could be developed for radiation shielding aprons and other demanding attributes
because of their low cost, lightweight and high tolerance to radiations. In spite of
the fact that many researchers are engaged in studying the influence of various
kinds of radiations, the impact of neutron irradiation on polymers and polymer
composites has not been observed to greater extent; however, these particles pose a
greater challenge for shielding due to their higher penetration power. Despite their
great penetration, the results of neutron irradiation are not limited to the surface
layer of the substrate irradiated.

Neutron irradiation significantly changes the properties of polymeric materials
by displacement of lattice atoms, variations in molecular weight distributions [9]
and the generation of helium and hydrogen by nuclear transmutations [10]. When
neutrons pass through a solid, there is a finite probability that they will collide with
a lattice atom, imparting recoil energy to the struck atom [11], and the material
atoms gain enough energy to get knock off; hence, modification in the material
takes place [12–14]. The vacancies produced due to displaced atoms and disloca-
tions coalesce and contribute to the increase in network dislocation density leaving
the polymeric system in metastable thermodynamic equilibrium state. The ejected
atoms may recombine with the other vacancies leading to the motion of the defects
from one place to another resulting in uniform morphological modifications in
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materials via chain scissions and cross-linking processes in polymeric conforma-
tion. The chain scissions are produced due to the amorphous phase of the polymers.
The displacement production rate by neutron irradiation could be calculated by
estimating the displacements per atom production rate by using numerical simu-
lations such as SRIM. The way in which neutrons interact with matter depends to a
large extent on their energies that can range from hundreds of mega-electron volts
for fast neutrons down to a fraction of an electron volt for thermal neutrons. The
principal interactions of neutrons with matter include elastic scattering, inelastic
scattering, nuclear reaction and capture which results in cross-linking and scissoring
in most of the polymeric systems with one or the other effects predominating.

1.1 Nuclear Interactions with Matter

Neutrons are uncharged particles having mass equivalent to the mass of proton and
interact with the nuclei, while the primary charged projectiles would require
excessive energy for the same. However, the movement of neutrons bears a
resemblance to the movement of other chemical identities like ions and protons.
When the neutrons are allowed to pass through a material, there is a probability of
the neutron being deflected from their path with or without a loss of energy or
absorbed by nucleus of the material. The energy is transferred from the incident
neutron to the target nucleus resulting in the knock off of atoms to interstitial sites of
polymeric chains. These knock off atoms make passage through the lattice and create
secondary knock on atoms resulting in cascade and formation of clusters. Neutrons
induce charge transfer reactions and lead to the formation of ion clusters [15] in
which several molecules cluster around each ion and chemical breakdown of the
whole cluster occurs on neutralization by an electron or by an ion or cluster of
opposite charge. Unlike heavy ions that are produced through acceleration pro-
cesses, the charged particles in case of neutron irradiation are produced due to the
nuclear reactions induced through neutron interactions with polymeric molecules.
The product of such interactions often causes significant radiation damage through
nuclear recoils and transmutations and disrupts the chemical structure of the mate-
rial. A neutron passes through the material without losing energy to the electrons
until it comes across a nucleus. The principal interactions of neutrons with matter can
thus be categorized as scattering and absorption and are discussed below (Fig. 1).

1.1.1 Elastic Scattering

Neutron enters the nucleus without suffering any repulsion caused by electric
charge of the nucleus. When a neutron is scattered by a target nucleus and rebounds
in a different direction, imparting the recoil energy to the target nucleus, which
moves away at an increased speed, the process is called the elastic scattering. If the
neutron collides with massive nucleus, it renounces with almost the same speed and
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loses a very small energy. Light nuclei, on the other hand, will gain a lot of energy
from such collisions and will therefore be more effective for slowing down
neutrons.

1.1.2 Inelastic Scattering

If neutrons strike a target nucleus and left the target in the excited state, the
interaction process is known as inelastic scattering and is most effective at high
neutron energies in heavy materials. In such a process, an unstable compound
nucleus is formed for a short period of 10−23 s and a neutron is evaporated from the
moving compound nucleus together with a c-photon.

1.1.3 Nuclear Reactions

When a high-energy neutron strikes a target nucleus, it may become incorporated
into the nucleus and another particle may be emitted. Such nuclear reactions take
place when the incident neutron has energy above the threshold energy for the
reactions, and this usually implies incident neutron energies of several
mega-electron volts. An important exception is the reaction of neutrons of thermal
energy with boron-10: 10B (n, a) 7Li. This reaction is commonly employed in
detectors for the detection of low-energy neutrons. Another important reaction of
thermal energy neutrons is that with nitrogen-14 to yield carbon-14; 14N (n, p) 14C.

1.1.4 Neutron Capture

For neutrons of thermal energies, the most likely interaction with elementary matter
is the capture of neutrons by the target nuclei to give an isotope of the target
element. This may lead first to the formation of a compound nucleus in an excited
state. The life of the compound nucleus is long enough for the projectile to lose its
identity and hence returns to the ground state by giving off one or more c-rays only.
Such a reaction is called an (n, c) reaction.

All these mechanisms leave the system in excited state composing of hot
molecules, free radicals, reactive ions and randomly moving electrons. These
unstable and highly energetic species induce sequential events involving generation
of secondary particles and result in cascade processes. The relaxation processes
started with the interaction between the unstable species and ended up with the
system being in metastable state distinguished by electronic and structural defects
produced in the system. Thus, the neutron irradiation-generated damages in the
polymers are equivalent to that of the modifications induced by heavy ions.
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2 Radiation Effects in Materials

The study of radiation effects of neutron irradiation in materials is basically related
to the energy transfer cross section, i.e. the energy imparted to the recoil atom as a
function of initial energy, angular distribution and scattering angle. The energy
transfer cross section helps in obtaining the absorbed dose from the kinetic energy
of the recoiled charged particles produced during neutron bombardments by making
small corrections. The absorbed dose depends on the location, where the charged
particles ejected by the neutrons finally deliver their energy to the matter [16]. The
energy transfer (kerma) per neutron per centimetre squared for incident neutrons of
energy E in the laboratory is defined by the equation

KðEÞ ¼
X

L

NL

X

J

��LJðEÞrLJðEÞ
" #

The indexes L and J identify the element and the type of nuclear reactions
described above, NL is the number of nuclei of the Lth element per gram, and ��LJðEÞ
is the average amount of energy transferred to kinetic energy of charged particles in
a collision whose cross section is rLJðEÞ.

Recently, Chikaoui et al. [17] have explored the defects generated by reactor
neutron with fluence ranges from 2.02 � 1016 to 2.07 � 1018 n/cm2 in poly-
ethylene terephthalate (PET) films and reported the reduction in band gap and
crystallinity of PET with the neutron irradiation.

Galehdari and Kelkar [18] have studied the effects of neutron radiation on the
mechanical properties of lightweight multifunctional polymer composites, fabri-
cated by dispersing boron nanopowder, gadolinium and boron carbide nanoparticles
with radiation shielding properties in an epoxy polymer and observed that the
neutron shielding efficiency increased significantly by introduction of nanoparticles.

Gourdin et al. [19] have studied the influence of 14 meV neutrons with a fluence
ranging from 109 to 1013 particles/cm2 on the mechanical properties of
Spectralon™ porous PTFE. Many other researchers are also involved in similar
practices [20, 21].

The increase in the grain size of Li-ion batteries due to neutron irradiation has
been observed by Qiu et al. [22]. The defects induced by the neutron bombardments
migrate through the material and interact with the grain boundaries, enhancing
atomic jumps at the boundary and contributing to the grain growth.

Uusi-Simola et al. [23] have explored the applications of polymers in neutron
and radiation dosimetry and concluded that gel dosimeters could be utilized suc-
cessfully for the verification of the relative dose distribution in the epithermal
neutron beam without taking the LET-dependent response of the gels into con-
sideration as the measured R2 relaxation rates of the detectors are directly related to
the calculated total absorbed dose in ICRU adult brain tissue. Srivastava and Virk
[24] have reported the rise in capacitance due to the production of vacancies and
charge centres in neutron-irradiated polymers. These species oscillate in the applied
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field giving rise to circulatory currents and assist in the development of inductance
in polyelectric and dielectrics.

The decrease in the electrical resistivity in materials due to the migration of
vacancies produced due to neutron bombardment has also been reported by Damask
[25]. The irradiation of the materials enhances the number of vacancies and hence
the diffusion and hence assists the material in achieving the lower resistivity under
normal conditions. Laghari and Hammound [26] have also reported scissoring of
polymeric chains and production of vacancies due to irradiation of polymers.

Alexander et al. [27] have reported the breakdown of main chain and decom-
position of side chain with the evolution of gases causing the changes in the
viscosity and the molecular weights of irradiated polymethylmethacrylate. The
authors have also stated the rupture of main chain C–C bonds and one ester side
chain as a result of irradiation.

The objective of the present chapter is to describe the effects of neutron beam on
cross-linking and curing of polymers by presenting an overview of modifications in
structural and optical properties in a concise fashion. One more purpose of this
chapter is to develop a radiation-resistant polymer to be utilized in apron-making
applications for neutron shielding. The other aim of this chapter is to recognize the
best potential polymer for neutron dosimetry as the neutron irradiation enhances the
physical and chemical properties of the materials; as the commonly used dosime-
ters, such as borate films and neutron track detectors, prevent them for providing
satisfactory results due to their deficient energy response and other limitations [28].
Continuous efforts have been put forward for the development of new dosimeters to
either replace the existing dosimeters based on the modifications induced in the
thermoluminescence, optical or structural properties due to neutron irradiations.
These modifications are homogeneous in the bulk of the material due to the greater
stopping power of the neutrons as they are the neutral particles and do not get
influenced by the repulsive field posed by the molecules to the charged particles.

The samples of different polymers, viz. CR-39, CTA, PET, lexan, Makrofol-N
and Makrofol-KG, have been sealed in cylindrical metallic containers and got
irradiated from neutron irradiation facility at Apsara reactor, Bhabha Atomic
Research Centre, Mumbai. The samples were exposed to neutron fluence of range
varying between 1014 and 1018 n/cm2 in the thermal column of Apsara reactor.
Thereafter, the analyses of the structural, optical and etching characteristics of the
polymers have been made. UV–Visible (UV–Vis) and Fourier transform infrared
(FTIR) spectral studies of the pristine and neutron-irradiated polymer have been
made with the help of Shimadzu 1601 UV–Vis spectrophotometer and Perkin
Elmer 8000 FTIR Spectrophotometer, respectively. The samples have been etched
in 6.25 N NaOH solution at a constant temperature of 70 °C in a constant stirring
water bath for different times, whereas polyethylene terephthalate (PET) has been
etched at 65 °C. The method of measuring bulk and track etch rate has been
explained in detail elsewhere [29, 30].
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2.1 Neutron Irradiation Processing and Modifications

Neutron irradiation caused colour transformations to all the polymers. The trans-
parent and clear polymers got brownish tinge on neutron exposure; however, the
changes are very small in case of PET. Makrofol-N and Makrofol-KG, originally
yellow in colour, also became brown at higher exposures. Neutron irradiation also
influenced the morphology of the polymers. Lexan, Makrofol-KG and Makrofol-N
become brittle at higher neutron fluences, and it became difficult to handle them
under normal conditions due to their delicate nature at higher doses. This hinders
their optical and etching studies at a fluence of 1018 n/cm2.

2.1.1 Etching Parameters

The technique of studying the parameters of ion-induced modifications in polymers
through track and bulk etch rates was discovered by Fleischer et al. [31] and
developed to detect the nuclear particles and to produce porous membranes. The
technique is based on exposure of the pristine or treated polymers to the fission
fragments of heavy nuclei or to the particle accelerators to create an assortment of
latent tracks and then to chemically etch the damaged zone of a latent track to
transform it into a hollow channel. The variations in the bulk etch rate, track etch
rate and sensitivity of the polymers with neutron fluence have been reported in
Table 1. The results reveal that VB and VT have been enhanced with neutron flu-
ence; however, the changes are not gradual. Abrupt increases in the etching
parameters of lexan and PET occur at a fluence of 1018 n/cm2. The influence of
neutron exposure on the track registration properties of the lexan and PET appears
to be analogous as is evident from the changes in the etch rates of these polymers.
Greatest variations have been observed in lexan, and the least variations have been
observed in Makrofol-N and thus might be assumed to be highly radiation-resistant
polymer.

The track etch rate has been observed to decrease at a fluence of 1014 n/cm2 for
all the polymers; however, the decease persists up to 1015 n/cm2 in case of
Makrofol-N. The increase in VB and VT may be attributed to the chain scission
induced by the recoil protons and other by-products of the nuclear reactions ini-
tialized by neutron interactions with the polymeric molecules. Neutrons remove
hydrogen from the carbon chain of the monomeric unit of the polymers and produce
free radicals [32].

The changes may be primarily due to the production of radicals that get entrapped
to the polymer conformation [33, 34]. The needle-like shape of fission tracks
changes to circular and oval shape with increasing neutron fluence. The decrease in
the sensitivity after neutron irradiation has been found for all the polymers with few
exceptions. An increase in the sensitivity at a fluence of 1014 n/cm2 for all the
polymers has been observed; however, the increase pursues up to 1017 n/cm2 for
lexan.
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2.1.2 UV–Vis Spectral Analysis

UV–Vis spectrum is one of the oldest techniques used to get the information about
the electronic transitions occurring inside the molecules and is based on Bohr–
Einstein frequency relationship. A UV–Vis spectrum originates due to the energy
absorption by the molecules or atoms in the ultraviolet and visible region of the
electromagnetic spectra because of the electronic transitions and thus is a conve-
nient method for estimating the forbidden gap between the conduction and valence
optical bands of the polymers. The molecular electrons absorb a quantum of energy
in the highest occupied bonded hybridized molecular level, from the UV or visible
range of the electromagnetic spectrum, and get excited to the lowest unoccupied
nonbonding hybridized molecular energy levels. The electronic states of the

Table 1 Variation in etching parameters, band gap and Urbach’s energy with neutron fluence in
case of lexan, Makrofol-KG, Makrofol-N and PET polymers

Neutron fluence
(nvt)

VB

(lm/h)
VT

(lm/h)
S Band gap energy

(eV)
Urbach’s energy
(eV)

Lexan

0 1.94 26.58 16.21 4.42 0.60

1014 2.58 21.02 8.15 4.36 0.45

1015 1.40 22.21 15.86 4.26 0.35

1016 2.00 32.65 16.33 4.26 0.34

1017 2.53 46.46 18.36 4.05 0.41

1018 11.18 72.59 6.49 3.42 0.58

Makrofol-KG

0 1.19 44.93 37.76 4.43 0.18

1014 1.49 41.45 27.82 4.40 0.18

1015 2.74 32.23 11.76 4.43 0.18

1016 1.43 45.08 31.52 4.40 1.08

1017 3.60 59.86 16.63 4.34 0.15

Makrofol-N

0 1.78 32.29 18.14 4.41 0.15

1014 1.18 21.05 17.84 4.39 0.17

1015 2.39 22.79 9.54 4.39 0.26

1016 2.03 24.02 10.85 4.38 0.23

1017 3.92 40.90 10.43 4.24 0.25

Polyethylene terephthalate (PET)

0 0.91 17.32 19.03 3.97 0.08

1014 1.05 16.36 15.58 3.97 0.03

1015 1.51 20.98 13.89 3.97 0.03

1016 1.18 30.61 25.94 3.97 0.03

1017 1.99 42.94 21.58 3.97 0.03

1018 5.21 57.32 11.00 3.93 0.23
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Fig. 1 Various methods of neutron intractions with matter

Fig. 2 UV–Vis spectra of neutron-irradiated lexan (a), Makrofol-KG (b), Makrofol-N (c) and
PET (d)
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molecule thus depend on the structure geometry and the symmetry of the molecule
and hence correlate the absorbed photons with the structure of the molecules. The
UV–Vis spectrum is generally quoted in terms of kmax, the wavelength at which
absorption reaches its maximum value and is employed in the range of 200–
600 nm. Figure 2a–d shows the UV–Vis spectra of all the polymers irradiated to
neutrons. The spectra of pristine samples of each polymer have also been taken to
compare the changes induced by irradiations. It is evident from the figure that the
absorption edge has been shifted towards longer wavelength with neutron irradia-
tion in all polymers, but the shift is greatest in case of lexan and minimum for PET.
The changes are appreciable above a neutron fluence of 1017 n/cm2 for these
polymers.

The optical response of the polymers at a wavelength of 345 nm has been
calculated and is plotted as a function of neutron fluence (Fig. 3). It is evident from
the figure that the optical response of the polymers is directly proportional to the
neutron fluence. Thus, the optical response can be used as a parameter to determine
the unknown neutron fluence which may find applications in the field of neutron
dosimetry. Among all the polymers, the optical response is found to be maximum in
case of lexan and minimum for PET. On the basis of above results, it can be
concluded that the optical properties of lexan are influenced to the greater extent
compared with the other polymers after neutron irradiation. The small variations in
PET with neutron irradiation may be attributed to the long-chain periodicity of the
polymer.

The band gap and Urbach’s energies of the pristine and neutron-irradiated
polymers have also been calculated and are reported in Table 1.

The band gap energy of the polymers has been found to decrease with the
neutron fluence which indicates the decrease in the resistivity of the polymers and
may be attributed to chain scissions induced by neutron irradiations. Farmer [35]
was the first to report the increase in the conductivity of polystyrene with irradiation
and since then has been studied in many other polymers such as for PMMA [36],
polyimide [37], PM-355 [38] and CR-39 [32, 39]. The decrease may be attributed to
the increase in the formation of free radicals with neutron irradiation. An exception

Fig. 3 Optical response (A/
Ao)k versus neutron fluence at
a wavelength of 345 nm for
the polymers
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has been observed in band gap energies of all the polymers at a neutron fluence of
1016 n/cm2. A very small change at 1018 n/cm2 has been observed for PET indi-
cating the highest radiation-resistant behaviour of PET among the polymer studied.
The stable behaviour of this polymer may be due to its semicrystalline (40%) of the
polymer as crystalline structure is more stable compared with the amorphous
structure. The response of Makrofol-KG does not seem to be a regular one and is
found to obey a zigzag law. The aromatic character of other polymers provides
extra stability to them. The additives and dyes used during the manufacture of
Makrofol-N and Makrofol-KG may account for the high resistance behaviour of
these polymers to neutron irradiation compared with lexan. The severe damage for
these polymers at 1018 n/cm2 may be due to the small thickness of these polymers
compared with lexan.

Fig. 4 FTIR spectra of pristine (a) and neutron-irradiated (b–f) Makrofol-KG
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The free radicals carrying p-electrons may induce strain in the network, diffuse
the states to the forbidden energy level in the band gap and can cause irregularities
to the band gap level. The energy associated with such diffusion decays expo-
nentially into the band gap and is termed as Urbach’s energy [40]. Urbach’s energy
for the polymers has been found to increase with neutron fluence except PET. The
energy is found to decrease in case of PET at 1014 n/cm2 and remains constant up to
a fluence of 1017 n/cm2. However, the value of Urbach’s energy increases thereafter
at a fluence of 1018 n/cm2. Similarly, in case of Makrofol-KG it seems to remain
constant up to 1016 n/cm2 and thereafter increases at 1017 n/cm2. Basha and Basha
[41] have also observed a monotonic decrease in the direct and indirect band gap
energies of polymer composites of a system of polyvinylpyrrolidone (PVP)/gelatin/
DyCl36H2O irradiated to neutron beam and explained the decrease due to the
interactions of fast neutrons with the polar groups of the main chain that assists in
creation of new intermediate states. These intermediate states allow electronic
transitions between different molecular orbits. The authors have also observed
random variations in Urbach’s tails of the composites irradiated to the neutron of
varying fluence.

2.1.3 FTIR Spectroscopic Analysis

Fourier transform infrared spectroscopy covers a wide range of analytical appli-
cations in compound recognition and determining the structural modifications
induced in the polymers due to irradiations. FTIR is generally carried out to
investigate surface chemistry related to the additive treatments, oxidations and
irradiation chemistry. Here, FTIR studies have been carried out to study the changes
induced in the structural blocks of the polymers by neutron irradiation. The results
obtained are shown in Figs. 4, 5, 6, and 7.

Since all the polymers contain carbonyl groups, methyl or methylene radical,
thus some common bands have been observed for the pristine samples. The strong
and broad absorption band from carbonyl ester bond (>C=O) at 1860–1650 cm−1

along with 3650–3500 cm−1 attributed to free –OH stretch and above 3650 cm−1

for H2O composition has been indicated in the spectra. The intensity of 1860–
1650 cm−1 bands in various polymers has been found to decrease and shift towards
lower wave number with neutron beam irradiations that may be attributed to the
cleavage of the polymers from the carbonyl linkage. The reduced intensity of bands
corresponding to free water indicates the evaporation of water entrapped in the
polymer cages due to the neutron irradiation of polymers. Except these bands, some
other bands or peaks at 2972, 2388 and 1650 cm−1 attributed to sp3 C–H stretch,
entrapped CO2 and double-bonded carbons conjugated to carbonyl groups,
respectively, have been found to be common in all the polymers. The peaks have
been found to shift towards lower wave number, which may be attributed to
inter-hydrogen bonding. However, the peak at 1650 cm−1 has not been observed
for Makrofol-KG. A band at 2243 cm−1 corresponding to C�C indicates the
un-polymerized monomers or some unsaturated molecules left in the polymer
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during the manufacture. The intensity of the peak has been found to increase with
increased neutron fluence indicating the knock off of hydrogen atoms from the
polymeric chains. Two or three peaks in the range of 1100–1000 cm−1 attributed to
–O–C ester stretch have been observed for all neutron-irradiated polymers. A few
peaks attributed to the aromatic character of PET, Makrofol-N, Makrofol-KG and
lexan have been observed at 3050, 1887, 1503 and 831 cm−1, respectively. These
peaks correspond to the aromatic C–H stretch, para-substituted benzene, C=C ring
stretch and para-substituted out-of-phase stretching of primary alcohols, respec-
tively. A peak at 1366 cm−1 can also be noticed for Makrofol-N that may be due to
the presence of >C(CH3)2 radical, but the same peak seems to be absent for the
other two members (lexan and Makrofol-KG) of the polycarbonate family.

Fig. 5 FTIR spectra of pristine (a) and neutron-irradiated (b–f) Makrofol-N
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After irradiation of neutrons, the increase in the absorption peaks or bands
corresponding to –OH and CO2 can be easily confirmed; however, a decrease in the
intensity of >C=O is also obvious for all the polymers with an exception at a
neutron fluence of 1014 n/cm2. These results indicate the scissoring of the chain at
carbonate linkage with production of CO2, carboxylic acids and alcohols. The
increase in the intensity of C�C may be due to the knockout of hydrogen atoms
from the polymeric chains by neutron collisions. The other reason may be the
abstraction of hydrogen atoms by the free radicals produced during the neutron
irradiation. The appearance of new band near 3700 cm−1 in case of PET, lexan,
Makrofol-N and Makrofol-KG is the indication of hydrolysis of the polymers by
neutron irradiation.

Fig. 6 FTIR spectra of pristine (a) and neutron-irradiated (b–f) lexan
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Shift of the bands corresponding to free –OH groups towards lower frequency
also indicates the increase in the hydrogen bonding or the polar nature of the
molecule. The constancy in the band intensity of C–O–C stretch indicates the stable
nature of the chain around this linkage and thus is indifferent to the irradiation
conditions. The increase in the out-of-phase olefinic stretch can also be inferred
from the spectra of all the polymers. However, a decrease at 1018 n/cm2 is also
evident pointing towards the decrease in the out-of-phase vibrations of the olefinic
bonds present.

In case of polymers containing benzene ring, the increase in the intensity of
out-of-phase primary alcohols also ascertains the cleavage of the polymeric
molecule at carbonate linkage and formation of alcohols. The intensity of >C(CH3)2

Fig. 7 FTIR spectra of pristine (a) and neutron-irradiated (b–f) PET
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in case of Makrofol-N has been found to decrease evidencing the hydrogen evo-
lution or abstraction of H-atom from this part of the chain. The decrease in the
intensity of band assigned to >C=C< conjugated with C=O is another evidence of
bond cleavage near carbonate linkage. Thus, this linkage could be assumed as the
radiation-sensitive linkage in the polymers and responses very fast on irradiation.
The decarboxylation of polycarbonates and polyesters under ionizing radiation also
ascertains the radiation sensitivity of the carbonate linkage. Out of the three
polycarbonates, Makrofol-N seems to be highly radiation-resistant, whereas
Makrofol-KG and lexan get easily degraded as is evident from the FTIR spectra of
the polymers. A new absorption band at 3514 cm−1 seems to appear in case of
Makrofol-KG at a fluence of 1018 n/cm2, whereas some bands have been found to
disappear indicating the structural modifications in polymers with neutron
irradiation.

PET seems to be highly radiation-resistant polymers as new bands have not
appeared nor the existing bands disappear at higher fluence. However, the changes
in the existing bands are noticeable. The stable nature of PET may be attributed to
the semicrystalline nature and the presence of benzene ring in the monomeric unit
of the polymer.

The evolution of CO2 and H2 in most of the polymers is a well-known fact and is
reported by many authors [42–45]. Some of the authors have also tried to recognize
the free radicals and ions produced during irradiation and planning a mechanism of
degradation [46, 47, 48], whereas others are engaged in finding the yield of these
radicals and ions along with the yield of cross-linking and chain scission [49–52]
after heavy ion or gamma rays irradiation. However, a very little work [12, 32, 38,
39] has so far been reported on the influence of neutron irradiation on the polymers.
Nouh et al [53] have also observed the decrease in the intensities of FTIR
absorption peaks at 889, 1778 and 3047 cm−1 corresponding to C–O–C, C=O and
C–H bonds, respectively, with neutron irradiation of Bayfol indicating the cleavage
of C=O and C–O–C through degradation. The authors have, however, found an
increase in the intensity of these peaks at higher neutron energies.

3 Conclusions

The above results of neutron irradiation of the polymers lead to draw the conclu-
sions that the neutron irradiation of the polymers induces modifications in the
structural and etching properties of the polymers and assists in decreasing the
electrical resistivity of the polymers. The carbonate linkage is the cause of radiation
damage of the polymers and may be termed as a weakest linkage of the polymers.
The technique, thus, could be utilized in industries to produce economic ways of
radiation environmental shielding. Some well-established technologies are already
exploiting the benefits of radiated materials; however, at higher neutron doses the
polymers start to degrade rapidly and hence could not withstand the requirements.
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To overcome these shortcomings, composites of lead with polymers could be
synthesized and characterized for neutron irradiations.
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Radiation Crosslinking for the Cable,
Rubber and Healthcare Products
Industry

Andrzej G. Chmielewski

Abstract Review on application of radiation for processing of polymers is pre-
sented. The radiation sources like gamma irradiators, electron accelerators and
accelerator-based e−/X systems are shortly discussed. Then, the basic information
regarding physical and chemical processes undergoing in the irradiated polymers is
presented. Finally, the application of radiation technology in cable, rubber and
healthcare industry is reviewed; the well-established technologies exist nowadays
and are being applied more widely all over the world.
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PE Polyethylene
PP Polypropylene
PS Polystyrene
PET Polyethylene terephthalate
PFA Perfluoroalkoxy alkanes
POM Polyoxymethylene
PVC Polyvinylchloride
PMMA Polymethylmethacrylate
PBT Polybutylene terephthalate
ABS Acrylonitrile butadiene styrene
PA Polyamides
PPA Polyphthalamide
PSU Polysulfone
PPSU Polyphenylsulfone
PEI Polyethylenimine
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SAN Styrene acrylonitrile
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PI Polyimides
PAI Polyamide-imides
PEK Polyether ketone
PEEK Polyether ether ketone
LCP Liquid crystal polymer
COC Cyclic olefin copolymer
PC Polycarbonate
PPO Poly(phenylene oxide)
TPE Thermoplastic elastomers
LD Low density
MD Medium density
HI High impact
HDT Heat distortion temperature

1 Introduction

Synthetic and natural reinforced polymers are the youngest materials fabricated for
different applications; their history has started more than hundred years ago. A mass
scale of production has started when Bakelite was invented in the beginning of
twentieth century (polyoxybenzylmethylenglycolanhydride). Material based on a
polycondensation of formaldehyde with phenol with the addition of wood flour
(finely pulverized wood) was suitable for the production of a casting or pressing
objects, while after hardening the material was susceptible to be used even in the
construction of a mechanical device. Good mechanical properties in the test with
low-pressure electrical conductivity and chemical resistance of the solvents become
that bakelite has become a very popular construction material, used primarily in
electrical engineering (due to its insulating properties), but also to the production of
many articles (e.g., radios, telephones and kitchen hoses). Almost all polymers that
are present in the market were developed later: polyvinylchloride (PVC) (1912), PS
polystyrene (PS) (1929), polyethylene (PE) (1933), polymethylmethacrylate
(PMMA) (1933), polytetrafluoroethylene (PTFE) (1938).

Nowadays, polymeric materials are widely used in many different fields of
economy. Polymer plastics are replacing more and more often traditional con-
struction materials; due to the more and more favorable physical and mechanical
properties, it is possible to construct on their basis elements of machines, buildings,
cars, airplanes and so on. However, to achieve the required properties or shape the
polymer-based material has to be processed. To conduct this process, it is necessary
to have an adequate information on the material being processed, including rheo-
logical properties. The first stage of processing undergoes mostly through a liquid
state (melting) and then through processes which depend on melt flow phenomena,
followed by solidification of the material by cooling (thermoplastics) or
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crosslinking (curable plastics). During the processing of polymeric materials,
mixtures and composites, maintaining unchanging parameters during the process
determines the achievement of reproducible features and properties of the formed
product.

Industries mostly use technologies where processes are run at high temperature
and pressure ranges to synthesize or modify plastics, and very often, catalysts are
added to speed up the reaction rates. Regarding ionizing radiation, gamma rays or
electron beam is a tool which may run chemical reactions even in room tempera-
ture. The high-pressure conditions are not a need like the addition of a catalyst. The
changes in the materials structure and/or chemical composition may either be
beneficial or be undesirable. As the industrial emitters of radiation gamma sources,
electron accelerators and X-ray systems (e−/X) are being used. In the case of isotope
sources like Co-60, gamma rays are the energy transmitter to the treated material
Electrical machines emitting electrons, accelerators, provides these corpuscular
beams in the range from hundreds of keV to 10 MeV, which is a range where
artificial radiation is not induced in material. Nowadays, a new powerful X-ray
(bremsstrahlung) system applying targets on which conversion e−/X takes place is
being introduced in the market. Due to the fact that conversion efficiency is rather
low, an accelerator being a source of electrons has to generate powerful beam to be
converted into X-rays [1]. The biggest percentage of materials which are treated by
radiation are polymers, whose curing and crosslinking are well developed to the
industrial stage [2]. Malcolm Dole and Arthur Charlesby are the founders of
crosslinking technique at that time applied for polyethylene [3–5]. Nowadays,
synthetic polymers and rubber are being widely processed [6].

2 Radiation Sources

2.1 Gamma Irradiators

Industrial gamma irradiators apply cobalt-60 due to relatively gamma rays with
high energy and quite long half-live time equal to 5.27 years. Different irradiators
are offered in the market; these differences concern product handling system and
source storage method (dry or wet). The wet source storage methods are mostly
used nowadays. The scheme of such systems is presented in Fig. 1 [7].

Gamma irradiators are widely used for health products and packaging steril-
ization [8]; many of them are fabricated from polymers [9]. Such installations can
be used to process bulky materials, due to the better, in comparison with electrons,
penetration depth. The Co-60 gamma rays lose not more than fifty percent of the
initial energy in the penetrated material with surface density of 25 g/cm2 (0.25
density). However, in the case of gamma irradiators, dose rates are 4–5 orders of
magnitude lower in comparison with those obtained in accelerator equipped facility,
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with the appropriate power of emitter. Processing time in the gamma irradiator lasts
for several hours, which may be compensated by processing of large loads, reaching
volumes from ten to fifty cubic meters at the same time. This long time of irradi-
ation enlarges non-desirable oxygen diffusion into material effects. Is it possible to
apply inert atmosphere in the container, which requires special procedure
development?

2.2 Electron Accelerators

An accelerator is a device in which electrons emitted from cathode are accelerated
in electromagnetic field. There are three types of such machines: direct current in
which constant beam of electrons is extracted; pulsed microwave type, in which
beam extracted by titanium foil is repeated at a low frequency rate; and finally pulse
or continuous wave type, where lower radiofrequency fields (100–200 MHz)
accelerate electrons [10, 11]. Continuous wave radio frequency (RF)-type accel-
erators provide a DC-like beam current at higher energies. The scheme of different
accelerators is presented in Fig. 2.

The history of the first electron accelerators industrial application goes to late
1950s of twentieth century. In those years, high current accelerators were con-
structed by the GE, HVE and RDI. Using accelerator technology of those years,
Raytherm has implemented radiation crosslinking of polyethylene and started
manufacturing of ultralight wires (due to thinker insulation) to be applied in the
aircraft. Ten years later, ESI developed low-energy (300 keV) linear cathode
accelerators for foil and ink curing [12]. Those years also Budker Institute of

Fig. 1 Gamma irradiator with wet gamma source storage
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Nuclear Physics in Novosibirsk and the Efremov Institute of Electrophysical
Apparatus in Saint Petersburg began producing high current accelerators for
industrial market.

2.3 Electron Accelerator-Based e−/X Systems

Electrons have limited penetration due to their corpuscular character. Gamma rays
emitted by Co-60 penetrate ca. 300 mm of water on an equal entrance-equal exit
basis. The most energetic electrons used in radiation processing having an energy of
10 MeV penetrate only 38 mm. To overcome these limitations, e−/X systems were
developed. The electron beam is emitted by electron accelerator and then converted
into X-rays at metallic (water cooled) target. The efficiency of electron to X-ray
conversion is relatively low (7–12%) and depends on the composition of the target
material (tungsten or tantalum) and the energy of the electrons [13]. However to
good X-rays penetration in the material opens new possibilities of usage this
electrical type ionizing radiation generation. Considering 50 kW, 10 MeV, the
X-ray photons stream will have 4.17 kW of power. The dual systems are devel-
oped, so depending on material density, EB or X-rays are being applied at different
beam exits.

The typical dose rates for gamma are 2.8 � 10−3 kGy/s or *10 kGy/h and
2.7 � 10−2 kGy/s or *100 kGy/h for X-rays are four to five orders of magnitude
lower compared to EB which are capable of delivering 100 kGy/s. Therefore, the
product throughput for gamma and X-rays is significantly lower than that of
electron beams. An electron accelerator of just 15 kW power is delivering at the
same time dose approximately equal to that delivered by a 1 MCi cobalt source.

Fig. 2 Electron accelerators applied in radiation processing: a direct high-voltage accelerators;
b single cavity radiofrequency accelerators; c linear microwave accelerators [10] (with permission
from Nukleonika)
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3 Radiation Processing of Polymers

Chemical processes in polymers exposed to ionizing radiation can lead to many
parallel effects: chains crosslinking or degradation, which leads to changing of the
double bonds and emissions of low molecular weight gas, mostly hydrogen. The
treatment may enhance oxidation of the polymer if oxygen is present, so sometimes
processing is performed in inert gas (nitrogen). Chain scission and crosslinking
occur simultaneously, but one of them is usually dominant. Predomination of the
first phenomena results in reduced tensile strength and elongation, and domination of
the second process increases tensile strength but reduces elongation. Importance of
one of the processes in the given case depends on the type of polymer processes and
admixtures used for its modification. These are stabilizers added in small amounts
(< 1%); e.g., tint-based stabilizers are added to polyvinylchloride to prevent the
color change during polymer irradiation. The other additives are antioxidant known
as “antirads” which prevent oxidation leading to fast product degradation. These
additives may react directly with radiation-generated free radicals or act as the
primary energy absorbers, limiting radiation effects in polymers. These additives are
important to be applied in the case of medical health products made of plastic
manufacturing, which in the next technological step before shipping are sterilized by
radiation.

3.1 Transfer of Ionizing Radiation Energy to the Irradiated
Materials Components

Shortwave electromagnetic radiation (gamma radiation or X-rays) and
high-penetration corpuscular (electrons) radiation transfer energy on a continuous,
even into high-density matter. Ionizing radiation, in the form of X-rays, gamma
radiation, and electrons, produces abundant secondary electrons. Following the
primary physical energy transfer events, the ions, secondary electrons, and excited
molecules undergo further transformations, exchanging charges and energy and
reacting with the surrounding molecules, thereby producing free radicals and other
reactive species which finally evolve into new stable products. The processes may
be presented in the form of two equations:

Ionization : AB ! ABþ þ e� ð1Þ

Excitation : AB ! AB� ! A� þB� ð2Þ

Electrons knocked out of the electron shell of the atoms of the molecules can be
found in the strong positive charge field produced earlier (1). In this reaction, the
molecule recovers energy that has previously been consumed for ionization, and the
excited molecule can break up into highly reactive radicals:
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ABþ ! e� ! A� þB� ð3Þ

The above processes after the energy transfer take place in the time interval of
10−16–10−11 s. In the next step, the chemical reactions begin; some of the free
radicals undergo recombination, and others react with the molecules present in the
mixture. The radiation efficiency of the observed reactions is determined by the
factor G, defined by the number of chemical species produced in the medium as a
result of the absorption of energy equal to 100 eV. The final products of
radiation-induced reactions arise after a period of 10−5 s after the creation of an
energy stimulus.

3.2 Radiation Caused Effects in Polymers

For polymers, as for most organic molecules, the ionization energy is 10–15 eV,
whereas the bond energy in these molecules amounts to 3–4 eV. Both ions and
active radicals are thus formed. Positive charges and large radicals are not very
mobile; they can remain trapped in a solid matrix for a long time. Their neutral-
ization occurs as a result of the diffusion of more mobile electrons or by recom-
bination with smaller, more mobile radicals. Trapped ions and radicals can produce
in-process effects that are usually unfavorable after-effects. They can be reduced by
heat treatment (annealing) or by addition of a mixture of inhibitors or antioxidants.
Another observed effect is the so-called oxygen effect. The oxygen molecule has
two unpaired electrons and the alkyl radical R* forms an easily peroxide radical:

R� þO2 ! RO2
�; ð4Þ

which is very reactive and leads to the detachment of hydrogen atoms H* from an
adjacent molecule:

RO2
� þRH ! RO2HþR�: ð5Þ

This reaction generates a new R* radical which supports the chain reaction
according to the reaction scheme (4). RO2H peroxide radical is an unstable com-
pound that breaks down at room temperature and creates more radicals, leading to
oxygen destructive polymer which can be prevented by the addition of antioxidants.
This process is similar to the aging process of polymers subjected to ultraviolet
radiation that is a component of solar radiation and oxygen from the air. Other
effects occurring in polymers that have to be taken into account when processing
them are the generation of certain gases. Depending on the composition of the
polymer, they are hydrogen (for polyethylene), methane (for polystyrene), oxide
and carbon dioxide (for polyacrylate and polymethylmethacrylate), and also HCl
(for polyvinylchloride) and HF (for fluorinated hydrocarbons). The quantities of
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produced gases are not large, and their diffusion from the material can be accel-
erated by thermal treatment. The radiation may initiate the following reactions [14]:

• polymerization,
• crosslinking,
• degradation,
• grafting.

Radiation polymerization is based on the radical mechanism, which runs at low
temperatures with high efficiency, but for economic reasons it is only used in the
bead polymerization process for the manufacturing of inks and surface treatments
(paper, wood panels, films). Polymer co-polymerization is usually used. Short chain
molecules with double bonds are mixed with monomer.

Polymers such as polyethylene, polypropylene, polystyrene and polyamides are
easily crosslinked. In turn, polymers such as polymethylmethacrylate, poly-
isobutylene and Teflon are readily degraded (Table 1). The last from the listed
processes is grafting. Molecules or monomers with functional groups such as ion
exchange can be introduced into the polymer chain, where radical groups are
formed. By using ionizing radiation, it is also possible to introduce monomers
having functional groups, for example, ion exchange, into the polymer chain. The
grafting process can be carried out by pre-irradiating the matrix and then reacting
with the monomers or by irradiating the matrix immersed in the monomer solution.

The scheme of radiation-induced polymer degradation is presented in Fig. 3.
Polymer crosslinking process may follow free radical or ion mechanism, leading

to the formation of inter-chain carbon–carbon bonds. Equation (6) presents scheme
of polyethylene crosslinking due to macro-radicals recombination:

ð6Þ

Table 1 Radiation effects on
different polymers

Mostly crosslinking Mostly degradation

Polyethylene
Polypropylene
Polyacrylates
Poly(vinyl chloride)
Poly(vinyl alcohol)
Polysiloxanes
Polystyrene
Polyacrylamides
Polyamides
Ethylene-vinyl acetate
Natural latex
Phenol-formaldehyde
resins

Polyisobutylene
Polymethylmethacrylate
Polymethylstyrene
Polyvinylidene chloride
Polytetrafluoroethylene
(teflon)
Polypropylene ether
Polycarbonates
Cellulose
Butyl rubber
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During irradiation of PE there are micro-regions where temperature increase
what is fostering radical diffusion. Crosslinking may undergo mixed ion–radical
mechanism as well:

ionization:

�CH2�CH2�CH2�CH2� �!radiation�CH2�CH2� C
þ
H�CH2�þ e� ð7Þ

hydrogen atom transfer:

�CH2�CH2� C
þ
H2�CH2�þ�CH2�CH2�CH2�CH2� !

�CH2�CH2� C
þ
H3�CH2�þ�CH2�CH2�C

�
H�CH2�

ð8Þ

hydrogen atom abstraction:

e� þ�CH2�CH2� C
þ
H3�CH2� ! �CH2�CH2�C

�
H�CH2�þH2 ð9Þ

Free radicals formed due to mechanism given in Eqs. (8) and (9) undergo
recombination, creating inter-chain bonds in accordance with Eq. (6). During pri-
mary radiolytic process, positive holes are formed in the polyethylene, which

migrating along the chain reacts with �CH2�CH2�C
�
H�CH2� radical. Ion

formed in this reaction interacts with neighboring chain of polymer forming
crosslink between them in accordance with Eqs. (10) and (11):

ð10Þ

or

Fig. 3 Scheme of the
radiation of polymer
degradation, chain disruption
and the formation of low
molecular weight by products.
The ends of the chains are
reactive
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ð11Þ

The sketch of the process mechanism is presented in Fig. 4.
When polyethylene is crosslinked by ionizing radiations, the thermal stability of

the material is improved through the formation of a three-dimensional structure.
The irradiated polyethylene acquires some valuable performance properties superior
to those of non-irradiated polymer: does not melt above melting point characteristic
for virgin material; loses its ability to dissolve in hot organic solvents; swelling
degree is lower; has better chemical resistivity to corrosive media; the electrical
breakdown is higher; the tendency to cracking under mechanical stress and
chemical reagents is lowered; has acquired ability to reassume a shape fixed during
the radiation exposure after the material has been deformed in the heated (fused)
state, etc.

According to these mechanisms, radiation processing of polymers may upgrade
their properties that they become high-tech materials (“high performance plastics”),
which is illustrated in Fig. 5. These processes can be used to process substrates of
ready-to-use products. However, even in the same type of polymer coming from
different manufactures, in case of some which are easily crosslinked, strength at

Fig. 4 Scheme of polyethylene crosslinking. Hydrogen generation occurs in the case of CH-type
polymers
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break is usually growing and for others less susceptible to radiation crosslinking
was reduced. Similar dependence was found for elongation at break. For
polyethylenes demonstrating high strength at break, the efficiency of radiation
crosslinking is limited [15].

4 Cable Industry

Chemical crosslinking is mainly used in the cable industry which requires appli-
cation admixed to material crosslinking agents in the thermal polymer processing
process. The most important among them are peroxide crosslinking and silane
crosslinking. From these two techniques more often used is the first one which
based on the introduction of organic peroxides and product damage preventing
antioxidants into the polymer. An organic peroxide (ROOR—usually dicumyl
peroxide) admixed to the polyethylene decays at 160–205 °C into free radicals:
2RO�, which then initiate active free radical centers in the polymer chains. By
combining two centers located on adjacent polyethylene chains, crosslinks between
molecules happen. The process is carried out under the pressure 1.2–2 MPa, and
cable is heated by direct heating system, steam or hot dry nitrogen.

The silane method is fundamentally different from the above method. The
process takes place in two stages: First, the silane is grafted onto polyethylene as a
result of the radical reaction initiated by peroxides (e.g., during the cable insulation
extrusion process), and then, this substrate containing grafted PE and catalysts is
crosslinked gradually during prolonged action of water or low-pressure steam. As a
result, a silane group is built-in between the two polyethylene chains. Introduction

Fig. 5 Polymer properties and value can be upgraded by radiation
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of the silane group degrades the mechanical properties of the material, because the
C–C bond is more durable than the silane bond. In addition, the introduction of
silane groups significantly affects the electrical properties of such a modified
polymer, whereby mainly dielectric loss and dielectric strength are deteriorated.
However, it should be mentioned at the same time that one of the properties of the
polymeric material after the crosslinking process is the lack of the possibility of its
melting. This feature makes it impossible to make any permanent and tight con-
nections by melting at elevated temperatures and also significantly impairs the
recycling of used cables and wires, economically justified due to the high prices of
non-ferrous metals. Radiation crosslinking is one of the methods of physical
modification of polyethylene. It consists in detaching hydrogen atoms from the
polyethylene chain due to the action of high-energy radiation. Crosslinking of
polyethylene using this method takes place in a solid phase. During the process, the
melting temperatures of the material are not exceeded, which allows to retain the
initial structure in the polymer without reducing the content of the crystalline phase.

Radiation crosslinking is technically and economically feasible as a pure
physical process, i.e., without the addition of sensitizers and phenomena, occurs at
room temperature or at temperature up to about 60 °C and affects mechanical,
thermal, rheological and other properties. The following is observed: increase in
breaking strength and Young’s modulus; increase in the resistance to solvents in
which non-crosslinked polyolefins dissolve aggressive chemicals, fats, oils, caustic
inorganic substances; increase in dimensional stability, the ability to deform under
the influence of heating (heat resistance); increase in the resistance to the electric
arc; increase in the resistance to flame. They do not melt, but soften, like ther-
mosetting polymers. The use of ionizing radiation for the crosslinking of cable
products allows to obtain modern materials characterized by: lower insulation
thickness (which reduces the weight of cables), greater flexibility and higher con-
tinuous operation temperature compared to classic wires with the same current and
voltage parameters, higher resistance on the flame with a complete lack of halogen
in its chemical composition, hence low toxicity of decomposition products and low
smoke levels as well as low flame propagation, better strength properties, including
abrasion resistance, very high resistance to chemical agents, including industrial
and propulsion oils, UV radiation, ozone and many similar factors. Irradiation of
wires and cables with electron beam is nowadays increasingly applicable, since
radiation treatment significantly improves the mechanical and physicochemical
properties of insulation. Radiation technology is used in the cable industry to
improve abrasion resistance, scratching and cracking, increase chemical resistance
to solvents and oils, increase impact strength, reduce flammability and improve the
electrical properties of insulation. It is also a method that can be used to inhibit the
migration of plasticizers and increase the durability of the material at both low and
high temperatures. It is important that with the improvement in insulation quality,
its thickness can be reduced. The main aspects of radiation cable crosslinking
technology are related to the following issues: selection of raw material for
insulation/sheathing, distribution of the absorption dose in thin layers in the context
of high-energy electron beam range, homogeneity of the crosslinking process and
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dosimetry, thermal effects induced by ionizing radiation in copper insulation and
veins or aluminum, inter-surface phenomena, etc. Radiation technology is mainly
used for the modification of plastics made on the basis of polyethylene and vinyl
acetate. Some elastomers used as insulation (EPDM—ethylene-propylene diene
terpolymer), or shields (Hypalon—chlorosulphonated polyethylene) are also
crosslinked. All PEX-type insulation of tubing is based on LPDE. For selected
types of EPDM, in order to achieve near crosslinking, the absorption dose is in the
range of 100–150 kGy (Table 2). Crosslinking changes the characteristics of the
polymer—from a thermoplastic it changes into an elastomer. Process crosslinking
can be carried out during extrusion, or after it’s finished. According to ASTM F
876-93, the degree of crosslinking should be between 65 and 89%—higher can lead
to polymer brittleness and loss of resistance to blow. It is expected that products
made of PEX can be used for 50–200 years.

High dose rate is more productive if continuous process is considered; therefore,
electron accelerators have advantages over isotope sources. The high dose rates in
the electron beam will render radiation processing of cable wire possibly directly
while the objects are being passed through the exposure zone. The short dwell time
of cable in the beam irradiation zone reduces oxidation effects to minimum.
However, on the other hand, due to the low heat conductivity of polymers, mea-
sures regarding cooling have to be considered. Two or more wires may be wrapped
concentrically, separated by insulation, to form coaxial cable (Fig. 6). The con-
ductor is made of copper or alumina, and the used material has different heat and
electrical conductivity from polymer made insulation. Such construction of the
cable/wire requires optimization of irradiation process to assure proper dose
absorption in the material leading to the uniform crosslinking [17].

Different types of outer and inner insulations [18] are applied which exhibit the
specific features as an object of irradiation: (1) a typical heterogeneous system
(current-carrying cable core and the insulation) with a low polymer/metal weight
ratio, (2) long length with small outer dimension, (3) the insulation is subjected to
radiation-promoted oxidation in irradiation in air. The processes ongoing on

Table 2 Radiation
crosslinked materials for cable
and wire insulation [16]

Polymer Crosslinking dose
[kGy]

PE 200–300

PE (sensitized) 100–150

EPDM 100–150

PVC (sensitized) 50–80

Sulfonated PE 180–160

Polyvinylidene fluoride 80–150

EPR 50–150

Ethylene-tetrafluoroethylene copolymer 60–100

Silicone rubber 200
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metal/polymer interfaces are effected by: hydrogen release, thermal processes
(heating of the polymer by metal heated by EB, Table 3), possible corrosion
(Table 4).

The above negative phenomena can be reduced or eliminated by decreasing
thermal effects in metal wire, by controlling EB intensity and by intensive cooling.
The dose applied and its homogeneity are important parameters [19]. The irradia-
tion of the wire or cable in single pass leads to non uniform dose distribution on the
insulation layer depending on their pathway under the accelerator beam (Fig. 7).

To assure homogeneity of dose absorption, multi-pass irradiation is performed in
the way presented in Fig. 8 with cable twisting. The system applying this technique
is presented in Fig. 8; the twisted cable moves from the center to right and left side
of the under-scanning horn device.

Fig. 6 Single and multi-wire cable construction

Table 3 Temperature increase in the metal core during irradiation

Metal Mg Al Fe Cu Ag Pb Pt

Specific heat capacity [J/g °C] 0.98 0.90 0.45 0.38 0.24 0.13 0.14

Temperature after 35 kGy [°C] 60 64 103 117 171 294 275

Table 4 Increase in temperature under irradiation for selected polymers

Polymer Specific heat capacity [J/g °C] Increase of temperature [°C/kGy]

Nylon 6 1.67 0.60

Polyethylene 2.30 0.43

Polypropylene 1.92 0.52

Polystyrene 1.34 0.75

Polytetrafluoroethylene 1.05 0.95

Polyvinylchloride 1.34 0.75
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Depending upon the cable thickness and stiffness, and on the EB voltage, under
beam facilities can be arranged in one-, two- or four-sided irradiation configura-
tions. The irradiation technique is adjusted to the cable diameter and insulation
thickness, the requested dose and its homogeneity, and electron beam power and
electrons energy [21].

5 Rubber Industry

The greatest practical use in the industry among all the natural polymers found
natural latex, which after crosslinking with sulfur becomes a durable material—
rubber. Rubber is used for manufacturing tires and many other products. The curing
process, called vulcanization, is a slow process lasting up to eight hours. A typical
car tire is vulcanized at 150 °C for about 15 min. This time can be shortened by the
addition of accelerators such as 2-mercaptobenzothiazole (MBT) or tetram-
ethylthiuram disulfide (TMTD). Both of these compounds contain a sulfur atom

Fig. 7 Electron beam cable irradiation depending on its position under the horn [20]

Fig. 8 Under beam system for cable or wire rewinding [20]
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that initiates sulfur-rubber chain reactions. Vulcanization by sequentially forming
network bonds through sulfur bridges –S–S– (Fig. 9b) is a well-defined process
[22]. Considering the interconnection of two polymer chains as the mechanical
bond in the formed structure, their quantity and elasticity determine the mechanical
properties of the material. The tread of a tire subjected to mechanical stress requires
the use of multi-axis bridges of minimum density (high Mc-molecular weight of
macromolecules between successive grid bonds). Radiation crosslinking based on
the C–C– bond formation (Fig. 9a), which is stronger (Table 5) in comparison with
the S-bond (Fig. 9b), leads to a higher crosslinking density and therefore a lowerMc

value and lower tensile strength (Fig. 10).
Ionizing radiation leads to simultaneous degradation of macromolecules and

their crosslinking. Such a structure does not provide good mechanical performance
of the rubber, only ensures the stability of the raw tire components, and the
vulcanization is brought to an end by using a further thermal process utilizing the
sulfur present in the semi-finished product. By using hydrogen peroxide, however,
the process with the addition of a chemical reagent runs until it is completely
depleted. The ionizing radiation crosslinking process can be controlled by the
appropriate timing of physical stimulus externalities, thus providing better flexi-
bility in selecting optimal performance parameters.

Fig. 9 Crosslinking of natural latex; a bridge –C–C– type, b bridge –S–Sx–S– type [22]

Table 5 Energy of the
crosslinking bridges in rubber
[22]

Bond type Bond energy
(kJ/mol)

–C–C– 351

–C–S–C– 285 (–C–S–)

–C–S–S–C– 267 (–S–S–)

–C–Sx−–C– <267 (–S–S–)
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5.1 Tire Industry

The tire manufacturing process is a complicated process. The tire is built from many
layers: body ply, inner liner, tread, sidewall and bead and is finally reinforced with a
steel cord. The set of these components is called green (raw) tire, which is then
vulcanized at high temperature and pressure. If cord would be displaced in body ply
(Fig. 11), the defective tire may be easily destroyed during its exploitation which
may lead to fatal accident.

Conventional way to prevent such events was the usage of the thicker body play
which leads to higher weight of the final tire. The radiation prevulcanization avoids
such necessity. It is important that in the vulcanization process of the raw tire in the
mold, there are no displacement and the immobilization layer and the internal tread
components. The tire is subjected to irradiation to give the tire a firm support in the

Fig. 10 Tensile strength for rubber crosslinked by different methods (Mc-molecular weight of
macromolecules between successive grid bonds) [22]

Fig. 11 Radial tire cross-section and possible defects due to components displacement during
mold heat vulcanization
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correct position of the tire reinforcement before it is integrated with the rest of the
finished product and vulcanization. For this purpose, pre-electron beam crosslink-
ing is used to pre-increase the mechanical strength of the raw mixture. Pre-beamed
electron beam crosslinking allows a uniformly shaped element of the rubber blend
to be uniformly formed without changing its thickness over the entire surface and
without the mold mixture flowing out. The advantage of using this process is the
reduction in discarded tires of non-standard dimensions, the possibility of using a
higher percentage of synthetic rubber in the mix, and finally savings in the amount
of expensive raw material used. The tire produced by this technique is lighter than
the tire produced using traditional technology [23]. Doses applied in the process are
equal to 15–50 kg, and electron accelerator to be used is a low-energy machine
*500 keV with 75–150 mA (Fig. 12). Such machine can process 30,000–50,000
plies per day.

In Japan, more than 92% of radial tires for passenger cars and more than 70% of
truck tires are manufactured using this technology [24].

6 Medical Devices Industry

6.1 Radiation Vulcanization of Latex for Medical Use

Latex vulcanization with sulfur is performed by heating and traces of toxic product
are formed during this process; nitrosamine is formed and detected in the final
product. Radiation vulcanization of natural rubber latex (RVNRL) was elaborated
in Japan [25]. The crosslinking sensitizer is n-butyl acrylate dose applied which is
equal to 15 kGy. No nitrosamines are present in the product, and amount of
extractable proteins is smaller in comparison with conventional process. Pilot plants
have been constructed in some countries of Southeast Asia.

Fig. 12 Scheme of accelerator facility for rubber sheet irradiation
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Another use of the radiation technique is the production of hydrogel dressings
whose production process consists in crosslinking water-soluble polymers [26].
A typical hydrogel dressing is an aqueous composition of natural and synthetic
polymers such as polyvinylpyrrolidone, polyethylene glycol and agar, which are
subjected to electron beam irradiation and perform two functions in the production
process: It causes crosslinking of polymeric chains and ensures sterility of the
dressing. A similar dressing with biodegradable chitosan-degraded radiation has
been developed, which improves the medical effectiveness of the product [27]. PE
foam products for medical devices are made in a unique radiation process [28].

7 Other Industrial Applications

Radiation crosslinking of thermoplastic polymers is the most widely used tech-
nology due to the new properties of material after processing (do not melt, are stable
in higher temperatures, are resistant to solvents); the thickness of the cable insu-
lation (see paragraph 4) and the strength of the XLPE pipes (hot water pipes and
metal inserts) used in the water supply and underfloor heating systems can be
reduced [29]. Normal crosslinked pipes exhibit stability at temperatures lower than
70 °C. Crosslinked pipes exhibit good, stable mechanical properties even at tem-
peratures up to 110 °C [29, 30]. For decades now, plastic pipes made from HDPE
have been radiation crosslinked in order to ensure that they keep their performance
characteristics for a very long time (Fig. 13). Of particular importance is their
improved durability with respect to high temperatures and internal pressure.

Fig. 13 Long-term durability of HDPE under internal pressure [29] (with permission from BGS)
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Nylon 66 is a high tensile material with good impact properties, widely used in
the manufacturing of electrical and electronic materials. They are made of plugs and
couplings, coil bodies, spools, etc. However, solder circuits and wires are
increasingly used unleaded, so that the plastic on which the assembly is made must
withstand a temperature of 260 °C for 60 s. Such requirements correspond to the
compacts obtained by mixing Nylon 66 with crosslinking agent and then irradiating
the blend with electron beam. The material thus obtained, having good molding
properties, can be used for assembling solderless solder systems. It is also resistant
to open fire and has a temperature index of 104 °C, which means that at both
temperatures Izod impact strength, tensile strength and bending are reduced to 50%
of the initial value of 60,000 h of aging [31, 32].

Another application of the radiation treatment associated with the preparation of
the special-purpose blend is the change in rheological properties of linear
polyolefins such as high-density polyethylene (HDPE) and linear low-density
polyethylene (LLDPE). Sterigenics produces HDPE and LLDPE polyethylene
blends using an electron beam processing process. Such prepared materials exhibit
high mechanical strength in liquid state. Such properties are obtained by forming
branches on the long chain of polyolefins and forming a spatial structure, without
crosslinking the polymer. The content of the gel fraction is less than 0.4%, so that
the product in 100% can be reprocessed. These special properties of the material are
well illustrated in Fig. 14 [32].

Ordinary LLDPE exhibits alloy instability or resonance variations in the jet
thickness at pull rates of 70 mm/s. Raprex R300 crack strength at break point
(70 mm/s) is three times greater than that obtained for linear polymer. That is why it
is a much better material used for the production of foil and foams. The product
obtained is characterized by a constant thickness, and the case of foams has better
bubble stability [32].
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8 Conclusions and Challenges for the Future

The relatively high cost of radiation processing (RT) is a reason due to which
traditional chemical installations cannot be replaced in all the applications by this
technology. The effects have to be favorable from economical or technical points of
view. Unique features of radiation treatment are relatively simple, efficient and easy
to control way of creating free radicals [33]. The most important applications are
polymerization monomers when use of other methods is not possible, and this, in
any state of matter (liquid, gas, solid), provides polymerization at any temperature
(e.g., room temperature), resulting in the manufacturing of pure polymers without
additives like initiators, catalysts or other admixtures. Then, RT provides the
opportunity of polymerization in technologically difficult conditions (e.g., inside
parts of machines), crosslinking of the plastic after its formation, surface modifi-
cation by grafting, etc. It is possible to perform simultaneous polymer modification
with object sterilization. The broad review of the technology is given in recently
published two-volume book [14]. Surface curing with low-energy electron beams
(70–300 keV) is the fastest growing market segment because of the improved
energy efficiency of these high-speed processes and elimination of volatile organic
solvents from the manufacturing process.

On the commercial development stage are additional new fields involving nat-
ural polymers, nanotechnology as nano-composites and nano-gels and the greater
use of grafting. The future of the technology will depend on further development of
radiation sources, especially powerful e/X systems for which the limitations
regarding processed materials density and thickness are not so much limited as in
the case of electron beam. The accelerators of tomorrow promise still greater
opportunities. Next-generation particle beams represent cheaper, greener alterna-
tives to traditional industrial processes [34]. On the other hand, some new com-
mercial applications have emerged in recent years: the use of low-energy EB to cure
the pigmented coatings on metal coil stock. Therefore, all type of radiation sources:
gammas, electron accelerators (low keV and high up to 10 MeV energy), e/X
accelerator systems will find their applications in further developments of the
technology [35].
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Energy Loss of Swift Heavy Ions:
Fundamentals and Theoretical
Formulations

Vishal Sharma, Pawan K. Diwan and Shyam Kumar

Abstract The main interest of this chapter is to understand the fundamental energy
loss processes through which incident energetic heavy ions lose their energies in the
stopping medium. Fundamentals of ion interaction with matter are discussed where
various modes of energy loss processes are explained. In the context of
non-relativistic heavy ions, the contribution due to two types of energy loss modes,
i.e., nuclear energy loss and electronic energy loss, is discussed in detail.
Comparison between nuclear energy loss and electronic energy loss as a function of
ion’s energy for Cu ion in Si target is shown. The fundamental Bohr energy loss
equation is derived and extended by incorporating various correction terms. The
most commonly used semi-empirical/empirical type energy loss formulations
(Lindhard et al., Northcliffe and Schilling, Ziegler et al., Paul and Schinner, Huber
et al., and Diwan et al.) are briefly introduced. Bragg’s rule, which determine the
energy loss in polymers/compounds, is discussed. Finally, the importance of energy
loss is highlighted.
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1 Introduction

The problem “exact evaluation of energy loss of heavy ions in matter” has ever
since continued to command substantial research interest due to its wide applica-
tions in many areas of science, e.g., nuclear and particle physics, material science,
atomic physics, molecular physics, radiation dosimetry, astrophysics, radiation
biology and chemistry, and health physics [1–5]. Due to the complicated nature of
the problem, involving the concepts from atomic physics, quantum mechanics,
relativity, etc., and further because of its widespread applications, the evaluation of
energy loss attracted such a great interest that some of the great scientists
endeavored to work on it, both theoretically [6–24] and experimentally [25–49].

As correctly pointed out by Ahlen [1], detailed investigations of this problem have
greatly contributed to the development of modern physics. Further, in spite of more
than 100 years of active research in this area, the exact solution of energy loss eval-
uation is still mysterious. Therefore, the exact evaluation of energy loss of charged
particles during their passage through a material medium also known as the stopping
power of the medium has remained a very active and important area of research.

Another inherent concept, when we deal with the energy loss suffered by a
charged particle traversing through a material medium is “straggling.” When
monoenergetic charged particles are allowed to pass through a material medium of a
given thickness, all the transmitted particles do not possess the same residual
energy, rather there is a spread in the residual energy, about an average value. This
spread in the residual energy is called straggling. Figure 1 clearly highlights the

Fig. 1 Penetration of an ion of energy E through an absorber foil of thickness Dx resulting in the
loss of energy DE within the foil. The peak width (dEo) of the transmitted ions is larger than that of
the incident ions (dEstg) as a result of energy loss straggling
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concept of energy loss and straggling. The consideration of straggling is equally
important in all such scientific areas where energy loss rate/stopping power is
required as input. In this chapter, we are only dealing with the energy loss of swift
heavy ions with its fundamental concept and related theoretical formulations.

The present chapter covers the energy loss aspect for a variety of heavy ions in
elemental/complex polymer materials. Initially, we need to understand the general
physics fundamental concepts linked to exact evaluation of energy loss of heavy
ions in target materials. For this purpose, in the coming sections, the interactions of
charged particles with matter that result in energy loss are described.

2 Fundamentals of Ion Interactions with Matter

When a charged particle enters into the target material, it interacts with the target
atoms and several changes occur to the projectile and the target material as well.
Most of the changes in the target material depend upon the projectile’s parameters.
These changes occur at the cost of the energy loss suffered by the charged particle
along its trajectory.
The various modes of energy loss process are as follows [50, 51]:

(i) Excitation and Ionization
This is the principal mechanism for the energy loss of ions at high velocities.
Heavy ions while passing through a material medium transfer their energies
to the electrons of the target atoms result the target atoms into excited or
ionized states. Energy loss due to excitation and ionization is also called
electronic energy loss or inelastic energy loss.

(ii) Nuclear Collisions
At ion energies below 1 MeV, the projectile ion transfers its energy to the
target nucleus by elastic collision and consequently the target atom recoils.
Energy loss due to nuclear collisions is also called nuclear energy loss or
elastic energy loss.

(iii) Generation of Photons
A charged particle while passing close to the field of nucleus is either
accelerated or decelerated and during this process, it emits a quantum of
electromagnetic radiation known as the Bremsstrahlung process. The energy
loss in this process is important only for light charged particles and is neg-
ligible for heavy ions.

(iv) Cherenkov Radiation
A charged particle entering through a stopping medium at velocities greater
than the phase velocity of light in the medium causes the polarization of
atoms close to the path of the particle. This results in the formation of a
coherent wave front of radiation at certain fixed angle with respect to the
trajectory of the particle, depending on the velocity of the ion. Such radia-
tions are known as Cherenkov radiations.
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Bremsstrahlung mode of energy loss is important only for light charged particles
like electrons and that too at high velocities. Its magnitude at a given velocity of the
incident particle is proportional to (Z1Z2/M1)

2 where Z1, M1, and Z2 are the charge
on the incident particle, mass of the incident particle, and charge on the target
nucleus, respectively. For heavier particles like alpha particles, (Z1/M1)

2 = 0.25,
while for light particles like electrons, the term (Z1/M1)

2 ≅ 3 � 106, when Z1 is
expressed in electronic charge units andM1 in atomic mass units. Thus for the same
stopping medium, the contribution of bremsstrahlung would be significant only for
light charged particles like electrons and is negligible for heavy ions. As for the
emission of Cherenkov radiation is concerned, it occurs only at relativistic
velocities.

Therefore, in the context of non-relativistic heavy ions, the contribution due to
the energy loss modes (iii) and (iv) can be neglected and only the modes (i) and
(ii) need to be considered as principal mechanisms for energy loss. Thus, the total
energy loss rate can be written as:

� dE
dx

� �
Total

¼ � dE
dx

� �
Elec:

þ � dE
dx

� �
Nucl:

where the two terms on the right-hand side indicate the electronic and nuclear
components of energy loss rate, respectively.

2.1 Electronic Energy Loss Rate

A simplified classical treatment [50, 51] for the evaluation of electronic energy loss
rate (dE/dx)Elec. is as follows.

Consider an ion, having effective charge Z�
1e (concept of effective charge

described in Sect. 2.5), moving with velocity v through a target medium, at a
distance b, from the electron of the target atom (Fig. 2).

Let an incident ion, while passing through the target material, exerts a Coulomb
force on an electron of the target atoms at an impact parameter b and this force
changes its direction continuously with time. The Coulomb force F can be divided
in two components Fx and Fy along and perpendicular, respectively, to the direction
of motion of the incident ion. The impulse

R
Fxdt, parallel to the path, is zero by

symmetry. This is due to the reason that for each position of the incident heavy ion
in the negative x direction, there is a corresponding position in the positive x di-
rection, which makes an equal and opposite contribution to the x component of the
momentum. However, during the passage of the ion, throughout the material, there
is always a force exerted by the ion in the y direction, and hence, the momentum
Δp transferred to the electron is given by the expression,
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Dp ¼ 2Z�
1e

2

bv
ð1Þ

The kinetic energy (T) transferred by the ion to the target electron having rest
mass m0, in non-relativistic velocity region, is given by:

T ¼ Dp2

2m0
¼ 2Z�2

1 e4

b2m0v2
ð2Þ

The differential cross section, dr(T), for an energy transfer between T and
T + dT is given by,

drðTÞ ¼ 2pbdb ð3Þ

and the energy loss per unit path length, −dE/dx, is as follows:

� dE
dx

¼ n
ZTmax

Tmin

Tdr ð4Þ

where n = NZ2 is the number of target electrons per unit volume in the stopping
medium, with N as the number of target atoms per unit volume and Z2 the number
of electrons per target atom.

In terms of impact parameter “b”, Eq. (4) becomes:

� dE
dx

¼ n
Zbmax

bmin

T2pbdb ð5Þ

(a) (b)

Fig. 2 a Coulombian interaction between heavy ion of effective charge Z�
1e with a target electron.

b A shell of radius b and thickness db with its axis along the path of the heavy ion
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Substituting the value of T from Eq. (2) in Eq. (5), we get,

� dE
dx

¼ 4pNZ2Z�2
1 e4

m0v2
ln
bmax

bmin
ð6Þ

The values of bmin and bmax are selected in the following manner. bmin is that
value of impact parameter at which there is the maximum transfer of energy by the
ion to the electron. This value can be calculated on the basis of the fact that if a
heavy ion with velocity v collides with a stationery target electron, the maximum
velocity transferred to the electron is 2v. Thus, the maximum kinetic energy
transferred by the ion to the electron (in non-relativistic velocity region) will be
Tmax ¼ 1

2m0 2vð Þ2¼ 2m0v2.

Corresponding to this value of Tmax, using Eq. (2), the value of bmin comes out to
be:

bmin ¼ Z�
1e

2

m0v2
ð7Þ

Regarding the choice of bmax, in case it is infinity, dE/dx will also approach to
infinity, which is not feasible. The minimum energy which an atomic electron must
acquire should be compatible with the average excitation energy of an electron,
represented by I. Thus to a reasonable level of accuracy, Tmin can be taken to be
equal to I, and the corresponding value of bmax after using Eq. (2) becomes,

bmax ¼ 2Z�
1e

2ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m0v2I

p ð8Þ

On substituting the values of bmin and bmax from Eqs. (7) and (8), respectively,
in Eq. (6), we obtain,

� dE
dx

¼ 2pNZ2Z�2
1 e4

m0v2
ln
2m0v2

I
ð9Þ

Equation (9) is derived on the basis of the direct collisions of heavy ion with the
electrons in the target atom. There is also one more term of comparable magnitude
as a result of distant resonant energy transfer collisions.

Thus, the total energy loss per unit length becomes twice to that given by Eq. (9)
and finally,

� dE
dx

¼ 4pNZ2Z�2
1 e4

m0v2
ln
2m0v2

I
ð10Þ

This expression is similar to the well-known Bethe’s expression, for incident ion
energies in the non-relativistic region.
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In SI system of units, Eq. (10) becomes,

� dE
dx

� �
Elec:

¼ NZ2Z�2
1 e4

4pe20m0v2
ln
2m0v2

I
ð11Þ

where eo is the permittivity of the free space.
Incorporating relativistic, shell and density effect corrections, Eq. (10) becomes,

� dE
dx

¼ 4pNZ2Z�2
1 e4

m0v2
ln
2m0v2

I
� lnð1� b2Þ � b2 � C

Z2
� d
2

� �
ð12Þ

where b = v/c, the term −ln(1 − b2) − b2 is added as the relativistic correction
term. The terms C/Z2 and d/2 are the shell and density effect corrections, respec-
tively, which are briefly discussed below.

Shell Correction

The derivation of energy loss rate equation is based on the assumption that the
velocity of the projectile ion is much larger in comparison to that of the atomic
electrons in their normal bound state. In case the projectile ion is not so fast, the
inner shell electrons participate less to the energy loss, and thus, the shell correction
term requires to be included. This correction term C/Z2 is taken to be the average
over the contribution of the different shells, with C ¼ Ck þCL þ � � �. These shell
corrections can be predicted by using hydrogenic wave function (HWF) [10, 52–59]
and local density approximation (LDA) [60–62].

Density Correction

In dense media, the electric field which perturbs electrons far from the trajectory of
the projectile is modified by the dielectric polarization of the atoms between the
distant electrons and the path of the projectile. The energy transfer in distant col-
lisions is therefore less effective. This effect is called the density effect. The cor-
rection for the density effect was first taken up theoretically by Swann [63] and
Fermi [64] and later extended by Bohr [10], Sternheimer and coworkers [65–67],
Crispin and Fowler [68], and Bichsel [69].

Other Corrections

In addition to the shell and density effect correction terms, there are some more
correction terms like Barkas correction, finite nuclear size correction, Bloch and
Mott correction, and projectile structure correction. However, the contribution due
to these corrections is quite insignificant [1, 70–72] and therefore not discussed in
the present study.
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2.2 Nuclear Energy Loss Rate

In this case, Coulombian interaction occurs between the incident heavy ion and the
target nuclei, in contrast to that of electronic energy loss where the interaction takes
place between the incident ion and the electrons of the target atoms. Following the
method adopted for the evaluation of electronic energy loss (Eq. (6)), the expres-
sion for nuclear energy loss comes out to be,

� dE
dx

� �
Nucl:

¼ 4pNZ2
2Z

�2
1 e4

M2v2
ln
bmax

bmin
ð13Þ

where Z2 and M2 are the atomic number and the mass number of the target nucleus,
respectively, and N is the number of target nuclei per unit volume. In this case, bmin

corresponds to the maximum energy transfer to a target atom (Tmax) which is given
by the expression:

Tmax ¼ 4M1M2

ðM1 þM2Þ2
E ð14Þ

and bmax corresponds to the minimum energy transferred to the target atom which
can be taken to be equal to the displacement energy (Idis) required to remove an
atom. Accordingly, the values of bmax and bmin can be obtained [50, 51].

2.3 Comparison of Electronic and Nuclear Energy
Loss Rate

From the comparison of the expressions for electronic energy loss rate (−dE/dx)Elec.
(Eq. (6)) and nuclear energy loss rate (−dE/dx)Nucl. (Eq. (13)), it is noticed that the
major difference between the two is that in case of nuclear energy loss, the mass of
the target atom M2 appears instead of mass of the electron m0. In addition, NZ2 (the
number of target electrons per unit volume) appeared in case of electronic energy
loss is replaced by the number of target atoms per unit volume N.

For proton, neglecting the ratio of ln terms, the ratio of nuclear to electronic
energy loss is,

dE
dx

� �
Nucl:

dE
dx

� �
Elec:

ffi Z2
M2

m0 ffi 1
3600

ð15Þ

with M2 = 2Z2mp and mp is the mass of the proton which is equal to 1836m0.
Thus, for MeV heavy ions, the nuclear energy loss is negligible in comparison to

electronic energy loss. However, for energies below 1 MeV, when the projectile ion
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behaves as a neutral atom, the energy loss process occurs via hard sphere scattering
[51] and now the nuclear energy loss starts dominating over electronic energy loss
[50, 51]. Figure 3 highlights such a comparison of electronic and nuclear energy
loss as a function of ion’s energy for Cu ion in Si target.

It is now quite clear that for MeV heavy ions in non-relativistic region, the
electronic energy loss is the only dominant mode of energy loss and therefore all
other modes of energy loss can simply be neglected.

2.4 Scaling Law

For partially stripped non-relativistic heavy ions, Eq. (10) for electronic energy loss
rate can be expressed in the following form.

S ¼ � dE
dx

¼ C
c1Z1
v

� �2 Z2
A

� �
f v; Z2ð Þ ð16Þ

where c1 ¼ Z�
1=Z1 is termed as fractional effective charge of the projectile ion and

Z2 and A are the target atomic and mass numbers, respectively, with C as a constant
[50].

At a particular velocity of the projectile ion, the terms f(v, Z2) and (Z2/A) are
independent of the parameters of the projectile ion. Thus, the stopping power of a
particular medium for two different projectile ions say “x” and “y” at the same
velocity v is related through the expression,

S
c21Z

2
1

� �
x

¼ S
c21Z

2
1

� �
y

ð17Þ

This is known as scaling law.
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Thus if one of the two projectile ions is considered as a reference ion, whose
stopping power (Sref) and fractional effective charge (cref) are known, then the
stopping power for the other ion (SHI) at the same velocity and in the same target
medium can be calculated using the relation,

SHI
c2HIZ

2
HI

� �
¼ Sref

c2refZ
2
ref

� �
ð18Þ

The main advantage of the scaling law for calculating the stopping power is that
the requirement of mean ionization potential I of the stopping medium is eliminated
and the only input parameter required to be evaluated is the fractional effective
charge (cHI) of the incident ion.

2.5 Concept of Effective Charge

When a projectile ion at a velocity larger than the orbital velocities of its most
tightly bound electrons enters a material medium, it loses all its electrons and a bare
nucleus traverses through the medium. Under this situation, the effective charge on
the ion is same as that of the nuclear charge. During the passage of the ion, it
continuously loses its energy, due to its interactions mainly with the electrons of the
target atoms. During this process, the velocity of the ion continuously reduces. As
the velocity of the ion approaches the velocity of its K-shell electrons, the ion starts
capturing electrons. At first, there is small probability for the capturing of the
electron and large probability that the electron will be lost in the next collision. As
the velocity of the ion further decreases, the capture probability becomes more and
the loss probability reduces, and finally, the electron is fully captured. In the
meantime, the probability of the capture of a second electron builds up and the
corresponding loss probability decreases, so that the second electron is retained. As
the velocity of the ion continuously decreases, a third electron is captured in the
same gradual way and this process continues. Ultimately, the velocity of the ion
becomes smaller than the orbital velocity of least tightly bound electron and
remains most of its time as a neutral atom [71, 72].

No exact theoretical expression for the evaluation of effective charge as a
function of ion velocity exists, and therefore, the various energy loss/stopping
power formulations are based on empirical/semi-empirical effective charge
parameterization.

2.6 Units of Energy Loss Rate

In S.I. system of units, the energy loss is expressed in joule and thickness in meter.
Thus, the unit of energy loss rate, dE/dx, in S.I. system is joule/meter. Such units
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are not appropriate in the present case as the energy loss is generally expressed in
eV or keV or MeV and thickness in Å or nm or lm, and thus, the units of dE/dx are
expressed in eV/Å or keV/nm or MeV/lm.

It is further advantageous to consider the thickness of the absorber foil in terms
of mass thickness instead of linear thickness. The mass thickness (qΔx) is obtained
by multiplying the linear thickness (Δx) by the density of the material (q). The mass
thickness qΔx gives better description of the amount of material in the thin target
foil. Thus, the units of energy loss rate dE/dx become MeV/(mg/cm2) when energy
loss is expressed in MeV and thickness in mg/cm2. Such units of dE/dx remain
independent of the density of the absorber material.

The dE/dx values from one set of units can be converted into another set by
multiplying with the suitable conversion factor.

3 Energy Loss Formulations

Most commonly used energy loss formulations are described below.

3.1 LSS Theory

At relatively low velocities, the ion rapidly becomes neutralized and the energy loss
process changes its character. As proposed by Bohr [10] and developed by
Lindhard, Scharff, and Schiøtt [73], the stopping power may be split into two
additive components, an “electronic part” proportional to ion velocity which arises
from energy transfer to the electrons of the medium and a nuclear part arising from
energy transfer to screened nuclei of the medium. Electronic stopping has been
determined by velocity proportional Thomas–Fermi-type formula and nuclear
stopping has been dealt as power law scattering.

For electronic energy loss, the LSS theory predicts a linear trend with ion
velocities, v � v0Z1

2/3 (v0 represents Bohr velocity, and Z1 is the atomic number of
projectile ion), and is expressed by the expression,

� dE
dx

� �
Elec:

¼ f8pe2a0N
Z1Zt

Z2=3
1 þ Z2=3

2

� �3=2
8><
>:

9>=
>;

v
v0

� �
ð19Þ

where Z1 and Z2 are the atomic numbers of projectile ion and target atom,

respectively, f� Z1=6
1 is a constant, v0 and a0 are the Bohr’s velocity and Bohr’s

radius, respectively, N is the atomic density, and v is the projectile ion’s velocity.
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In energy loss rate calculations based on LSS theory, it is considered quite
informative to calculate reduced energy loss rate as a function of reduced ion
velocity. The reduced ion velocity and reduced energy loss rate are defined as,

vred ¼ v

v0Z
2=3
1

ð20Þ

� dE
dx

� �
red
¼ � dE

dx

� �
Elec:

Z2=3
1 þ Z2=3

2

� �3=2
fZ5=3

1 Z2
ð21Þ

Substituting for (−dE/dx)Elec. from Eq. (19) in Eq. (21), we get,

� dE
dx

� �
red
¼ 8pe2a0N

v

v0Z
2=3
1

 !
ð22Þ

It is obvious from Eq. (22) that there exists a linear relationship between reduced
LSS stopping power and reduced ion velocity, intersecting the origin, for a par-
ticular absorber irrespective of the nature of projectile [74–77].

3.2 Northcliffe and Schilling Formulation

This formulation is based on the assumption that at higher energies, when the
incident ions are fully stripped of their orbital electrons, the electronic energy loss
rate for different ions at the same velocity in a given absorber medium differs only
in being proportional to the square of the ion charge. It means that for fully stripped

ions, the plots between
�dE=dxð Þ

Z2
1

and E (MeV/u) will be the same for all ions and

will merge into proton curve.
At lower energies, when the capture of electrons by the ions becomes significant,

the deviation of the curve between
�dE=dxð Þ

Z2
1

and E (MeV/u) arises from the cor-

responding proton curve. This is due to the smaller value of effective charge (Z�
1 ) of

the ion in comparison to its nuclear charge (Z1). The fractional effective charge
c ¼ Z�

1=Z1 is expressed as,

c2 ¼
1
Z2
1

� dE
dx

� �
ion

� dE
dx

� �
proton

ð23Þ

Thus, the value of c2 gives a measure of the deviations for any heavy ion from
the proton curve.
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On the basis of the deviations observed in
�dE=dxð Þ

Z2
1

vs. E ðMeV/uÞ
� �

curves for

various heavy ions in comparison to proton curve in aluminum absorber, taken as
the reference material, the following expression for c2 was developed.

c2 ¼ 1� 1:85 e�2n ð24Þ

with n ¼ 137b=Z2=3
1 .

In the second step, relative stopping power curves for various solid as well as
gaseous absorbers relative to aluminum were developed.

The calculations of energy loss rate for various heavy ions in different absorbers
were finally carried out on the basis of the expression,

dE
dx

� �
i;a

dE
dx

� �
i;b

8><
>:

9>=
>; ¼

dE
dx

� �
j;a

dE
dx

� �
j;b

8><
>:

9>=
>; ð25Þ

where “i” and “j” denote two different ions at the same velocity, i.e., same value of
energy in MeV/u, and “a” and “b” are two different absorbers.

Based on the above-discussed approach, Northcliffe and Schilling [78] tabulated
the electronic energy loss rate and range values for various heavy ions in the energy
range *0.0125–12.0 MeV/u at regular intervals, in different absorber materials.

3.3 Ziegler, Biersack, and Littmark Formulation

Ziegler et al. [79] developed a formulation for energy loss rate and range for heavy
ions in different elemental and complex absorber materials. This formulation is
based on scaling law with proton as the reference ion. According to this formula-
tion, the electronic energy loss rate for a heavy ion (SHI) at a given velocity in an
absorber material is expressed by the expression,

SHI ¼ SPc
2
HIZ

2
HI ð26Þ

where SP is the energy loss rate of the proton at the same velocity in the same
absorber material and cHI is the fractional effective charge of the heavy ion with
atomic number ZHI.

After the compilation of huge experimental electronic energy loss rate data of
protons (SP) in different absorbers at different velocities, as available in the literature
at that time, Zeigler et al. developed the following fitted expression for proton
electronic energy loss rate.
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SP ¼ SLSH
SL þ SH

ð27Þ

with

SL ¼ aEb þ cEd ð28Þ

and

SH ¼ e ln
g=Eþ hE

E f

� �
ð29Þ

where a, b, c, d, e, f, g, and h are proton stopping coefficients. Ziegler et al. [62]
tabulated these coefficients for all elemental targets.

Effective Charge Parameterization:

In the high-velocity region v
v0
[ 100 (v0—Bohr’s velocity = 25 keV/u), the Bethe–

Bloch approach [1, 52, 80, 81] was adopted by Ziegler et al. [79] for the evaluation
of electronic energy loss rate in different materials.

In the ion velocity range 3v0 � v � 100v0 (v0—Bohr’s velocity), based on the
Thomas–Fermi conception of the atom, Ziegler et al. [79] parameterized the fol-
lowing expression for fractional effective charge.

c2 ¼ 1� exp
�0:92v

v0Z
2=3
1

" #
ð30Þ

At ion velocities v0Z
2=3
1 < v < 3v0, Ziegler et al. suitably modified the fractional

effective charge parameterization in light of the Kreussler et al. [82] and Brandt and

Kitagava [24] theory. Below ion velocity v ¼ v0Z
2=3
1 , the ion energy loss rate was

considered to be velocity proportional.
Based on the above concept, Zeigler et al. have developed computer codes in the

name of TRIM and SRIM for energy loss rate and range calculations for heavy ions
in different absorber materials over almost the complete range of energies. Based on
the newly available experimental data and with the theoretical developments in the
field, with the passage of time, Zeigler et al. are in the continuous process of
updating such codes. The latest code developed by Zeigler is SRIM 2013.00 [83]
and has been used for the calculations in the present study. This is the only code
with quoted applicability over the broad energy range from eV to GeV region. This
code is quite handy and readily available [83]. For electronic energy loss rate
calculations in compounds, this code incorporates both Bragg’s [22] and CAB [84]
approach.
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3.4 Paul and Schinner Formulation

Paul and Schinner [85–87] developed the following expression for electronic
energy loss rate of heavy ions.

SHI ¼ Srel SHe=22
	 


Z2
HI ð31Þ

In this expression, they have introduced a term normalized energy loss rate ratio,
Srel, defined as,

Srel ¼
SHI=Z2

HI

	 

SHe=22ð Þ ð32Þ

where SHe is the electronic energy loss rate of He ion of the same velocity as that of
heavy ion with atomic number ZHI, in the same medium.

It is obvious from Eq. (31) that the calculation of SHI requires SHe and Srel. For
the calculations of SHe, a computer code ASTAR developed by Berger [88] with
reported validity limited up to a maximum energy 250 MeV/u and at higher
energies the computer code BEST [89] have been used.

For the determination of Srel, Paul and Schinner developed the following
parameterization.

Parameterization for Srel

In light of the available experimental electronic energy loss rate data for heavy ions
in different absorber materials at different energies, Paul and Schinner used an
adapted cumulative Weibull function and fitted the following expression for Srel,

Srel ¼ af þð1:01� afÞ 1� exp � xþ cf ln 2ð Þ1=d�bf
cf

 !df
8<
:

9=
;

2
4

3
5 ð33Þ

where x = log10(E/A), E/A in MeV/u; af, bf, cf, and df are the fitting parameters and
are the smooth functions of ZHI [85–87].

The reported applicability of this formulation is from Z = 3–18, in the energy
range 0.001 to 1000 MeV/u, in different elemental and complex absorber materials.

A computer code MSTAR (V3.12) [90] based on this formulation has been
developed and is readily available.

3.5 Hubert, Bimbot, and Gauvin Formulation

This formulation, for the calculations of electronic energy loss rate developed by
Hubert, Bimbot and Gauvin [91, 92], is also based on scaling law with fully

Energy Loss of Swift Heavy Ions: Fundamentals … 407



stripped helium ions as reference ions. The scaling law (Eq. (17)) with cref = 1 and
Zref = 2 leads to the following expression for the energy loss rate of heavy ions, SHI.

SHI ¼ SHec2HIZ
2
HI

4
ð34Þ

where SHe is the stopping power for fully stripped He ion of the same velocity as
that of heavy ion in the same medium. cHI is the fractional effective charge of heavy
ion, and ZHI is the atomic number of heavy ion.

Thus as is evident from Eq. (34), the evaluation of electronic energy loss rate for
heavy ions at a given velocity in a particular absorber material requires SHe at the
same velocity in the same medium. For this purpose, the fitted expression devel-
oped by Zeigler [62] was used by Hubert et al.

Effective Charge Parameterization

The other requirement of Eq. (34) is the fractional effective charge cHI of the heavy
ion. The following fitted expression for cHI was developed by Hubert et al. [91, 92]
on the basis of the experimental energy loss rate for heavy ions with Z1 = 8–92 in
targets with 4 � Z2 � 92, at energies from 3 to 90 MeV/u.

cHI ¼
Z�
HI

ZHI
¼ 1� X1 exp �X2

E
A

� �X3

Z�X4
HI

( )" #
ð35Þ

where (E/A) is the energy in MeV/u. X1, X2, X3, and X4 are the fitting parameters.
The unique and original feature of this formulation is that the effective charge

parameterization, in addition to the atomic number Z1 and velocity of the projectile
ion, includes the dependence of target atomic number Z2, which is generally
neglected.

The reported validity of Hubert et al. formulation is in the ion energy range from
*2.5 to 500 MeV/u.

3.6 Diwan et al. Formulation

As discussed, the reported validity of Hubert et al. formulation is in the energy
range from 2.5 to 500 MeV/u. Motivated with the excellent predictions of this
formulation, in the light of experimental data [93–95], our group in earlier studies
[96, 97] extended this formulation to lower energies. For this purpose, the fitting
parameters X1, X2, X3, and X4 involved in its effective charge parameterization
(Eq. (35)) had been suitably modified in light of the new experimental data, in
lower energy domain.

For X1, the following polynomial fit as a function of projectile atomic number
(ZHI) was obtained.
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X1 ¼ A ZHIð Þ3 þB ZHIð Þ2 þC ZHIð ÞþD ð36Þ

The values of fitting parameters A, B, C, and D are given [96, 97]. The values of
X2 = 8.448, X3 = 0.347, and X4 = 0.5995 were kept fixed.

The other requirements for electronic energy loss rate evaluation at low energies,
i.e., the effective charge and the energy loss rate of helium ion, were evaluated
using the fitted formulae of Ziegler [62].

This extended version has its reported validity in the ion’s energy range *0.25–
2.5 MeV/u for projectiles with Z = 3–35 in targets covering Z = 3–79. This
extended formulation has been tested for several projectiles in a variety of elemental
and few complex materials.

4 Energy Loss in Polymers/Compounds: Bragg’s Rule

The energy loss process of an ion while passing through a material medium consists
of a random sequence of independent encounters between the moving projectile and
the target electrons. For a composite target consisting of more than one element, the
energy loss is the sum of the losses of the constituent elements weighted by the
abundance of each element. This is basically the Bragg’s rule [22, 98] which states
that the stopping cross section eAmBn of a solid of composition AmBn is given by

eAmBn ¼ m
mþ n

eA þ n
mþ n

eB ð37Þ

where eA and eB are the stopping cross sections of the atomic constituents A and B of
the complex target material.

As an illustration, in case of polyethylene naphthalate (PEN) polymer, consisting
of C7H5O2 molecules.

eC7H5O2 ¼ 7
14

eC þ 5
14

eH þ 2
14

eO ð38Þ

Bragg’s rule is generally applicable for MeV heavy ions traversing a complex
absorber material. However, at low energies the effect of chemical bonds needs to
be incorporated [84].

5 Importance and Conclusion

The energy loss is the core of ion–mater interactions, and hence, its precise
knowledge is highly essential from both fundamental as well as application point of
view. In applications, the energetic ions are widely used to modify and characterize
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the materials through ion beam-based techniques (RBS, ERDA, NRA, etc.). For the
analysis of energy spectra obtained through ion beam-based techniques, computer
software (like SIMNRA, RUMP, and NDF) are employed, where output depends
upon the accuracy of input parameters of these software. The “energy loss” for
given ion–energy–matter combinations, which is under study, is used as main input
parameter for these computer simulations software.

Although a huge amount of experimental data of energy loss for number of ion–
target combinations at different energies is available in the literature, still the entire
ion–energy–target combinations are not covered. First, this is due to the reason that
these combinations are very large, and second, there are many experimental limi-
tations for such kind of measurements. Therefore, the only alternate is to explore
some theoretical energy loss formulation to predict these values. As discussed in
Sect. 3, many researchers developed theoretical/empirical/semi-empirical type
energy loss formulations for such predictions. Since most of the commonly used
energy loss formulations are of empirical and semi-empirical type which are based
on the measured energy loss data available at the time of their development.
Therefore, it is highly essential to check the validity of these formulations before
using as input in required ion beam-based experiments.
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