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RADIATION CHEMISTRY AND CABLE TECHHOLOGY

E. E. Finkel', S. S. Leshchenko, and ¢
R. P. Braginskiy.

Moscow 1968

"Radiation Chemistry and Cable Technology."
E. E. Pinkel', S. S. Leshchenko, R. P.
Braginskiy. Atomizdat, 313 pg., 1968

In the book the scientific and technical
principles of the radiation modification of
electrical insulating polymeric materials used
in electrotechnical (mainly in cable), radio
engineering, and the electronic industry are
presented. An analysis 1s made of the
physicochemical basis for the use of lonizing
radiations for the modification of properties
of polymers, the essence of radiochemlcal processes
following in them during irradiation, and the

- peculiarities of action of radiation of
various forms. Fundamental information is
given on the radiation chemistry of polymeric
systems (the mechanisms of radlochemical
reactions, the change in the chemical structure
of polymers during irradiation, the influence
: . of the conditions of irradliation, phase state,
: and features of the structure of the polymer,
the influence of additions, etc.). A detailed
examination 1s made of the characteristics of
; radiation-modified electrical insulating
- polymeric materials under specific operating
: conditions (elevated temperatures, mechanical
overloadings, radiation fields, the conditions
of space) and the most worthwhile fields of
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their application are revealed. Along with the
analysis of the radiation stability of polymeric
electrical insulating materials the possibilities
are examined of a directed change in their
properties with the help of irradiation. The
practical application of the methods of radia-
tion modification of polymers is confirmed by
data on the increase in heat resistance and the
reliability of irradiated cable products for
various application. A brief account is given
of the engineering bases for radiation technoiogy
relative to cable technology and some technical-
economical evaluations are given. Bibliography -
565 Titles. Illustrations - 54. Tables - 15,
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PREFACE

w . In recent years in radiation chemistry in general as well

v as in radiation chemistry of polymers in particular a tendency
was determined for the transition from the conducting of searches
and research work to the relization of technical radiation
processes.

3 ;-g Today a number of radiochemical processes, among other
’ things the process of radiation modification of electr.cal

o d

Ar AN

insulating polymeric materisls, are in the stage of research-
and-development assimilation. In connection with this in this
book in a form which is accessible for the specialists of various
profile the bases have been presented for the radiation chemistry ; #

of polymers and the study of radiation materials, and also the

principles of radlation modification, including the elements of
= technical-engineering solutions. J

L1
i

) In the Soviet Union and abroad a number of momographs

: ., 4 have been published which deal with the effect of radiation on

T polymeric materials (F. Bovey, "The Influence of Ionizing
Radiations on Natural and Synthetic Polymers," 1959;

T. S. Nikitina, et. al., "The Influence of Ionizing Radiations of
Polymers," 1959; A. Charlesby, "Nuclear Radiations and Polymers," ;
19623 A. Svollou, "Radiation Chemistry of Organic Compounds," 1963; g

FTD-MT-24-1916-~71 vii
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R. Bolt, and J. Kerrol, "The Influence of Radiation on Organic
Materials," 1965; I. V. Vereshchinskiy, A. I. Pikayev, "Introduc-
tion to Radiation Chemistry," 1965, and others). However, in
these books applied questions either are not examined at all or
have been treated in too general a view.

In order to make up this ommission at least partly,
literature on the characteristics of cable products with radiation
modified insulation, the fields of application and also their
behavior under specific operating conditions (in radiation fields,
space, and others) have been systematized.

Although primary attention here is allotted to applied ¥ %
problems, ali the available publications through 1966 inclusively
have also been examined.

The mastering of the specific technology on industrial
scales and the consumption of production obtained by radiation
methods in various branches of the national economy is impossible
without acquainting a wide circle of specialiétS‘with the i
specifics of radiation processes and the possibilities opened
during their utilization. '

It is possible to hope that the proposed work will facilitate
the mere rapid and wider ineorporation of radiochemical methods
in the national economy. : . #

FTD-MT~24~1916-71 viii
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INTRODUCTION

During the entire history of humanicy the discovery of
every previousiy unknown form of energy signified by itself the
beginning of a new conslderable stage in scilence and technology
and was accompanied by intenéive investigations and by engineering
development, the purpose of which was theipractical utilization
of this form of energy. The dlscovery of atomic energy is no
exception from the general regularity.

In splte of the fact that the processes themselves of
intranuclear transformations, which are accompanied by the
liberation of energy exceeding the eherg? which is liberated
by chemical reactions, weré discovered already at the end of
the last century it became possible to uée atomic energy in
practice only after the discovery of the fission reaction of the
nuclei of heavy elements (for instance, uranium) under the action
of neutrons. Precisely this discovery, made at the end of the
thirties, predetermined the possibility of the realization of a
controlled chain reaction of the fission of an atomic nuecleus,
which was realized for the first time on 2 December 1942, when
the first nuclear reactor, installed under the gulidance of the
outstanding Italian physlicist Enrico Fermi, began to operate.

As a result of the division the nucleus of a heavy element
decomposes into two identically charged fragments which diverge at

FTD-MT-24-1916-T1 ix
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very high speeds. During the collision of these fragments with
the atoms of the atmosphere in which they are moving. the kinetic
energy of the latter is converted into thermal. The quantity of
! energy 1iberated An this procéss exceeds by more than 10' times the
energy content which is 1iberated during the radioactive decay of !
atomic nuclei. During the complete nuclear.fission of 1 kg of ;
uranium energy 1s liberated which:1is equivalent to the heat of
combustion of about 3000 t of high-calorific anthracite. The .
essential feature of the fission reaction consists of 'the ifact :
that during every fissgion for one absorbed neutron two and more . .
neutrons are liberated, i.g., the reaction bears a chain nature.

From the total energy which is 1{berated during the realization Lo ]
of the chain reaction of the fission of heavy nuglei about 80§ of ! .
4 ‘ it is converted into thermal, ‘and the' remaining 20% is 1liberated : -
in the form of ionizing high-energy radiation. The ionizing
radiations generated in a huclear reactor can be used either oy
directly or for obtaining various radioactive isotopes, the

latter can also be liberated in large quantities from fission

products. s . Ll !
. : i : .

w ot o»

Thus as a result of conducting'a controlled chain reaction ‘ ) 4
of the division of the nuclei of heavy elements colossal quantity '
of heat energy is liberated, Antensive flows of the ionizing i
radiations of high energy are generated, and radioactive isotopes B
are obtained. At the presént time as a result of the large ! : 1
number of the works e€xecuted by scientists, engineers, and other , ‘ ’
H specialists, promising trends have, been revealed and paths have ! !

been found for the utilization of nuclear energy, radiations, ' ' 1
: and isotopes” in industry, agriculture, medicine, and scientific
investigations. s i !

n i ) " e [
e
L
-
— ¥

: ) C . : ' ' !
% Thus, for instance, the radioactive Isotopes which are :
: formed in a nuclear reactor found'wide application as "tracer
elements"” for investigations in: the most diverse branches of
science and engineering, medicine, and agriculture (research on ;

k ' the mechanism of chemical reactions,' diffusicn and self-diffusion; ‘

s
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study on the wear of tools and parts, the assimilation of fertil-

izers oy plants; the diagnostics of a number of illnesses;

xradiotherapy; the study of the migration of agricultural pests,

" ete.). Along with use for research purposes the radioactive

f ! i%otoﬁes of a number of elements are used in significant quantities
-for the creation of small electric power installations (with a

] t power up to 100 W) in which the energy liberated during radiocactive

R hecay is converted into electrical. Such current generators find

i ; use as the power packs for ground (radio beacons, weather bases,
A o seismic stations set up in almost inaccessible places, etc.) and
y also for space equipment (satellites, interplanetary probes).
Finally radiocactive isotopes are used for the creation of the i
o+ ' bowerful radiation sources used in radiochemiczl processes, for :
the sterilization of medical equipment and materials, for the
) extermination of insects on grain, preservation of food products, 2
s : efc. Recently there has been wlde discussion on the possibilities

of chemlonuclear synthesis, l.e., the conducting of radiochemical
’ reactions directly in the nuclear reactor core under the influence
5 of fission fragments.

—————

There is no less value in the use of isotopes in measuring
tecdhnology, especially, for the creation of devices for the I
checking and control of different industrial processes. The ‘

‘characteristic properties of radioisotope sets are noncontact
i measyrement, low degree of inertness, high-performance, and
‘ stability. Level gauges, tachometers, sensors of small movements : ﬂ
and vibrations, thickness gauges, pipe-thickness gage, desiometers,
) % ; manometers, gas i{lowmeters, hygrometers for solid and louse
‘ materials, etc., with radioisotope =sensors are being produced.

Even the far from complete enumeration of the fields of
*application of radiocactive isotopes and radiations glves an idea !
about how widely disseminated atomic technology is in the different
fields of human activity. However, as it was noted, for isotopes
and radiation only about 20% of the energy which is liberated
. : in the nuclear reactor is expended; the remaining 80% is

i

’ o ! ym - -
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converted into heat. The most worthwhile method of the
utilization of heat energy is its conversion intc electrical, i
i.e., the creation of atomic electric power stations (AES) [A3C]. |

i
i
i
i
i

With an electric power of reactors of 600-1000 thousand KW
the atomic power stations become competitive in relationship to
the contemporary thermal power plants of analogous power.
Apparently in the Soviet Unilcn, in reglons with expensive fuel,
nuclear power engineering after 1980 will become one of the
fundamental development trends of power engineering.

The development of atomice technology in all its diversity of
uses, and especially the development of nuclear power engineering
and the building of the powerful 1sotope radiation sources, )

'substantially influenced the electrical insviating and cables ; ‘
induscry. ’ E

L ——

«

Actually cable products, for example, fulfill a double
funetion. On the one hand they serve for the delivery of electric
powef supply to various sets and equipment which enter the system
for control and protection of a nuclear reactor or isotope
radiation source; on the other hand, over them information 1is
transmitted from different sensors to the system of automatic
regulation or to the desk of operator and the subsequent trans-
mission of instructions to final mechanism. In both cases cable
products, at least a certain part of them are lald out in the
zone of influence of ionizing radiations.

Sometimes the specifics of utilization of cable and otuner
electrotechnical products in reactors or isotope installations
are not limited only to the presence of ths flows of lonlzing
high-energy radiation, they are characterized by the combination
of irradiation with the acticn of considerable temperatures. 1In
a number of cases in addition to the two factors there are others,
for example, the periodic raising in humidity, fluctuation of
temperature over wide limits, ete., which still further complicate

FTD-MT-24-1916-71 xii




the operating conditions. The use of nuclear powerplants aboard
ran-made satellites or spaceships introduces into the features
enumerated above of the operating condifions near a radiation
source all the specifics of space - high vacuum, ultraviolet

and corpuscular radiation, etec.

As a result it is necessary to develop cable producia on
the basis of materials which are sultable for prolonged exploita-
tion under very complex conditions which are specific for the
uses in question. It is evident that such a development should
precede the selection of materials not only on the basis of an
analysis of their electrophysical, physicomechanical, and
technical properties, but also taking into account the changes 1in
the majority of these properties during irradiation under certain
conditions. In other words the determining factor becomes the
radiation stability of the material. The inclusion of this factor
in the examination during the analysis of the fitness of electrical
insulating materials used in cable technology for exploitation
under such specific conditlons substantlially narrowed their
nomenclature and stimulated searches, and sometimes also the
development of new materials which correspond to the more complex,
as compared with usual, requirements. The study of the properties
of materials which were not being used in cable technology, the
design elaboration of cable products with the use of suchfmateﬁials,
and the creation of the technology of their preparation made it
possible not only to solve the concrete problems ir the field of
atomic technology, but also to rise cable technology to a new
stage, having enriched its possibilities in respect both to the
assortment of utilized materials and the arsenal of technical
methods and means. ’

Thus the introduction of concepts and methods of radiation
material study into the custom of specialists in the field of
eleztrical insuiating and cable technology is a natural refelction
of the development of contemporary science and technology, it
sinulates the further perfection of cable technology relative to

FTD-MT-24-1916-T1 xiii
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the demands not only of atomic industry, but also other rapidly
developing branches of the national economy.

On the other hand, precisely the development of nuclear
power engineering and reactor engineering required the conducting
of the systematic studies in the field of radiation materials
behavior, i.e., the study of the processes which proceed in
various materials under the infiuence of ionizing high-energy
radiation, and also the changes in the properties of materials
during irradiation. The data obtained during the conducting of
such studies showed that in certain cases lonizing radiations can
be used as a unique instrument for a directed change in the
properties of initial materials. The irradiavion of some materials
by lonizing radiations under specific conditions makes it possible
to change the properties of the initial material in the required
direction, i.e., to modify the material w.thout introducing
into its composition any supplementary ingredients. As it was
explained, the methods of radiation modification in the rirst
place are applicable to electrical insulating materials on the
basis of synthetic polymers. Thus the perfection of atomic
technology and the obtaining of powerful sources of the icnizing
radiations opened supplementary possibilities iu cable technology,
it permitted the creating of new electrical insulating materials
with improved properties by means of the radiation modification of
the generally used synthetie high polymers.

Jr————

The presence of such an interrelation between atomic and ?
P ) cable technclogy 1s completely regular and its reallization
' facilitates the more rapid and fruitful development of these _
branches of knowledge. . €

Fer the realization of methods of the radiation modification
of materials on industrial scales it 1s possible, and in certain
cases even more advantageous, along with a nuclear reactor of
an isotope source to use an electron accelerator as the generator {

P FID-MT-24-1916-71 v
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of radiation. Under conditions of industrial production fcr
processes which requiire the significant irradiaticw dose at a

high dose rate, the bundle of accelerated electrons has explicit
advantages over the gamma-irradiation of an isotonje source. The
scales of utilizatlion of accelerators for industrial purposes

are noticeably increasing. Thus based on data for 1966 of the

1800 accelerators which have been built and are operating in

more than 40 countries of the world, more than 100 accelerators
are used in industry; in the USA alone for the conducting of

one of the most develope¢ and promising of radlochemical processes-
the cross-linking of polye<thylene and other polyolefins into
products (wires and cables, packing film, insulation tubes, etc.) -
36 accelerators are used.

The prospect of the use of the methods of radlation modifica-
tior. for increasing the heat resistance and reliability of
polyolefin insulation of wires and cables is confirmed by the
systematic growth in the production of suech products abroad,
especlally, in the USA, and also by the utilization of such
irradiated insulation in cable products of ever greater nomenclature
(wiring leads, coaxial cables, power and high-voltage cables, etc.).
Thus today wires and cables with insulation from irradiated
polyethylene and 1ts copolymers are produced by the following
firms: "Raychem. Corp," "General Electric Co.," "Electronized
Chemicals Corp.," "Radiation Materials Inc.," "Anaconda Wire and
Cable Co.," "Supernant," "Radiation Dynamiecs Inc.," and others,
whereupon, according to the Atomic Energy Commission of the USA,
the total volume of production in 1963 in terms of money was
13 million dollars, in 1964 - 27, in 1965 - 40, and in 1966 70
million dollars was planned.

The radiation chemistry of polymers and i%s practical use
in various aspects obtained wide development in our country. A
number of radiochemical processes have already been brought to
the stage of industrial testing, and an even greater number is
found on the threshold of this stage.
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In the next two or three years ‘radiochemical processes will
be introduced intensively into industrial production. Therefore,
it is important that the specifies of radiation technology and
the possibilities appearing during its wide utilization would be
| equally clear to the workers in the branches of industry which
master the output of radiation-modified products and which use
them.

The purpose of this work is to acquaint a wide circle of
technical-engineering personnel, in the first place of the
electrotechnical and radio engineering industry and their
consumers, with the basic concepts of the radiatior chemistry of
polymers and radiation materials behavior and the systsmatization \
r of the necessary minimum of information for independent wourk
} with original literature, and also the reflection in an
accessible form of the contemporary level of development of the
industrial use of radiochemical processes for the modification
of electrical insulating polymeric materials.

——
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CHAPTER I

THE PHYSICOCHEMICAL BASES FOR THE USE

OF IONIZING RADIATIONS FOk THE
MGDIFICATION OF PROPERTIES OF EZLECTRICAL
INSULATING POLYMERIC MATERIALS

FORMS OF IONIZING RADIATIONS, METHODS
OF GENERATING THEM, AND PECULIARITIES
OF THE INTERACTION WITH A SUBSTANCE

The terms "ionizing radiations" and "high-energy radiation”
are applied both to corbuscular radiation, i.e., to particles
N moving at high velocity - to fast electrons or B-particles, to
% rapid protons, neutrons!, deutons, and a~particles, and to short-
: wave electromagnetic radiation - X-ray and y-rays; the latter ;
can be considered as particle flux (quanta of high energy).

- Let us examine the nature znd proper.ies of ionizing
radiations, the methecds of obtaining them, and also the peculiarities Y
«f interaction with a substance.

< 1Strictly speaking, neutrons do not directly cause the

= ionization of the atmosphere in which they are disseminzted,
however, they make a notlceable contribution to ionization as
a result of seccndary effects.

FTD-MT-24-1916~71 1
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The Interaction of Fast-moving Charged
Particles with a Substance

A charged high-energy particle spends its kinetic energy as
a result of the electric (Coulomb) interaction with the bound
electrons of the atoms of the absorbing material (the absorber).
This interaction gives rise to the direct transmission of energy
to such electrons and to their transition into the excitation
levels of the corresponding atoms or molecules. If these levels
lie higher than the ionization potential of the given atom (or
molecule), then ionization occurs; if they are arranged lower
than the ionization potential (in a bound state), then an exicted
atom (or molecule) is formed. Since the dimensions of the
nucleus are considerably less than the dimensions of the atom,
and the action of nuclear forces is manifested only at very
small distances, the power loss by an incident particle as a
result of collision with nuclel ls less probable than as a result
of an interaction with electrons.

When a charged particle passes near a bound electron the
magnitude of the energy transmitted to it depends on the particle
velocity and minlmum distance at which it approaches the electron
(the so-called "impact parameter"). The Coulomb force of the
interaction between the inclident particle and electron is
proportional to the product of the charges of the interacting
particles divided hy the square ¢f the distance between them. The
magnitude of the pulse transmitted to the electron is- determined
by the product of this force and the duration of interaction,
i.e., 1s inversely proportional toc the velocity of the incident
particle. ‘

If the velocity of motion of the particle is less than the
orbital velocity of the electron in the atom of the absorber,
then it can capture this electron from the atom. During the
further passage of this particle through the substance of absorber
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the electron captured by it can again be stripped, or charge
transfer (charge-exchange) can occur between the atom of the

absorber and particle.

The power loss by the charged particle with mass M (greater
than the mass of the electron) per unit of path length for
ionization and the excitation of the atoms of the absorber for
the nonrelativistic! range can be expressed by formula [1]

i saet a2y
. dx me 8, (1)

where E ~ the kinetic energy of the particle; x - the path length
of a particle with mass M in absorber; e ~ the electron charge;
ez ~ the charge of the incident particle; N - the number of atoms
in 1 cm3 of absorber substance; Z - the atomic number of the
absorber substance; m -~ the mass of the electron; v - the particle
velocity; B - the slowing-down coefficient. The slowing-down
coefficient B is a logarithmic function of v and Z2. Therefore
the dependence of dE/dx on the particle velocity is determined
basically by the multiplier l/vg. Logarithmic function B weakly
influences the dependence of the losses of energles on the

atomic number of the absorber. Therefore in the case of constant
velocity the magnitude dE, dx is practically proportional to the

'i.e., when the velocity of the incident partiecle 1is
conslderably less than the speed of light.

2Thé slowing~down coefficlent B can be calculated according
to the formula

X
Bapni%~—mu—¢a-y]a

where I ~ the average excltation potential of the substance of
the absorber; B = % (¢ - the speed of light in a void).

For nonrelativistic energies (at 8 = 0) the expression for

B is simplified:
2ms?

Be=2Mn

{
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product of NZ, 1.,e., the electron density of the absorber.

The kinetic energy of the particle diminishes to the level
of thermal (~0.025 eV) after the passage of a determined thickness
of material which is called the particle path: the magnitude of
the path 1s frequently expressed in units of surface density
(mg/cme).

Electrons

The electron is a negatively charged particle. The rest mass
of an electron comprises 1/1837 the rest mass of a proton; the
electron possesses a charge of 4.803 x 10710 egu. The positron .
possesses exactly the same mass as the electron, but has a

positive charge; it can be considered as an antielectron[2].

Depending on the nature of the process leading to the
appearance of a free electron, it is possible to introduce the
following classification.

B-particles are electrons of the high energy which are formed
during radioactive decay; “he electron in this case 1s emitted by
the atomic nucleus. The energy spectrum of B-particles emitted

- during radioactive decay 1s continuous: from zero to the certain
peak value of energy, characteristic precisely for the given form

) of decomposing nuclei (so called the upper bound of the B-spectrum
h of the given radiocactive isotope). The mean energy of a g-particle
comprises about 1/3 from the maximum energy of electrons emitted
in the decay of the given radiocactive 1lsotope.

The eathose rays are electrons emitted by a heated metallic
filament (the cathode); they can be accelerated to any required
energy. Actually all high-energy electrons obtained with the
help of special electrophysical devices - accelerators, are
cathode rays, however this term is usually used only relative to
k electrons of relatively low energy.
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Compton electrons are formed during the interaction of y-
or X-rays with tia avomic electrons of the absorber. The energy
of Compton electrons is chonged over wide limits: beginning from
zero and ending with an energy almost equal to the ineident radiant
energy.

8-rays are secondary «lectrons which are formed within the
limits of the track of the lonizing particle and which receive
from it a certain fraction of energy; their zone of action is
localized near the particle rrack. The energy of d-rays fluctuates
over wide limits: from several electron volts to a maximum which
can be transmitted by an incident particle to an electron with
the observance of the laws of conservation of energy and pulse.

Photoelectrons are formned during the interacticn of the x-rays
or y-quanta of low energy with the bound electrons of the atoms
of the absorber as s rusult of photoelectric absorption (ﬁhoto-
effect). The kinetic energy of a photoelectrén 1s equal to the
total energy of its dislodged x-radlation or y-guantum with the
deduction of the binding energy of the electron in the atom at that
level from which it was removed.

The electrons of internal conversion are formed during
interaction of y-quantum emitted by nucleus in the act of
radicactive transformation with the electron of one of the
electron shells (K-, Z- or M-shells adjacent to the nucleus of
the same atom.

The physlcal aspects of the interaction of electrons with
a substance are recuced to the following.
v
Electrons of not very high energies (several magaclectronvolts)
spend their energy up to complete deceleration, basically as a
result of manifold successive inelastic collisions with the atomic
electrons of the absorber.
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During inelastic interactions in the case of the collislon
of incident electrons with the orbital electrons of the atom
the energy is expended for excitation and ionization of the atoms
of the substance (ionization losses); and during their abrupt
deceleration in the Coulomb field of fhe nucleus - for the
generation of siowing-down x-radiation (radiation losses). The
lonization losses of energy of electrons are described by a .
somewhat modified equation (1) for the loss of energy for ionization ;
and excitation. . - B
The difference in the behavior of electrons and of heavier :
charged particles lies in the following. A heavy particle (see
below) during every collision ﬁith an electron loses a comparatively
_small bért of its kilnetie energy and as a result it does not
ﬁsubstantialiy change the direction if its movement, i.e., itS’path
in the substance is practically a straight line. If the incident
particle is the electron, then it is considerably!defiéctéd from
the original direction of movement and its path in the abSorQer is
very meandering. o o . ' "

K 4
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Radiation losses (the emission of "braking radfation") make
up a significant portion of the tofal’energy losses when the
velocity of electrons is -close to the speed of light. The 1
relationship of radiation and 1onization'1bssesJcén‘be‘described ' -y
approximately by the equation '

=

(-2 a0 ¢2) -
dx /ionization . : . 1

(_QE -2 . )
dx/radiation EZ - . #

where E - the energy of the electron, MeV; Z -~ the atomic number -
of the absorbing substance.

Radiation losses are higher, the higher thg energy of the
electrons and the greater the atomic number of the absorber. For
instance, during the braking of electrons with an énergf of 15 MeV
P in carbon (Z = 6) radiation losses make up 10% of 1onizatiqn,lossé§.

.
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Protons, Deutons, a-particles, Helium
Ions, and Other Heavy Particles
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The heavy ionizing high energy particles are obtained mainly
with the help of special physical devices - the accelerators of
charged particles, with the exception of a-particles which are
emitted during the radioactive decay of the atomic nueleil of
some heavy elements which possess natural radioactivity.

The physiéal properties of heavy lonizing particles are
given in Table 1; there for a comparison the properties of a
neutron and of light particles (electron and positron) are given.

Table 1. The physical properties of ionizing
particles.
Rest mass Charge in units of.
Particle Symbol * (amu? 1 electron charge
Proton p or H* - 1.00728 1
Deuton a or DV 2.01355 1
a -particle (]
Helium ion He2+} . 00047 2
Neutron n 1.00867 0
Electron e 5.486-10°4 1
Positron e+ 5.486-10°4 1

lone (amu)(atomic mass unit) 1s equal ¢0_1/12 the atomic
mass of the isotope of carbon Cl2, .

The general regularities of the ébéorption of charged
particles in a substance are described in the beginning of this
section. As can be seen from expression (1), the loss rate of
energy by positive.ions does not depend on the mass of the particle,
but it 1s determined only by its velocity and charge: With equal
velocities of movément in a substance the ioss rate of energy
by tpe helium ions (Z = 2) is four times greater than by protons
(2 = 1). The ionization density generated by a heavy particle
in the sulstance along the lengtn of track is irregular and
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i increases up to its ends,: which is conditiocned by the 1oss of!

. - velgeity. | _

. - !
. During the irradiation of a substance by heavy charged
particles, as in the case of electrons, 6~rays are also formed,
i.e., secondary electrons; the majority of, the events of iOnization
and exeitation in the absorber is caused’namely by &-rays. 1
Maximum energy of §-rays, i.e., of secqndary-electrbns with mass

m which are fdrmed under ‘the action of heavy particles with

mass M and energy E, is’ determined by the rzlationship o

o mM.___ 4Em : (3)
Etm_x 4E(m+M)* TR o : .

p « .

f Since the maximum energy of Glrays is inversely proportional to,
the mass of the icnizing particle, the heavier particles give
’ rise to the formation of more compact and more intensive ;tracks.’

N $
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Neutrons : . .

—

Neutrons are distinguished from the wother forms of high- -
energy radiation in the first place by the absence of an electric
charge; neutrons do not,interact élect}ically with electrons end
atomic nuclei. Not being ionlizing particles in a literal sense,
neutrons transmit energy to the éurrpun@iﬁg substance mainly,
by means of elastic collisions with:the- atomic nuclei of the
absorber. Ionization and excitation in the substance, during
irradiation by high-energy neutrons are caused by charged recoil
particles. . X 1

2
1 !

A free neutron possesses radioactivity, having su?fered
g8~decay, it is: converted into a proton, whereupon the half-life
comprises 11.7 min [2, 3J; ; T i

) 3
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Depending on energy (dlso for convenience being expressed
in electron volts) neutrons are subdivided into several groups.
: H B ] . M
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Such a classification is quite conditional and with various
, authors does not always coincide.

Thermal neutrons. This group includes neutrons, the mean
kinetic energy of which coincides with the kinetic energy of
iparticles with a mass of 1(amu)at room temperature (i.e., about
0.025 eV and velocity on the order of 2200 m/s).

Epithermal neutrons. This group includes neutrons, the
energy of which is higher than the energy of thermal neutrons
but lower than intermediate. In this area of energies many
elenents possess high values of effective cross section of i
resonance capture.

Intermediate neutrons. This group includes neutrons, the
energy of which lles in the range of approximately 100 eV up to
100 keV. The recoil protons created by such neutrons barely
form secondary ionizing particles (threshold energy for formation
of §-rays by protons comprisés about 20 keV).

Fast neutrons. This group includes neutrons with an energy
above 100 keV.

The number of neutrons which intersect a given cross-sectional J 1

+ area in a unit of time is called the "neutron flux." If in the . |
system in question there is on the average n neutrons per 1 cm3,
whereupon each of them possesses the velocity v>(cm/s), then
the neutron flux comprises nv [neutron/(cm2~s)]. The total number ’ : l
of neutrons which are necessary for every square centimeter of :
the irradiated surface of the system i.e., the integral of
neutron irradlation, 1s obtained by means of the multiplication
oﬁ the neutron flux by the duration of irradiation:

, nvt (neutrons/cma) '

Neutrons are not encountered in a free state in nature and
their only source are nuclear reactions. The most powerful

-
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neutron source is the nuclear reactor. The neutron flux and
its energy spectrum depend on the type and dimension of the
reactor, and also on the level of power at which it works.
Furthermore, in different sections within the limits of the
| - giver. reactor the flux is different.

The classical neutron source is a radium-beryllium source,
in which neutrons are formed during the nuclear bombardment of
beryllium by a~particles of radium in che reaction

Beb 3~ L1t 4 gt .

.
-

or as it has been accepted to write down briefly Beg(a, n)clz.

Sl o B S

The neutron source can also be an ac¢celerator of charged

‘ particles. The neutron yleld in this case depends on the energy

E : of the particles which bombard the target and the form of the
nuclear reaction which flows in it. Thus a ¢éonvenient source
of raplid neutrons can be the nuclear reaction Hz(d, n)He3. The

3 i beam of deutons, accelerated with the help of Van de Graff

: electrostatic generator (see below), is directed to a target in

the form of ice from heavy water DZO' When using lons D+ with an

energy of 1 MeV the neutron yield comprises about 5-109 neutron/s

per 1 uA. of deutron current. By means of the irradiation of a

beryllium target by an electron beam with an energy above

2 MeV it is possible to carry out the nuclear reaction Beg(y, n)Be8
or Da(y, n)Hl.

Unlike charged particles and y-quanta, neéutrons in transit
through a substance interact mainly only with the atomic nuclei;
electrons hardly parclcipate in this process. Not having an
electric charge, a neutron can approach atomic nuclei at dis-
tances which are sufficlent for the development of nuclear forces
without possessing high kinetlic energy in this case, because it
does not experience repulsion on the part of the Coulomb field
of the nucleus. During the interaction of neutrons with a
P substance four fundamental processes take place: elastic and
)

10




inelastic scattering, radiation capture, the emissicn of charged
\ particles, and the nuclear fission of heavy elements,

During elastic scattering the kinetic energy of neutrons
will be redistributed between impinging neutrons and nuclei with '
which the suffer collision; with this the energy will be g
redistributed in accordance with the laws of classical mechanics -~ ‘

inversely proportional to the masses of the colliding particles.
Thus during the collision of a neutron which possesses energy

E with a nucleus which has mass M the recoil energy Er can be
changed from zero to the peak value determined by the equation

M
Eommogiom & )

The average energy of recoil comprises approximately half the
maximum energy; for instance, during neutron scattering by

{ X protons (M = 1) the average energy of the recoil protons is equal
to half the energy of impinging neutrons.

T

During inelastic scattering part of the kinetlc energy of T
the neutron is spent on the excitation of the nucleus, therefore

the neutron in such a process loses more energy than durling
elastic scattering.

Both the examined processes of interaction are characteristic
mainly for rapld and partly for intermedlate neutrons. As a resuit
of the manifold consecutively flowing scatterings in the sub-

- stance the neutrons are slowed down.

In order to describe the process of the interaction of
neutrons with a substance, tiaey introduce the value of the
effective cross section of the nuclear reaction ¢, being expressed
k N elther in square centimeters or in barns (1 barn = 10-24

cm2) -
the method of expressing the probability of the course of the
given reaction. The numerical value of magnitude o as a rule does
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not agree with the geometric cross section of the nucleus (cal-
culated on the basis of the known radius) and can be both
considerably less and much more than it.

When a neutron collides with a nucleus and 1s implanted in
it a compound nucleus 1 formed. If such a process flows with
the participation of the thermal neutron, then in most cases the
excitation energy of the compound nucleus is too low for the
emission of a charged particle; therefore nucleus passes over
from excited state into fundamental by means of de-excitation of
y-quanta. On this foundation such a process is called
“radiation capture."

For thermal and epithermal neutrons the probability of the
process of radlation capture is determined by the specific .
properties of the nucleus. In general the value of ¢ is inversely
proportional to the velocity of the neutron: o~-%(~;7&r). Such
a relationship is conditioned by the fact that the duration of stay
of the neutron near nucleus, - which determines the probability
of an interaction, is proportional to 1/v. However, if the neutron
energy somewhat exceeds thermal, then another process called
"resonance capture" becomes more probable. In the range of
neutron energy 0.1-1000 eV the dependence of the magnltude o of
radiation capture on the neutron energy E for many elements has a
clearly expressed maximum. The physical, sense of this phenomenon
consists of the following: if the energy of excitation of the
compound nucleus which is formed irom the bombarded nucleus and
neutron is equal to the energy of one of its quantum quasi-
stationary states, then reaction c¢ross section of the neutrons
which possess precisely this energy increases a thousand times.

The nucleus can capture a fast neutron and emit a charged
particle. Reactions of this type are characterized by a specific
energy threshold of neutrons (specifically it can be equal to
zero). With an energy which exceeds threshold, o reactions
practically do not depend on the neutron energy. For the emission

12
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of a positively charged particle (proton, deuton, or a-particle)
from the nucleus it is necessary that it possess sufficient energy
for overcoming the binding energy in the nucleus and passage
through the potential Coulomb bLarrier.

The nuclei of some heavy elements (U235, U233, PU239) during
the capture of a neutron and the formation of an exeited compound

nucleus do not return fo the ground state with the emission of
y-quanta or a charged particle, but decompose into two fragments
with the emission of several excess neutrons (the process of
division). Since the values of the relationship of the content

of neutrons and protons in both fragments are obtained somewhat
higher than mean values for stable nuclei, many fission products
prove to be radioactive. During successlive radioactive trans-
formations these fragments pass over into a stable state. y-quanta
are emitted both during division and during the radloactive decay
of the fission products formed.

Electromagnetlic Radlations

The electromagnetic radiations which are of interest during
the study of radiation effects in o substance include y~- and
x-rays and bremsstrahlung radiation.

Y-radiation emerges during intranulcear processes, for example,
during the radioactive décay of an exeited nuecleus after neutron
capture. Such y-radiation is monoenergetie, although some nuclel ‘
can emit y-quanta, and not from one, but from several levels , {
(the nucleus of Co 0 for every event of y-decay emits two y-quanta ‘
with energies of 1.17 and 1.33 MeV).

Roentgen rays are formed during the interaction of charged (
high energy particles with a substance. They appear as a result
of two effects. The first effect consists of the destruction of
the atom of the target by an incldent electron, whereupon the
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atomic electron is dislodged from the shell adjacent to the
nucleus. With the filling of this shell with electrons from
adjacent shells arranged further from nucleus x-radlation is
emitted. These x~rays have a discrete spectrum which corresponds
to the energlies of transition between electronic levels in the
atom of the irradiated element. The second effect ~ the loss

of energy by electrons during slowing down in the Coulomb field
of the nuecleus -~ gives rise to the generation of bremsstrahlung
which 1is characterized by a uninterrupted energy spectrum.

WWWW% ”ﬁ “L. : i) W u
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A number of sources of electromagnetic radlation exist. The
simplest is the x-ray tube which works over a range of voltages of
50-200 kV. High flows of bremsstrahlung when using adequate
targets can be obtained in electron accelerators (electrostatic
i generators, betatrons, and others). As sources of y-radiation
they frequently use the radioactive isotopes C060 (half-life
F 5.3 years) and 03137(ha1f-11fe 30 years), which emit y-quanta
with energies of 1.25 MeV (average) and 0.66 MeV respectively,

u . and also the spent fuel elements [tvely] (Tteanu) from reactors with a
large neutron flux. Finally a y-source of high intensity is the
radiation circuit of a nuclear reactor.?

«,

The process of absorption of electromagnetle radiation has
- its characteristic properties. In contrast to charged particles
electromagnetic radiation does not have a specific path length
in a substance. The charged particles spend their energy during
manifold successive collisions, i.e., in small portions; slectro-
' magnetic radiation, independent of the mechanism of interaction
with the atmosphere, is absorbed in one event and is finally lead
out from the beam which 1s disseminated in the substance, or it
1s scattered and changes direction of movement, whereupon 1ts
energy diminishec (incoherent scattering). This means that the
number of y-quanta, absorbed in a layer of substance with a

A 'WWﬂmMWWWIWMWWWWWNMWMMWMWWWMMWWWWW%WIMHWMW Bk
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1Sources of the ilonizing radiations are examined in more
detail in Chapter V.

T

14

| )
i . “ -

B T o




thickness dx is proportional to this thickness and to the number
of y-quanta incident on the substance. The absorption of
electromagnetic radiation is described by the equation

I= soe-"‘x. (5)

where'\']o - the incident radiation intensity; J - the intensity of
radiation after passage through a layer of substance with thick-
ness x; y - the linear absorption coeffiecient in the given
absorber. '

The interaction of electromagnetic radiation of not very
high energies (<10 MeV) with a substance of small atomic number
consists almost completely of the interaction with electrons.

: Three fundamental processes of interactions are distingulshed
f (Fig. la, b, ¢).

Fig. 1. The processes which flow dur-
ing interaction of y~-radiation with a
substance: a) photoelectric absorp-~
tion; b) Compton effect; c¢) formation
of electron-positron pair.

. Recoil electron

Electron

Ny
-’—-———Q}— Atomic nucleus
\ Positron
c) \
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Photoelectrice absorption. This phenomenon makes the
fundamental contribution to the absorption of x-rays and y-
radiation of low energy. During photoelectfic absorption the
radiation, interacting with a bound electron, dislodges (see
Fig. la) it from the atcm (usually from the K- or L-level). The
kinetic energy of the dislodged electron is equal to the difference
between the quantum energy of radiation hv and energy EB of the
bond of the electron in the atom

E,_ =hv—E,. (6)
? The vacant place which remained in the electron shell after the
emission of the photoelectron 1s occupled by an electron from an ‘e

1 adjacent shell; in this case a new vacant place is formed and
the process 1s repeated many times. Such electron transfers are
accompanined by the emission of quanta of characteristic

» (fluorescent) x-radiation.
The effective cross éection of the interaction Op of this
process can be expressed by the following equation 1
28
cAzKﬁ. ) (7)
where K - empirical constant; hv - thé quantum energy of radiation.
L From equation (7) it is evident that photoelectric absorption is

developed most strongly in heavy elements during irradlation by .
quanta of low energy.

Compton effeet. This phenomenon consists of the interaction
of y-quanta with a free electron.! The incident y-quantum transmits

as compared with the ionlzation energy of the atoms of the
scattering substance, therefore scattering can be considered as

k lUsually the energy of the impinging y-quantum is very great
a process whlch flows with the participation of free electrons.

-
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part of 1ts energy to the electron which escapes at an angle ¢
in the incident direction of tne y-quantum (see Fig. 1b). The
scattered y-quantum, having lost part of the energy, also changes
direction of movement by angle 0. Energy of the scattered y-
quantum E' 1s bound with its original energy Eo and angle O by
the approximate relationship

E' =051-e— B0 __ (8)
0,31 + Eo (1 — cesh)

The y~quanta scattered as a result of the Compton effect
interacting with substance, continue to lose energy further. The
final stage of their disappearaice 1s usually photoelectric
absorption. The energy of the recoil electron Ee is practically
equal to the energy difference of the original and scattered
y-quanta.

It 1s essential to note that during the Compton effect a
Y-quantum with low energy transmits to the recoll electron neglible
enérgy, whereas a Y-quantum of high energy can transmit to the
electron almost all its energy.

The formation of an electron -~ positron pair. If the enefgy
of the Y-quantum exceeds 1.02 MeV (2m0c2), the process of pair
formation is possible (see Fig. 1lc¢). The formation of pairs
should occur in the Coulomb field of the nucleus. The energy
difference of y-quantum and the energy which corresponds to the
rest mass of the palir of formed particles passes over into the
Kinetic enérgy of the palr. The process of palr formation is
accompanied by the annihilation! of pssitronsand electrons, during
which an energy of 2m0c2 is communicated to two vy-quanta of

annihilation radiation (each with an energy of 0.51 MeV).

!Annihilation is the interaction of a particle and anti-
parcvicle which is accompanled by their transformation into cother
particles, wheraupon the general mass, energy, pulse, and charge
of the system are preserved.

17

R ==

=S Y




The probability of the process of pair creation lncreases
proportionally to the logarithm of the energy of Y-quanta and
the square of the atomic number (Z2) of absorber. Therefore this
process acquires the greatest value for materials .containing
heavy elements.

A

1 The process of total absorption of v-quanta represents the i
sum of all three effects: photoelectric sbsorption, dominate
for x-rays and y-radiation of low energy, the Compton effect,
which has the greatest value for Y-quanta of 1ptermediate energy.,
and the process of formation of an electron - positron pair, in
which mainly Y-quanta of very high energy participate. The
relative contribution of each of these processes for water and

! carbon is shown in Fig. 2a, b.
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. Fig. 2. The contributions of the photoeffect, Compton
) effect, and pair formation to the mass absorption
+ coefficient u/p during the absorption of eléctromagnetic
. radiations of different energy for water a) and for
carbon b): 1 - Compton effect; 2 - palr formationjy
3 -~ photoeffect; 4 - total absorption.
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BASIC RADIOCHEMICAL PROCESSES TAKING
PLACE IN POLYMERS DURING IRRADIATION

The effect of ionizing radiations gives rise to such
substantial changes in properties of a substance that these
changes acquire noticeable valug even.in purely technical
applications [4-8]. The initial cause of the change in the
properties of a substance during interaction with high-energy
radiations is the onset of a varying kind of disarrangement of
structure (defects in the crystal lattice and processes induced
by radiation). Today the following conditional classification
of such disarrangements has been accepted in the general sense
of the word: a) vacant sites (vacancies); b) atoms incorporated
in interstices (intrusion); c¢) thermal peaks; d) impurity atoms;
e) the effects of ionization and excitation; f) pedks of dis-
placement; g) disarrangement induced by collisions during
replacements. Let us examine briefly the fundamental features of
the disarrangement of the indicated types.

Vacant sites (vacancies) can be formed during the collision
of fast neutrons, fission fragments of nuclei and other fast
particles with atoms in the erystal lattice of the substance.
Usually the energy of the recoll atom proves to be sufficient so
that during subsequent collisions it could create additional
vacant sites.

Atoms incorporated in interstices (incorporation) are the
atoms which were displaced from equilibrium,-stable positions
in the lattice; 1f they do not recombine instantly with adjacent
vacant site, then they can remain for a sufficiently long time
in an intermediate, unstable position.

Thermal peaks. The disarrangement of a structure of this

type 1s conditioned by the vibrations of lattice points. Vibrations

appear along the track of the fragment of the nucleus which
emerged during division, or of a charged atom (ion) which has

19

. T




R . vf—f"w ‘.’ — vy

been dislodged from its place in the lattice. The lifetime of
such a high-temperature area (with a temperature of about 1200°C)

which encompasses several thousands of atoms can comprise 10'11-

-10"10 ¢,

Impurity atoms are formed as a result of the neutron capture
by the atomic nuclei of the initial substance or as a result of the
nuclear fission of atoms of heavy elements.

The effects of ionization and exeitation aré conditioned by
the interaction of charged particles passing through the substance
with the atomie electrons. In many solids ionization and excita-
tion are accompanied by the breaking of chemical bonds, by the
formation.of free radicals, atomic and molecular ions, by the
appearance of color, by the onset of nonsaturatlon, etc. These
effects are most characteristic for dielectrics, ionic crystals,
glasses, and polymers.

The peaks of displacement are formed in the final section of
the path track of a fast moving atom. Calculations show the
following [9-10]: -when the energy of a fast moving atom becomes
lower than a specific threshold the mean length o:rﬁhe_mean free
path between the successive collisions which cause displacements
approaches in order of magnitude to the distance between atoms. As
a result every collision gives rise to the formation of a displaced
atom, and the final section of track represents an area which
encompasses several thousands of atoms, in which during a very
short time the local melting of the lattice and the intensive
movement of the atoms of the lattice points cccur. This form of
disarrangement: is apparently important only for heavy metals.

Collision during replacements. 1If a collision between moving
incorporated atoms and the atoms of the lattice point leads to the
knocking out of the latter from their places and if the kinetic
energy of the ejected atoms is Insufficient to move them rapidly
from the vacant sites formed by them then they recombine with
these vacant sites, scattering thelr kinetic energy in the form
of the temperature vibrations of lattice [11].
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The contribution ¢of the indicated forms of disarrangements of
structure to the final change in the properties of a substance
during irradiation is not identical and it depends strongly both
on the features of tne substance itself and on the conditions of
irradiation, especially on temperature. The latter fact is con-
nected with the possibility of the "annealing" of defects! which
substantially weakens the effect of irradiation in solids. The
fundamental forms of the disarrangement which appear during the

T Y T ———e——y— —

effect of radiation of high energy on solids are shown in Fig. 3.

Fig. 3. The fundamental mechanisms for radiation
disarrangements: ~1-1-1 - ionization; o =~ the
formation of vacant sites; x - displacement in
the intersticdes; s - impurity atom; n - path of

] . neutron; 1 - ‘the path of particle after the first
) collision; 2 ~ the same after the secondary

" collision; 3 - the same after tertiary collision.

Cf all the forms of disarrangements of structure indicated
: above for condensed organic systems the most characteristic are
; the effects of ionizaticn and excitation, therefore below they
will be examined more comprehensively (see also {12-1T7]).

!By ann2aling is understood the heat treatment of a material
in a specific temperature-time regimen.
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The Fecularities of Radfiochemical - ) . _ :

Processes ) !

Radiochemical processes are distinguished in prineciple from
photochemical, belng also inltiated by electromagnetic radiation.
This is manifested ih a geries of specific ‘features caused by
substantial differences in energles of light ‘quanta and ionizing!
radiations. ) '

If the absorption'of one 1ight quantum gives rise to the
primary excitation of only one-unique molecule of substance, then
ionizing radiation (y~quantum, high-énergy electron, and others)
spends its energy in the’ <usorber by means of excitation and
ionization of a large number of molecules. Under the photo-
chemical effect the excited products are distributed in the bulk
of the irradiated substance:randomly, whereas under radiochemical
they are localized in clots along the track of the ionizing
radiation in the substance. Finally the absorption of light
quantum converts a molecule dnly in one-unique of its several
possible excited states while the passage of ionizing_radiation
through the substance can be accompanied ty the conversion of
many molecules into all the possible excited stateg permitted

H

i
for them, and also by the formation of molecular ions. 'This shows

that the initial state of the systeh after the termination of
irradiation is substantially more complex during radiation
exposure than during photochemical. . t 1

i ¥ ! .
The Distribution of Events of Ionization '

and Excitation‘in the Bulk of the ] ; :
Irradiated Substance. L i . :

. : :
X-radiation or Y-radiation, interacting with the substance
by means o) creation of an’ electron - positron pair, by the
mechanism of the Compton effect or photoelectric absorption
causes the formation of fast electrons in it. . The direct
irradiation of a substance by accelerated electrons is naturally

i)




reduced simply to their introduction into the irradiated system.
Heavy charged particles (protons, a-particles, etc.) lose the
greater part of their energy in the irradlated substance,
accomplishing ionization and molecular excitation, i.e., trans-
forming it finally into the energy of fast electrons; neutrons
spend their energy according to the same mechanism, forming
heavy charged particles (recoil atoms, fission products) or
generating y-radiation (radiation capture).

Thus the chemical action of high-energy radiation is almost
completely accomplished by rapld electrons independent of the form
‘of primary radiation._

True the nature of the distribution of the initial events
of ionization and excitation along the track of the ionizing
_particle in the irradiated substance to a certaln extent depends :
" on.its individual peculiarities. g i

The action of y-radiation is basically reduced to the
formation of Compton electrons, whereupon the points of primary
ionization are sufficiently far apart from another. For practical § 1
purposes it 1s possible to consider that Compton electrons are é Y

distributed in the absorbing substance according to a random law.
" As a result of the Compton effect and photoelectric absorption i
' of y-radiation in light elements fluorescent x-radiation of )
r o . comparatively low energy is generated. The absorption of this ’ {
radiation is accompanied by the formation of photoelectrons of
. low energy near the place of the initial event of interaction.
! . 1 Th%se photoelectrons, as also Compton electrons, generate excited

polecules and ions.

: The interaction of fast electron with a substance leads to
the formation of secondary electrons, which also possess a .
sdfficient;y high energy and are capable of interacting with
atons or molecules. With energies below 100 eV, but higher than
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the lonization potential of atoms of the absorbing substance

(~10 eV) the ionizing and excitation events proceed at a very
small distance from primary ions (10 K in the condensed phase), )
forming clusters or clots which are usually called spurs. The é
spurs formed by é&-rays are z2losely spaced to one another since

their energy is less than the energy of primary electrons.

The greatest number of ionizing events in substance are
caused by low-voltage electrons; their energy finally falls to a
value lower than the ionizatvion potential of the medium and they -
can now cause only excitation. With the lowering of the energy
of the electron to still lower values (lower than the minimum
excited level of the absorbing substance)it is able to cause only s
intraatomic vibrations. When the energy of the electron is
lowered to the thermal level (~0.025 eV} it is seized by a positive
ion, as a result of which a highly excited molecule is formed.

On the basls of the described process of the loss of energy
the track of a fast electron can be presented in the form of a
successive series of small randomly arranged spurs divided
by intervals. Tracks of S-particles present an analogous sequence
of spurs which are formed according to random law, but arranged
closer to each other.

The nature of the tracks of heavy charged particles differs
somewhat from that described above, since the events of primary
ionization along the path of the particle occur at : con-
siderably closer distances to one another. The points of primary
interactions are arranged so close that they can be considered as
a solid column filled with ionized and execited molecules. Tracks {

of secondary d-rays which possess basically low energy are
branched from such a column. ; {

During passage through a substance the velocity of ionizing
particles is gradually lowered, the density of lonization
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created by them increases, and spurs are formed at increasingly
closer distances to one another. Close to the end of the tracks
the ionization density increases very strongly as a result of
the Bragg effect. Slowed-down heavy particles are captured by
electrons and are neutralized.

Primary Radiochemical Processes

The fundamental primary result of the effect of radiation of
high energy on a substance is lonization and excitation of atoms
and molecules, whereupon both the ionized and excited molecules
can generate free radicals.!

Schematically the processes of ionization and excitations
can be presented in the following manner:?

Ml M¥ +em, (9)
Moo Mot 4 2, (10)
Mo Mo, (11)
The positive ions which are formed in the track or spurs should

finally be neutralized. The probability of the formation of
negative ions in a medium of hydrocarbons as a result of the
"adhesion" of an electron to a neutral molecule is sufficiently
small and 1t does not have to be considered.

In general primary ionization leads to the formation of
molecular ion eitter in the normal or exclted state. If the ion
was formed in the excited state, then it can dissociate up to
recombination

M#* < A+ B, (12)

Pree radicals cre molecules or atoms containing an unpaired
electron ané pcssessing high reactivity because of this.

2In the given reactions the small zigzag arrow designates
the interaction of molecule M with the ionizing radiation, and
the mark # designates the excited state.

25

L T T PP R



*,.__v~7v—-——v——'f - - ~— - ¥ -y T — maad

ﬁ

where A+ and B can be the ion-radical and the free radical res-
pectively. Dissociation can also flow according to the mechanism
E of molecular disproportionation with the formation of a molecular
; ion and the molecule

M+ MF £ M. (13)

One of molecules M1 or M2 i1s unsaturated. . ‘

In a system containing molecules of two types the molecular
ion can be interchanged in charge with a molecule which has a
lower ionization potential:

Mif A~ A+ LM, (14)

4 With the recombination of the ion with an electron a molecule
is formed wnich is found in a highly excited state.

The behavior of doubly charged ions in a condensed system
can be developed in one of two directions. The first consists of
the splitting of the ion into two fragments, each of which is a
positive ion (the realization of this direction facilitates the
repulsion of both positive charges)

M2t o A+ § B, (15)
The second direction is reduced to the exchange reaction of charges
which leads to the formation of two singly charged molecular ions

' Meb M- 2MF, (16)

This reaction can flow in the case when the ionization potential 3
of formation of M2+ more than doubles the ionization potentall
of formation of M+.

The molecular excitation during the action of ionizing
high-energy radiation can occur by two paths. The first 1s the
already mentioned process of the neutralization of positive ions
by electrons or negative ions with the formation of molecules in

-—
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a2 state of high excitation. The second is the direct molecular
excitation during the interaction with high-energy particles.

The molecule is excited not in its separate parts, but as a whole,
whereupon in large molecules the subsequent reaction of its
transformation can flow in a sector which is consliderably distant
from the place directly affected by the exciting particle.

One ought to keep in mind that the original excitation
emerges mainly in electron levels, and the breaking or reconstruc-
tion of the bond of the molecule assumes the transmission of this
energy to vibration levels. Therefore precisely the probability
of the transmitting of electron excitation to vibration levels
also determines finally the direction of processes proceeding
in the excited molecule,

The excitatlion energy can also be transmitted from some
molecules to others.

The Secondary Radliochemical Processes

The secondary processes follow the events of primary
ionization and excitation and conditicn the final changes in the
chemical structure of the irradiated system.

Excited molecule M¥, fc-med as a result of the event of the
primary excitation or recomt .nation of an ion, can dissociate
into two radicals or into two molecular fragments

M®—~ Ry +R-g, (17)
M* e My M, ( 18)
Part of the excitation energy can be converted into kinetic energy
cf the products of dissociation. The radicals which possess
nigh kinetic energy are usually called "hot."

If the excited molecule M¥ dissociates into molecular
fragments, then the final products of the interaction of ionizing
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radiation with a substance (radiolysis) are also molecules. If
the process of dissociation into radicals occurs then the free
radicals formed can enter into reactions of the following funda-
mental types:

1. The reactions of recombination. These reactions flow
mainly in spurs where the concentration of free radicals is
very high:

Ra+Rg+ M, (19)
R‘x'!‘R',* Mz. (20)

The reaction (19), reverse of reaction (17), describes the pro-
cess of the recombination of free radicals and leads to the
formation of the initial molecule M, i.e., it does not cause
chemical changes in the system being irradiated. Reaction (20)
describes the process of the interaction of two free radiecals,
as a result of which a new molecule M2 which is different from
the initial is formed. The activation energy of the process of
the recombination of radicals is usually very low (and in a
number of cases it is equal to zero), but the influence of steric
factors can strongly decrease the probability of the course of
this process. The concentration of free radicals and their
mobllity are also important factors.

2. The reactions of disproportionation. Reactions of this
type usually flow with the transmission of an atom of hydrogen.
For instance, two ethyl free radicals, unliting according to
reaction (20), can form a molecule of butane

CsHey 4 G:H.y ~ CiHyy (21)
or disproportionate with the formation of ethylene and ethane

C:H-y + C:H-5 -~ CHy-+CiH,. (22)

The activation energy of such reactions 1is small, whereupon they
are strongly exothermic as a result of the liberation of the
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extra energy which is freed during the formation of double bond.
The reaction of disproportionation can also flow during the
1 interaction of the other various free radicals.

3. The substitution reaction. Free radicals can enter
into reactions with molecules of unsaturated compounds (both
directly in the spur and also beyond its limits) with the trans-
formation of this molecule into the free radical

R- 4 MH = M. -} RH. (23)

w

The values of the activation energy of reactions of this type are
T 7 5~10 Cal/mole, i.e., the necessary condition for their flow is
the exothermicity of the process. The Interaction of radical M :
with the molecules MH in reaction (23) would not bring any
{ ‘ changes into the system. Therefore the radicals M-disappear
during the recombination of radicals. Specifically, reaction

.

} Mok M-~ MM (24)

lies at the basis of the process of dimerization which is
frequently observed during lrradiation.

Besides those indlcated, several other reactions of free H
radicals are possible, namely: dissoclation, i.e., the decom-
position of radicals with the formation of new smaller radicals "
! and molecule, the addition reaction of radicals to the double
b bond of an unsaturated compound, the reaction of isomerization of

a radical, i.e., its intramolecular reorganization with the
change of positlion of free valence, and others.

Ionic-molecular and free-radical reactions will be examirned
more comprehensively in Chap. II.

N ———

E

S ———— =




v

-~

THE PECULIARITIES OF ACTION OF
TONIZING RADIATIONS ON POLYMERS

The substantial difference in the behavior of low-molecular
and high-molecular organic compounds during irradiation amounts
to the fact that the physical properties of polymers depend
strongly even on small changes 1in chemical structure. In order
to cause the aoticeable changes in the hydrocarbon molecule,
containing, for example, 20 chemical bonds, it is necessary
to change at least one bond, i.e., 5% of their total number. In
a long-chain molecule, containing, for example, 105 bonds, a
change in only one of them can double or cut in half the molecular
welght. Chemical changes in this case comprise a total of 0.001%,
put sometimes the physical properties change radically for example,
viscosity, elasticity, solubility, ete.

During the irradiation in polymers both reversible and
irreversible changes of properties can occur.

The primary action of radiation is reduced to jonization
and excitation of atoms and molecules which form the given
material, whereupon both these processes’ban 1ead to dissociation
and the breaking of chemical bonds with the formation of ions and
free radicals. Further the secondary processes represent the
result of the interaction of activated fragments of molecules
with each other and with the molecules of the irradiated
substance not affected by radlation [18]. Reversible changes
in propertles are conditioned by the presence in the materilal,
basically, of the initial products of the interaction of radia-
tion with the substance, whereas irreversible changes are the
result of those chemical transformations which occurred after the
completion of the reactions between the {nitial products and the

surrounding medium.

Reversible processSes in the first place are reduced to the
appearance of the induced (or radiation) electroconductivity as

30

e .
w * Y ————

i




well as to the appearance of properties analogous to the pro-
perties of semiconductors; these processes gradually disappear
after termination of irradiation.

Irreversible processes are conne.ced mainly with the chemical
changes in the irradiated system and they are reduca=d basically to !
the following effects.

1. Cross-1linking ~ the formation of cross carbon-carbon
bonds between the macromolecules of a linear or branched polymer;
this process leads to an increase in molecular weight, the forma-
tion of a gel fraction (the insoluble part of the polymer) which
nas a steriec structure, and to the corresponding change in the

4 physicomechanical and other properties of the polymer.

r 2. Degradation ~ the breaking of the main chain of the
polymer molecule; this process leads to a decrease in molecular
} welight of the polymer and a change in other properties in the ‘
direction contradictory to that proceeding during cross-linking.

S Gas evolution (low-molecular products) - as a result

of degradation, dehydrogenation, and the breakaway of side chains
of a macromolecule hydrogen and some low-~molecular hydrocarbons ]
are liberated.

b, Change 1n the degree of nonsaturation - the disappearance
b and Tormation of different types of double carbon-carbon bonds.

5. The formation of intramolecular bonds (cyclization).

6. Oxidation, leading to the formation of peroxides,

nydropercxides, and other products.

T, Dimerization and polymerization, including graft
copolymerization and others.
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Along with irreversible chemical changes there are changes
in scome physical properties for example, the degree of
erystallinity, the index of fluidity of a melt, capacity for
crystallization from a melt, deformation characteristics, optical
and thermophysical properties, etc.

-

| The reversible effects are determined in the first place :

by the power of the absorbed radiation dose, whereas irreversible -
by the absorbed radiation dose.

The changes in- the properties of polymers during irradiation
are examined in detail in Chap. II.




CHAPTER II

RADIATION CHEMISTRY OF POLYMER SYSTEMS

MECHANISMS OF RADIOCHEMICAL
REACTIONS

; The absorption of energy of incident radiation in the

initial events of lonization and excitation can be considered

as a purely physical process. The distribution of the separate
portions of the absorbed energy in the thickness of the irradiated
substance answers to the law of chance (on the condition that
dE/dx is small withln the limits of the thicknesses of the
substance in question) and does not depend on the chemical

structure of the given substance. At the same time the majority
¢f end reactions which are realized during the interaction of

?
the initial products of radiolysis with each other and with
molecules of substance not affected by radiation are very specific : l
r . for the determined chemical groupings. ; #

Therefore along with the examination of the change in the

properties of polymers under the influence of radiation there
is doubtless interest in a comparison of these changes with the
transformation of chemlical structure, and also the study of the
mechanisms of reactions which lead to such a transformation.
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Any chemical reactions in irradlated polymers flow with
the participation of the following reaction-cavable formations:
free radicals, ions, and molecules which are found 1n the state
of electron excitation (excited molecules) [19-24]. Only the
free radicals are responsible for the after-effects flowing in
irradiated polymers since the lifetime of ions and excited
molecules is substantlially less.

Reactions Which Flow with the
Participation of Ions and
Excited Molecules

It is very difficult to draw a boundary between the peactions
caused by ions (the so-called ilonic-molecular reactions) and
those initiated by excited molecules.

The distinguishing features of ionic-moleculé% reactions
are: low temperature coefficient; weak influence of phase
state; the yield of specific reaction products which are different
from the products of free-radiecal reactions; insignificant
influence of the acceptors of free radicals on the yield of °
reaction products and an increase in yield in the presence of
electron *tiraps (for instance, double bonds); correlation with the
yields of reactions which flow in the ion chamber of a mass-
spectrometer.

In work [25] it has been shown that as a result of ionic-
molecular reactions, which can be endo- and exothermic, various
prcducts are formed:

&

Dot

| |
HC:'I'-!- ?Hz* H"%'H?“f{" E=-+0,03% eV (25)
|
n%- -H':H, -.H,-Hi::-‘-r. E=—25 €V (26)
| i . | |
clzuzq-(in.;» Hg+!if.‘-(‘:ﬂ+. E=+024 €V (27)
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furyfn;»éu-+éu; E=~0 (28)

+ .
~CH:CH == CH, -}- CH,CH - CH,s + —CHCH =
-+
=CHy +—CH.CHCHy,  E=+0,25 €V (29)

<+ +
~CH.CHCH; -~ CHly = CHCHj —-» —LHs—CH-CH,CHCHy,

CH,
E=—0,01 eV (30)
Lur
éﬂz.. }{,-g.éﬂvl- E=—0,103 ¢V (nis) (31)
, i ﬁH E~=—0M5 eV (trans) (32)

The energy balance of these reactions has been evaluated taking
into account the values of ionization potential [26] and the
bonding strength [27, 28] in the gaseous phase. Therefore the
arplinability of the indicated values in the case c¢f a solid

or liquid phase is doubtful.

The sequence of lonic-~-mclecular reactions of cross~linking
can be presented in the following manner

—CHp— ~~ —CH} ¢ (33)
or
CHy e H. 4 HO+ e (34)
!
« Then reaction (26) flows when free-radical grciping exists, or

reaction (25). Other possible sequences have been proposed
in work [29] for pentane and in work [30] for polyethlene

o+
-~CHz—CHs—CHy-~~ - —~CH,CH:CHs— 4 £; (35)
e
~~CH:CH.CHa— F - CH,CH,CHy - —CH:CHCH,— 4
o\
4 —CH:CHCHy—; (38)

+ .
e -+ — CH,CH,CH. - - —CH.CHCH,—-1-H,
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The free radicals which were formed in reactions (36) and (37)
then recombine formirg 4 cross bond. Such'a seque:nce of reactions

is completely satisfactorynbecause’in it mechaqiems have been ',

provided by which the molecules.ééetter the high energy of
neutralization up to thexlevei of thermal energy without breaks
in the chain, and two free :radicals are {ormed in a convemient !
position for the flow of reactions of cross—lgnking ' 8ince the
bond length C-C is ejual to 154 } and the nearest distance
between atoms of carbon Jhich belang to adjacent chains in the
crystal of polyethyléne is equal to 4.6 R, theﬁ%echahism in ,
which two adjacent atoms of carbon of different chains in a

solid polymer: can anproach sufficiently close and form a covalent
bond is quite important. Furthermore the product of any ionic~

molecular reaction is an ion, and finally it should be neutraligzed,"

and the energy of neupralization -~ scéttered. Althoygh reaction
. . . |
‘ +

]

. ]
CHF - CH, - CHE -+ CH.y - (38) .

» ) 1 i

t
i . ’

and 1s observed ,in a mass—speetrometer i1t ds doubtful that such

a reaction with the particfpatibn of high-molecular ions, for

example . ' ' 1

an-};h'-Z +daH3l+3 - c.“g;, i3 +CAH£,.3.' R ( 39 )
- ]

can flow in solid polyethylene. If teaction (25) 1& continued
by a chain mechanism, crossrlinkages?are no: longer formed
according to random law, and the theories of Flory [31],
Stockmayer [32], and Charlesby [33] are inapplicable.
: ' . o ‘ ‘.

Sufficient proof of thé flow of ionic-molecular reacticns ‘
exists and not only in polymers Lut,also in Jow-molecular
compounds [34-39].
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It has been established [40], that during the irradiation
of n-l-hexadecene the values of radjochemical yields of hydrogen
G(HZ) and trans-vinylene groups GTB are identical and practicalily
do not depend on temperature, phase state, and the presences of
deceptors of free radicals. This has also been establlished for
other,low-molecular hydrocarbons and polymers [34-391].

' Intwork [80] it has been shown that independent of the
- site of original ionization in a molecule of n-l-hexadecene
the positive charge will probably migrate rapidly along chain
to the vinyl double bond, near to which it will be found in a
more stable energy state.!

; In recent years works have appeared which deal with the
study of radlation low-temperature polymerlzation flowing uccording

'tolionic mechanism. It has been established that during the

et v g = ——

transition from usual temperatures to low the mechanism of
radiation polymerization in a liquid usually changes from radical

- to lonic-cationic or anionic depending on the properties of the

monome¥y and nature of the reaction medium. The carbonium
mechanism for radiation low~temperature polymerization has been
establiszhed for styrene, isobutylene [42, 43], butadiene, and
other monomers, and carbanion - for acrylonitrile [44-467. It
has been stated [43] that the initiating particle during radia-
tion polymerization of isobutylene is the positive ion of iso-
butyiene (CH3)3C+; in this case a sharp increase 1in yleld is
observed in the presence of powder-like inorganic additions.

lPositive ions can migrate to a double bond since the positive
charge of a molecular ion in the case of a double bond has an

‘ energy state approximately 20 cal/mole lower than in the case of

its localization along the main chain; thlis has been evaluated
cn the basis of the measurement of the ionization potential of
gaseous butane and n-butene [41].
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In the studies of Scviet [U4-46], and also Japanese scientists
[47, 485 the decisive influence of the reaction medium on the
mechanism of radiation low-temperature polymerization of
acrylonitrile has been shown. The anionic reaction mechanism
will bé realized only in a medium of substances cof a clearly
expressed electron~-donor nature.

In work [43] it has been shown that in the radiation
chemistry of branched hydrocarbons a large role is played by :
the e¢xothermic processes of the dissociation of ions. For - i
instance, for the radiolytic degradation of the chain of poly-
propylene there are two possibkilities:

N

CH;  CHy CHs
Ol CH o CHy— — + —CHy -Gt
AN ;
CHs
+- éH,—(':—cu,— Le . (40)
;'{

and

CH cH
3 .l 3 (u 1 )
— -cn,—ti--cn;-l-'c—cn,-- 1e

H H

The ion which is formed in reaction (41) is orobably reconstructed

into the more stable ion of the tert-butyl radical: -
C;{, CH‘
_.cn,—(".—Cl:; . --c|1,_(';+_cn= (42)

H

Since reactions {"%1) and (42) are less endothermic (by 1.2 eV),
they should predominate as compared with reaction (40).
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In the case of the flow of lonic-molecular reactions the
subsequent stages are the stabllization of the products formed
and the neutralization of lons. It is assumed that the groups
with Increased energy level which are formed during neutralization
scatter the excess of energy by its transformation into the
thermal energy of the surrounding molecules as a result of the
Frank-Rabinovich cage effect.!

There are data on the transfer of energy from groups which
are found in the state of electron excitation to other grouns,
however, the chemical reactions which fiow with the participation
of excited molecuies have been studlied to a lesser degree than
ionic-molecular. This is connected with the difficulty of the
direct identification of excited products, espe~ially in the
condensed phase, and also with the short lifetimes of molecules
in excited states.

A reaction which flows with the participation of excited
molecules can be examined in the following exampie.

During the irradiation of the polyethylene Marlex-50 the
rapid disappearance of vinyl and also vinylidene unsaturated
states is observed. Since the concentration of such groupings
in the polymer is substantlally less than CH2 groups, and the
absorption of energy of radiation by variouc groups is equi-
probable, it is proposed that this has been conditioned by
the transfer of the energy of electron excitation to double
bonds [34].

IThe essence of this effect lies in the fact that during the
irradiation of a substance in liquid and solid states the free
radical (or the excited particle formed in the spur) turns out
to be as if imprisoned "in a cage" close to the site of forma-
tion as a result of collision with the surrounding molecules of
liquid (for solids) or as a result of the insufficient mobility
of the free radicals and excited particles participating in
the reaction.
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The mechanism for the disappearance of vinyl groups is
the reaction of end cross-linking [35], namely:

~CH.CH :CHy-~ - —CHL.CHCH,—
—~CHCHCH A L CHLCH,— (43)
~CH.CHCif,-
}
~CUHEHCH, (4k)

or the final product is

—CH.CHCHy— (45)
—CH,CH.CH,

Furthermore 1t 1is supposed that the disappearance of vinylene
nonsaturation also occurs with the participation of excited
molecules and leads to the reaction of cross-linking

—CH.CH = CHCHy—~~+ —CH,CHCHCH,— (46)

_ —~CHCHCHCHy—+—CH,CH:CHy—~ (47)

- —CH:CHC H,C Hg—‘

P - —cuducH,— (48)

In reactions (43-48) a biradical (triplet state) participates
which is characteristic for any molecule in the state of excita-
tion (electron).

In works [49, 50] it has been shown that the regularities
of the accumulation and disappearance of vinyl groups-during
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the irr. lation of polyethylene at low temperatures, the forma-
tion of =2llyl radicals and a system of conjugated double bonds,
and also the lowering in thelr yleld by means of the addition
of benzene and toluene confirm * : substantial rcle of the
migration of the energy or charge during the irradiation of
polyethylene.

. The lifetime of molecules in the state of electron excita-
tion is very short and electron transitions occur very rapidly;
for instance, an electron passes over from a normal state into
excited in a time substantially less than cne vibration period

of a molecule (Franck-Condon principle).! With the removal

of the atom of hydrogen from the molecule of the polymer it

will take away practically all the excess energy in the form of
kinetic - it will become a "hot atom." Such atoms can participate

in further reactions even at low temperatures. In this case
the reactions can be written in the following manner:

RH® ~ R. + H, (49)
H*--RH - H, -R., (50)

where the asterisk designates the atoms which possess the excess

of energy. The large yleld of free radicals during the irradia-

tion of cryétalline polyolefins, for example the polyethylene

r Marlex-50 [23, 51] at a temperature of -196°C, confirms the 3
) course of reactions (49) and (50). :

1The Franck-Condon principle consists of the following:
the time in which electron transitions are accomplished (as a
result of their high speed) proves to be considerably less than
% the time necessary for any noticeable change in the distance

between the nuclei of the vibrating atoms in the molecule.
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If the excited state is metastable then the electron con-

verts to the lower excltation level or to the ground level in
-9
~10 S.

Free-Radical
Reactions

The presence of free radicals in polymers both during irradia-
tion and after is proved by the results of the study of the
superfine structure of the spectra of electron paramagnetic resonance
[19-24]. Furthermore after irradiation at low temperatures
the free radicals captured in the polymer can be deizcted
chemically by many methods. During or immediately after heating
to room temperature it 1s possible to observe the following
reactions: oxidation [52], the initiation of polymerization
[53], the isotonic interchange of hydrogen [54, 55], an increase
in the yield of cross-linking after the annealing of the irradiated
polymer at elevated temperatures [35], liberation of HC1l from
irradiated polyvinyl chloride at elevated temperatures . 56],
the acceleration of the disappearance of vinyl nonsaturation
[35]. There are proofs [57] that during heating a reaction
occurs between molecular hydrogen and polyethylene Marlex-50
irradiated at low temperature. In other words, after irradia--
tion hydrogen is not liberated, but it is absorbed by the
polymer, i.e., it is connected to free radicals.

With an increase in the dose of i1rradiation the concentration
of free radicals does not increase linearly but it approaches
a certain limiting value. At this stage the rate of disappearance
of free radicals not in all cases 1s equal to the rate of their
accumulation, since in the area of very high doses even with the
stopping of irradlation the free radicals are not expended
for a certain period of time.
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In works [19, 23, 58] an investigation is made of the
kinetics of disappeararnce of radicals by the method of electron
paramagnetic resonance [EPR] (3MP). At small exposure dose two
types of radicals were uncovered. One of them, which decayed
rapidly, had the structure .CH2-HpH2. This was the alkyl
radical; it was also uncovered during the investigation of
oriented irradiated polyethylene fibers [59]. The nature of
the other free radical will be examined below.

Figure 4 shows the rate of disappearance of the alkyl
radical in polyethylene Marlex-50 at room temperature in an
atmosphere of nitrogen after irradiation up to a dose of 40 Mrad
at a temperature of -196°C [60]. It is evident that the kinetic
curves can be divided into four linear sections, each of which
is subordinated to a law of the first order. The half-li&es
of the alkyl radicais of these four types comprise 10 s, 25 min,
7.37 h, and 25.2 h respectively. If the reactiocn mechanism in
solid quasi-crystalline polyethylene is subordinated to the same
kinetic laws as in homozeneous solutions, then the disappearance
of free radicals should occur according to a reaction of the
secc1d order. However, as it was shown [34], the kineties of i
reactions flowing in solutions hardly can be extended to reactions !
which flow in solid polymers. It was stated [23] that free
radicals are formed by pairs, whereupon the distance between
two radicals in every pair is different. If radicals are formed
close to one another, they disappear very rapidly, 1f they were
formed at a greater distance from one another they will disappear
more slowly. As it will be shown, the process of the disappearance
of radicals can flow in a first-order reaction. In work [61]
the possibllity is examined of the migration of free valence
methacrylaté. the chain of polyethylene by means of the transmission of
an atom of hydrogen from one carbon atom to an adjacent one,

—CH.CHCHy-—~ —CH.CH.CH— (51)
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This idea has been approved in work [20], and also the
proofs of the migration of free valence have been obtained g
(24, 62]. In the example of l7-pentatriacontane it has been
shown that at intermediate temperatures between -196 and 20°C
and in the presence of double bonds the alkyl radicals is
spontaneously isomerized, probably into an allyl radical.
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Fig. 4. The dependence of the intensity of the EPR signal for
free alkyl radicals in polyethylene Marlex-50 on the time of
# storage following irradlation.

KEY: (a) Storage time, s; (b) Intensity of signal rel.unlts;
(c)Storage time, h. 4

It has been established [50] that allyl radicals in irradiated
pelyethylene correspond to the absorpticn band in the area of
94y cm-l, observed in the infrared spectrum of absorption only |
at low temperatures.

' Many authors used the EPR method to study the formation and . 1
disappearance of free radicals in irradiated polymers: in
polyethylene [63-683, nylon [69], polystyrene [66], polymethyl- i
metacrylate [70], polypropylene [62], and in other polymers
[711.
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In work [72] polyethylene was irradiated in tae presence
of gaseous deuterium (D2) at 60°C in a nuclear r:actor and it
was revealed that after a complement of dose of 400 Mrad the
deuterium content in the polymer reached 0.18 mol.%. The authors

assumed that isotopic exchange occurred as a result of the
following chain reactions:

—CHCHCH:—~ + D, ~CH.CHDCH,— 4-D-; (52)
D- + —CH,CH.CHy—~ HD+4-~CH,ChoHy— (53)

In other works [54, 55] these assumptions were confirmed during
the study of the rate of formation of HD in the gaseous phase,
when irradiated polyethylene Marlex-50 at -196°C was maintained
in gaseous deuterium at room temperature right after irradia-
tion. The analysis of the data obtained during the study of
isotope exchange, and also thelr comparison with the results

of works executed by other methods [23, 73, 7i], made it possible
to show definitely that the second radical which is formed during
the irradiation and which plays a significant role in the
subsequent reactions, is the allyl type free radical ~CHCH =

= CH-.

There is important value in the after-effects (i.e., the
' processes which flow after the termination of irradiation),
conditioned mainly by the noticeable lifetimes of the free
radicals accumulated in the polymer during irradiation.

Thus in work [52] it is noted that after irradiation in <
polystyrene and natural rubber conslderable oxidation is observed,
whereas in polyethylene, polybutadiene, and polyvinyl chloride
this effect is substantially less. The comparison of the rate
of oxidation of the polyethylene of high and low density showed | {
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that the latter is oxidized very Jittle [75]. On the contrary,
linear polyethylene with a high degree of crystallinity absorbs
oxygen noticeably at room temperature (Fig. 5). In the figure
the concentration of carbonyl groups, calerulated by the intensity
of the absorption band in the area of 1725 cm.l in the infrared
spectrum, is the function of time after irradlation at room
temperature. This 1s conditioned by the fact that free radicals
in large quantities and at considerably longer time intervals
stick in the polymer matrix of well-ordered linear chains of
high—density polyethylene and a high degree of crystallinity.

B ] L5 Fpad
. | 2~
s 20 ] -5 w§
§s 59 - 1§,
E.S . A/ . 57 Sg
(b) S8 ps3s (o)

£a S ol RS
£8 §§
S8 H

9 40 50

Bpens aponenus nocne pSayvenus, Cymey

(a) ]

Fig. 5. The chauge in the concentration of carbonyl groups
during the storage of irradiated polyethylene Marlex-50 at room
temperature; on the curves the irradiation dose 1s shown.

KEY: (a)Mrad; (b)Optical density of the band 1725 cm"l, rel.units;

(c) Concentration of carbonyl groups, mole 2'1-10u;(d)Storage ) )
% period after irradiation, days.

The after-effect of the oxidation of polyethylene has been - <
quantitatively studied in work [75], and the kineties of oxida-
tion during irradiation - in work [76]. %

If the samples of polyethylene are fine films with a
thickness of 0.05 mm and less, oxygen can diffuse sufficlently
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rapidly into the polymer and react with a greater nart of the
free radicals in proportion to their formation (which of course
also depends on the pressure of oxygen and intensity of irradia-
tion), Under these conditions after-effect of oxidation is
neglible even when using polyethylene without an antioxidant
(75, 771.

The radiochemical yield of free radicals in the case of the
lrradiation of highly crystalline polyethylene Marlex-50 at
a temperature of -196°C, according to work [23], comprises
G = 3,0. This result has been obtained for the irradiation
dose of 40 Mrad and it relates to the radicals which do not
vanlsh during irradiation and which enter these or other reactions
or recombine. In work [20] for irradiation at a temperature of
-80°C the value G = 2.5 * 0.6 has been obtained.

Free-radical reactions will be examined more comprehensively
below in the examples of processes of cross-linking and of the
polymer degradation during irradiation.

CHANGE IN THE CHEMICAL STRUCTURE
OF POLYMERS DURING IRRADIATION

Cross~Linking and Degradation
Chemical Characteristiecs

One of the most important characteristics of a pgolymer is
molecular weight, Irradiation can increase or decrease molecular
welght depending on which process nredominates in the given
material - the process of degradation or that of cross-linking.

In principle a third process is feasible: in the main chain of
the polyvmer a break occurs and at least one of the fragments
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attaches itself to the maln chain of an adjacent molecule with

the formation of a branched molecule of higher molecular weight.
This last process is unimportant, and therefore within the
framework of experimental methods the changes in molecular weights
can be explained unambiguously with tiie help of two reactions -
cross-1linking and degradation [16].

The wnrocess of cross-linking represents the formation of
the basic chemical bonds between the adjacent macromolecules
of a linear (branched) initial polymer and its transformation
into a steric polymer. Such a change in structure along with
the increase in molecular weight substantially influences all
the physicomechanical and physicochemical properties of the
material. Thus a polymer which possesscs a steric structure
does not melt and does not flow at a temperature higher than the
melting point of the nonirradiated polymer; it passes over from
a thermoplastic into a rubberlike state. The cross-linked
polymer loses the cavacity to be dissolved in hot organic
solvents and will limitedly swell in them. There 1s a noticeable
increase in the stability of the polymer to cracking under stress
under the influence of surface-actlive reagents.

The process of degradation, which is opposite to the process
of cross-linking, consists of breaking the primary chemical
bonds in the main chain of the polymer mclecule. It leads to
a decrease in the molecular weight of the initial polymer,
the lowering of the melting point, deterioration in physico-
mechanical characteristics, and other changes in propertiles
in a direction reverse to the phenomena taking nlace during
cross-linking.

The capacity of polymers for cross-liniking or degradation
depends on their chemical structure and physical state [18,
78, 791.
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Polyethylene

Folypropylene

Polyacrvlionitrile
Polyacrylic acid
Polyacrylates

Polyacrylamide

Polystyrene

Natural rubber

Synthetic rubber

Polysiloxane

Polyamides

Polyethers -

Polyvinyl toluene

Polyvinyl alcohol

T ...

Predominantly c¢ross linking

Folyvinyl chloride
Chlorinated polyethylene

Chlorosulphonyl polyethylene

Polyvinyipyrollidone
Polyvinyl alkyl ethers

Polyvinyl methyl ketone

Sulfonated polystyrene

{(besides polyisobutylene)

Polyethylene oxide

Tabie 2. The influence of radia%ion on nolymers [18, 80, 82-85]

Predominantly degradation

Polyisobutylene

Polyvinylidene chloride
Polytrifluorochloroethylene
Polytetrafluorocethylene
Poly-a-methacrylonitrile
Polymethacrylic acid
Polymethacrylates
Polymethacrylamide
Poly-a-methylstyrene
Polyethylene glycol terephthalate
Cellulose plastomers

Casein

Urea formaldehyde

Melamine formaldehyde
Polyvinyl formal

Phenolic resin without fillers

Polyvinyl butyral
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In Table 2 a classification is givgn of the most used
polymers based on their predominance for processes; of cross-

linking or degradation. ' : : :
H : i

Attempts to predict sufficiently: accurhtely the. behavior
of carbon chain polymers of the -inyl series during irradiation
led to the followiné empirical rule [80]: 'if: each atém of P
carbon of the main chain is connécted .at least with one atom
of hydrogen, i.e., if the polymer has the. structure (CH —CHR)
then in it cross~11nking predominates; if the alternating atoms oo
of carbon of the main chain of the polymer are conngc*ed with
CH,-CRR' radicals or by the atoms of other elements, then such . .

polymers predominantly .degrade. Thié rule is only approximate ‘
because some polymers, for example polypropylene, have a higher ’ :
vield of the chain breaks-than‘cross—linking (for isotactig

polypropylene G(s)/G(x) = 1. 5) F’urthermore the’relationship of . Q
the probabilities of breaks and cross- linking depends on the

experimental conditions. For instance, in work [81] it has.been ‘ J
established <that polyvinyi ‘chloride, irradiated up to a dose !
of 20 Mrad in a vacuum, remains completely solub}e, but: if we ; ‘ '
warm 1t thoroughly for 10 min at a temperature of 100°C in a |

vacuum right aftér irradiation it becomes insoluble.l In this !
case with a dose of 5 Mrad a 65% gel fraction is already formed

in polyvinyl chlordie. As a Y'uZ‘Le the processes of cross-linking .
and degradation flow simulpaneously, but one of them prevails.

. ! ' (R ] . - .
The Mechanism of the Cross- ' ;
Linking Reaction ' . ,

f . ) i Lo . :
H * H

The most widespreaﬂ today is the presentation about thne '
process of cross-linking as a result of the recomtination of ) : o '
free radicals formed during the 1rradiarion of polymers:

éH’ . éHg . é.H’ éH’ ) I ' . ' i '
! ] L (5h4)
H?- + ?H - H -~ CH §
CHy ~ CHy ¢ ém ém : i
i i | i ‘ é 1
i : %
} i
50 %
: : = {
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It has been shown theoretically [86] that radiation creates
microzoqes in the irradiated substance with a considerably
i higher temperature than the average temperature of the medium.
In these microzones favcrable conditions appear for a short
time for the diffusion of radicals or transmission of valency,
as a reshlt of which the free radicals recombine.

¢ 1is known that during the radiolysis of hydrocarbons

e '[see reations (49), (50)] hot atoms of hydrogen are formed

' which posséss a kinetic energy of 3-5 eV. The atoms of hydrogen
with such .an energy are able to enter into a reac:iion with the

1 .molecule of hydrocarbon, forming a free radical and a molecule
of. hydrogen [86-88]. As a result of this process free radicals
cdn be formed in direct proximity to one another and recombine

,even at relatively low temperatures in the solid phase. Such
a mechanism, where during the cross-linking of polyethylene
the main rqle is allocated to the hot atoms of hydrogen, was
proposed in works [89, 901].

_ *Those néted above and many other works definltely show that
! the free-radical reaction mechanlism of cross-linking is most
rrobable, this follows at least from that fact that the annealing
of*a polymer after irradiation noticeably increases the yield
of c%osg—linking. However, it 1is quite difficult to determine
the influence of temperature on the process of cross-linking

; |

‘ since there is a lack of reliable and sensitive methods for

L measuring the degree of cross-linking at room temperature or
Jdewer (usually they measure either solubility at elevated tem- l

peratures, or swelling or strength characteristics in a rubber-
like state), Therefore for the determination of the degree of
cross-linking even after irradiation at the temperature of

liquid nitrogen the polymer has to be heated to a temperature
above room, and this already gives rise to supplementary cross-
linking'with the participation of the free radicals which are
found in the polymer in a frozen state.
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These hypotheses, which explain the cross-linking of the
molecules of polyethylene by the recombination of the free
radicals which are formed in pairs in direct proximity to one
another, or by recombination proceeding as a result of the
migration of free valence along the chain up to encounter with
a free radical, do not agree with some facts, for examplzs, the
extremely weak temperature dependence of the yield of cross- E
linking in interval from -196 to 100°C and the noticeable
protective action of a small quantity of additions - the acceptors
of free radicals,

These facts have been explained in work [91] by the ionic
mechanism of cross-linking because during irradiation induced
electroconductivity with a "hole" component appears. Cross-
linking, in the opinion of the authors of this work, is the
result of the interaction of the mobile hole, which 1s able to
migrate along the polymer chain, with the stabilized free radical !
of the type —CHZ-CH-CHZ-, which is accompanied by the splitting
of ion H+. It 1s possible that here a charged cross-linking :
is formed which is subsequently neutralized. ‘ !

In the last work the formation of intermolecular cross-
linkings in polyethylene has been examined by the mechanism
of ionic-molecular processes

\
t ‘ 4
«Clls—CH—~CHg—
/ < | HE
. /" eyt~ T _
««CHas-—CH2-CHs— ofa 3
Ny —CHa--CH—CHe— -
N\ +Hy

]
N _CH;—CH—CHy—

Such a process in the gaseous phase was observed experimentally
[93].
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It is possible that the reaction of cross~linking can even
flow over the site of a double bond. It was shown [36, 94-96]
that the concentration of trans-vinylene double bonds formed
(i.e., arranged in the middle of the chain) increases with an
irarease in the irradiation dose and reaches an equilibrium
value. The concentration of double bonds of the vinyl and
vinylidene typec (in the end and side groups) rapidly diminishes
to disappearing small values. In the previous stages of irradia-
tion, when the double bonds of vinyl and vinylidene types disinte-
grate, the process of cross-linking also flows faster. However,
the Lreaking of double bonds is not connected with che disappear-
ance of radicals. This is shown in the example of the absence
of changes in the concentration of vinylene tvpe double bonds,
when the free radicals, frczen during lrradiation at low tem-
perature, disappear upon heating [95]. Moreover it is proved
that nonsaturation does not usually disintegrate as a result of
the attachment of molecular hydrogen on the site of the double
bonds because the increases in the yield of hydrcgen which would
correspond to the disappearance of the initial nonsaturation
is not observed. It seems that nonsaturation disappears mainly
as a result of intermolecular reaction.

If vinylene groups which are chaotically arranged along the
‘polysier chains disappear with the formation of cross-links

—~CH.CH == CHCHy—}—Ci{CH:CHyg s
—CH.CHCH:CHy— (56)

—-CH:(!HCH,«-

-

v

and the vinyvi.dene groups participate in cross-~linking by fgg///
mechanism .-

—~CH;—~C—CHa—p ~CHCHCHy—mm »
Say H
—cHak—CHa— (57)
én, )
—CikH-CHm
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then the number of cross-linkages formed should be at least equal
to or even greater than the number of reacted double bonds.
However, this 1is not confirmed during the determination of the
yield of cross-linking oased on the quantity of gel fraction
formed [97]. This divergence 1s conditioned by the fact that
there is the possibility of the formation not only of molecular bonds
(cross), but also intramolecular bonds (cyclization), and also

by the ééct that the double bonds present in the initial polymer
are n»t arranged chaotically, but mainly in end groups or close

to them. 1In the latter case the formatlion of end bonds is
possible, which will facilitate an increase 1n the molecular weight

of the polymer, but will not condition the appearances of a
steric lattice (gel fraction).

Very contradictory data on the mechanism for the cross-
linking of polypropylene have been published, for example, in

works [98, 99], where values of gel fraction are given which
differ within the 1limits of a whole order.

A certain clarity has been introduced into this question
in work [100], the authors of which investigated gel formation
in nine various brands of polypropylene. The value of the gel
point! of the various brands fluctuates within the limits of
8.5~-100 Mrad. A study of the viscosity of irradiated poly-
propylene showed that the high dose of gel formation is caused
by the preferential destruction of the chains of pnlymer in

the range of small doses. This preferential destruction is

apparently condition by two factors. One of them is presence

IThe gel point or the point of initial gel formation is
that irradiation dose at which in the polymer already an insoluble
fraction appears (gel fraction).
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in the chains of polypropylene of oxygen-containing groups.

The more that bound oxygen is part of polypropylene, the higher
the dose of gel formation (the content of bound oxygen according
to radioactivation analysis in the investigated samples comprised
0.01-0.4 wt.%). Another factor is the insufficient quantity of
double bonds in Tthe polymer in the early stages of irradiation.
Since double bonds in polypropylene are formed preclsely during
irradiation a certain initial irradiation is necessary for the
accumulation of the minimum quantity of double bonds whose

interaction with the chains of the polymer would lead to the
formation of a gel fraction.

The change in the properties of polypropylene in the
beginning of irradiation depends on which of these two factors
predominates. A polymer which contains much bound oxygen endures
degradation during its irradiation up to the dose of gel forma-~
tion; the magnitude of the dose of gel formation is determined
by the consumption of active oxygen-containing groups during
irradiation. In the samples of polypropylene containing an
insignificant quantity of bound oxygen, the fundamental determin-
ing factor for the dose of gel formation is accumulation of
double bonds in the polymer. Here the molecular weight of
polypropylene has great significance: the less the molecular
weight of the polymer the greater the number of molecules which
should suffer déstruction for the formaticon of the necessary
quantity of double bonds. Actlive oxygen-containing groups in
such samples of polypropylene disappear long before the beginning
of gel formation and intermolecular bonds begin to be formed in
the early stage of irradiation. Thus the mechanism for the
radiolysis of polypropylene depends on the molecuiar weight of
the polymer and the content in it of active oxygen-containing
groups. In various samples of polypropylene the relationship of
these factors is diverse, which is conneczed with the large
s~attering in the values of the doses of gel formation.
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Methods of Measurement of the
Yield of Cross-~Linking

For the determination of the degree of cross-linking of
polymers up to doses below the gel point it is possible to use
different methods for the determination of molecular weights.
The viscometric method is used most frequently.

At higher i. ‘iation doses for the determination of the
yield of cross-linking it is possible to use the measurement of
gel point. For this purpose the dependence of the content of
gel fraction in the polymer on the irradiation dose 1s determined
and the magnitude of the doses of the initial gel formation
(the gel point) is found by means of extrapolating the curve
obtained to intersection with the axis of abscissae. From the
I é theory of gel formation in polymers as developed by Flory [31]

: and Stockmayer [101] it follows that the initial gel formation
corresponds to the appearance of one cross-~link-d monomeric link

on each numerical average molecule. Then the radiochemical
yield of the reaction of formation of cross-links can be expressed
analytically through the dose of gel formation

G(\') :.':4—'1.&.’_ (58)

r:"m. '

where r - the dose of gel formation, Mrad; ﬁ& - the initial
: 0
1 : weight-average molecular weight; G(x) - radiochemical reaction

yield of cross-linking, equal to the number of cross-linkages
which were formed during absorption of 100 eV.

The equation given above can be used when cross-linking
proceeds according to random law, the weight-average molecular
weight of the initial pnlymer is known, there are no degradations
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or any radiolytic reactions which change the molecular weight dis-

tribution, for example "enda" cross-linking with the participation of

vinyl groups, reactive gases are absent, for example 02, NO2

(in the presence of O2 peroxide bridges are easily formed

NO2 can interact with free radicals, etc.), and finally magnitude
G(x) does not dejend on the irradiation dose.

The precise determination of magnitude G(x) is impeded
still more by the following facts. During irradiation at room
temperature a certain quantity of cross-linkages 1s formed and
also free radicals which can "stick" in erystallites of polyethy-
lene or ordered structures of isotactic polypropylene. With
subsequent heating these free radicals will enter into the reac-
tion and form additional cross-linkages. To lsolate the latter
from the number formed directly during irradiation is practically
impossible. Since it 1is impossible to determine the degree of
cross-1inking at room temperature and any measuring method -
be it dissolution, swelling, or stretching - envisages the heating
of the polymer, the unreacting free radicals accumulated during
irradiation will enter into the :rreaction and form additional
cross-linkages in the very process of measurement; therefore
prior to determination it is advantageous to anneal the sample
of irradiated volymer and to measure the summary degree of
cross-linking taking into account the after-effect.

Along with the measurement of gel point the magnitude of
the degree of cross~linking can be determined by equilibrium
swelling of the irradiated polymer in a solvent. The theoretical
formula which determines the coefficient of swelling V (i.e.,
relationship of the weight of the polymer which 1s swollen in
the solvent to the weight of the dry polymer!)takes the form

1Tn this case it is assumed that the polymer is completely
cross-1inked, i.e., strictly speaking, this is the coefficient
of swelling of the gel fractiocn,

- -
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M
V'l = (0,5 —p) L
po (59)

where MCp ~ the average molecular weight of a segment of chain
between two tandem cross-linkages; u - the interaction constant
between the solvent and polymer; p — the density of dry polymer;
\ v - the molar voluue of solvent.

-_——<

This approximate formula i$ inapplicable for the high i
densities of cross-linkages when the coefficient of swelling
is small, and also for weakly cross-linked networks in which a
significant quantity of substance is still not connected into
w the cross-linked structure.

For the determination of the average molecular weight of

t the segment of the chain between two tandem cross-linkages
Mcp in highly elastic networks it 1is possible to use the results
of the measurement of equilibrium stress [93]. The relationship

1 between applied force in a calculation per unit of the initial
area of sample f and its equilibrium elongation A can be expressed
by the formula

f:::‘fﬂ ._.._1_ ~m’co
g 5] [t (60) |

where R - universal gas constant; T - absolute temperature;
) A - relationship of the length of stretched sample to its initial
length; Mn - the initlial number-average molecular welght of

0

polymer. The expression 1 - 2Mcp/Mn represents the correction
for end effects. 0

Knowing ﬁép, the value of G(x) can be calculated according
to the followling formula:
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G(x) “'0'4?3: - (61)

where r - irradiation dose, Mrad.

The Mechanism of
Degradation

The process of degradation is reduced to the breaking of a
chemical bond in the main chain of a polymer under the influence
of radiation and the formation of molecules of less molecular
welght than the initial molecule. It is possible that during
the absorption of energy of radiation many bonds in the molecule
are broken, however, the majority of them are restored so rapidly
that they cannot be detected. For instance, in the case of
polyethylene the energy of the C-C bond 1is substantially less
than the energy of the C-H bond, how.-v:r, mainly the bond of
the last type 1is broken. Apparently two quite long fragments
of the molecule which are formed during the breaking of the C-C
bond possess insufficient mobility in solid polymeric matrix

and manage to recombine with each other before being removed a
significantt distance. That fact that during the irradiation { i
of polyethylene of low density, polypropylene, and other polymers ‘
including the gaseous products of radiolysis along with H2
low-molecular hydrocarbons are detected confirms. the presence

of the irreversible breaks in the C-C bond. In these cases the
fragments formed are sufficlently mobile 1In order to go beyond %
the limits of the Frank-Rabinovich cage.

In this connection it is appropriate to note that according
to mass-spectrometric and other investigations the activation
energy of the break in the C-H bond in molecules of the initial
materizl which are found in the state of lonization or electron
excitation proves to be less than the activation energy of the
break in the C-C bond.

59




One ought to emphasize that all the cross~linking polymers
contain in the monomeric link an atom of hydrogen in the g~positiopn,
whereas the destroying polymers do not contain it., It 1s true

that the rule is quite approximate since in some of the cross-
linking polymers the yield of destruction is actually greater

than the yield of cross-linking (in isotactic polypropylene
G(s)/G(x) = 1.5).

Both processes - degradiation and cross-linking - as a
rule flow simultaneously, but one of them prevalls over the
other. )

The mechanism of degradation is determined to ~ considerable
; extent by the individual features of the chemical structure of
the irradiated polymer and for the majority of substances has
not been conclusively established. At the same time the compari-
son of the results of the analysis of the gaseous products of
radiolysis with the data 6f infra-red and ultraviolet spectrometry
along with the assistance of other physicochemical methods of
analysis makes 1t possible to draw certain conclusions.

——

Thus in work [102] it has been noted that for the polymers
which during irradiation undergo predominantly degredation reduced
values of the heat of polymerization as a result of steric
stresses caused by the presence of substitutes (steric stresses A
weaken the carbon-carbon bonds in the main chain) are character- .
istic. These data make 1t possible to assume that after a quick
break of the main chain occurred during irradiation the steric
obstacles avert the recombination caused by the effect of the 1
Frank-Ravinovich cage.

P

The preferential degradation of polymers 1s also explained
by the possibility of the resonance stabilization of the free
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radical which was formed during the breaking of the chain. For
polyisobutylene a mechanism has been proposed for the process
of degradation which flows with the liberation of one of the
substituent groups and the formation of two vinylidene groups
for every breaking of the main chain [103]:

cH H )
R'=-CHg-c{ --cu,-c(C PR . CHI+
CHa

\CHj
Cl“’ ¢H,
-+ R'—CH:—'(_:-—CH::—C‘\—CS: .. ( 62 )
CH, CHs
- R'--cu,-c': =CHs - é—R'
CH,

Also the mechanism for the degradation of this polymer by
means of disproportiqnation was examined [104]

cHy ' CHy
~CHy~C—CHs—C CHy— -
CH, (':Hs
CH,3 CH, .
e —CHyt i CHi——CHy— (63)
CH, CH,
CHy  CH,
 —CHy-- € -t CHy—C—CHa—
e oy

Tﬁe degradation of polymethyl methacrylate also can be
accomplished with disproportionation [81, 105]

CH, ?a,' (l'.n, ) '?H,
]
- .+ .CHg—C~- « --CH = C } CH;—C-—
CHiy -+ -CHa=g [ (64)
CCOZH, COCCHy  COUCH; COOCH,

and also, with equal probability, by another mechanism
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CHs CH, CH; CH,

! {
~-CH, "'C‘"CH:'"'C-—-—- + ««CHy -C =: CH-~C — 4 CH, + €0y

COOCH; COCCHy CONCH,

For polypropylene the following scheme of reaction has been

proposed [106], [107]

cH,

CH;
|

FH;

CH;

—CH—CHy - -CH=CHs - + --C-~CHy “CH,~ CHy—

(65)

(66)

o SR ﬂ:% it

However, also feasible 1s such a path of degradation

CHy  CH, CHy
l +
—C-CHa- r;;-CH,o_- er < Het--C ::CHa = CHa
[ ]
H H

; (67)
CHCH,-

The extensive test data accumulated up to the present time
are still the sv , zct of intensified study for ti.e purpose of

working out a general approach and establishing distinet regulari-
ties.

Methods of Measurement
of Yield of Degradation

Degradation in the absence of cross-1l-nking.

Let us examine
first the determination of the radiochemic.

vield of degrada-
tion 3(s) in the case, when the process of cr ss-linking does
not take place.

Since the number of mclecules ir the sample
of polymer increases by & unlt with every orealing of the chain,

vhe value of G(¢) can be calculated easily from the following
eguality [78]:

4l 50
My AMa, 100N 4

(68)
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where ﬁn and Mn - number-average molecular weight of polymer
before agd after irradiation respectively: r - irradiation
dose, V/g; NA - Avogadro number.

The graph of depenrdence l/ﬁn = f(r) should be straight
line with an incline equal to G(s)/100 NA and iniercer! on the

axis of ordinates a segment equal to 1/Mn . For determination
0
of ﬁn it 1is possible to use any experimental method, whereupon

the best is the method of measuremenft of osmotic pressure. §
However, the method of measurement of intrinsic wviscosity is
more accessible.

For the calculation of the .. 'Lue of ﬁh according to the
measurements of intrinsic viscosit ;s usually the Mark-Khuvinit
equation is used:

I = KM, (69)

where K and ¢ - empirical ..astants. The latter can be found

by substituting into equation (69) the values of ﬁh, determined

for the series of samples with various molecular weights by the

osmometric method, or by measuring the values of the intrinsic

viscosity of the thoroughly fractionated samples of a polymer

of known molecular weight. Equation (69) is applicable only

when the molecular weight distribution for the given polymer .
dous not change as a result of irradiation and if the form

of the molecules remain fixed (branched structures are not
formed). If in the *niticl polymer the molecular welght distri-
bution is most prohable and the breaking of chains during

irradiation occurs accord’ng to random law, distribution by

molecular weights for the irradizted polymer remains most probable. {

In wo.«s [81, 104] the equation (69) was used for the {

evaluation of value G(s) in the ca.e of the irradiaition of ‘
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polyisobutylene and polymethyl methacrylate. The results of
previous authors haye'been confirmed in work [108]; there

supplmentary data have also been, obtained ‘for poly-terit-butyl
methacrylate.

By a combination of methods of light scattering !
and viscosimetry it has been shownlthat during radiolysis of -
the methacrylates cross-linking does not oceur.

Degradation simultaneously with'eross-linfingi In the ;
case of the poiymers which uhdergo cross-linking and degrada-

tion simultaneously determination of G(s) presents,a serious

problem. The measurements of intrinsic yviscosity can 1ead to ) '

completely erroneocus results for the, following reasons: the
simultaneous flow of processes,of cross-linking and degradation
gives rise to a change in the mclécular weight distrib&tion,

and in this case equétion (69) is inapplicable since as a result
of cross-linking branched structures are formed, for which

crmstants o« and K in equation (69) will change. '

Values of G(s) and G(x) can be calculated on thé basis of
the measur«ment of the content‘of.gel fraction by using the
dependence proposed, in work [109]

' t
LYF S0 PV : . |
$iVs 26(x) " rM,G1x) - (7o) . . ‘

on the condition that the polymer in the initilal stgte had . .
thce most probable distribtuion‘based ‘on molecular weights,’ ’ ) ﬁ
that cross-linking and degradation during irradation occur : : ;
according to random laﬁ, that G(s)land G(x) .de not depend on i
the irradiation dose, and that the Initial number-average and Coe
weight-average molecular welghts are ﬂnown; in this fbrmula

. ) L : {
s - the soluble fraction content (sol fraction) in the polymer
after irradiation up to a dos= of r (Mrad).

This dependence is
used for many polymers during thelr lrradiation up to doses

o MR
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* highei than the gel point. In work {110] it has been shown that
the graph of dependence expressed by equation (70) theoretically
hés a liéht curvature with concavity downwards manifested in

the area of low values i/r.

Another independent method of determination cf G{s) is
K baged:on the measurement of the relaxation of stresses and is
used very, frequently in the study of rubbers [111]. According
: to the data of work [112] the number of breaks in chains per
gﬁam q 1s determined by the followinz equation:

? | g =—1Mylgffs = —Nyigf s (71)
R 1

p where f/fo ~ ratio of stresses in the sample before and after:
' ifradiation. The value of N,, reverse of M_» is determined
i ' : ~ from the relationship

. i 4
H .

# - ‘ ' [ = NgRT (A —-3), (72) | |

where A - relative elongation.

Some data on degradation can be obtained from the EPR
spectra. Sometimes it is possible to identify the type of .
P free radical and measure its concentration. If free radical has ' \
| a ﬁartial‘vhlence on the end of the RCHé chain then in the case
: of linear high-molecular polyethylene this can indicate the ' {
fiow 'of the process ol degradation. 1In .ork [58] they propcsed
. ; that the stable free radical in polyethylene is the end radical;
however, it was shown [0, T1] that the stahle free radical in
pplyethyleﬁe is the allyl. During the irradiation of polypro- ‘ ‘
pylene éuite complex EPR spectra are obtained. This is probably '
conditioned by the formation of free radicals of various types,

wane
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and in this case the presence of end radicals of the type mentioned
above does not necessarily attest to the breakings of chains,

since such radicals can be formed during the breakaway of hydrogen
from che side methyl group.

The Comparison of Values of
the Yields of Degradation
and Cross~Linking

In Table 3 values of G(s) and G(x) are given which were
obtained by various authors with the help of various methods.

Table 3. Some values of the yields of cross-linking G(x) and
degradation G(s) (irradiation at room temperature in a vacuum).

Method of determination
Polymer Solubility or}Modulus of{Solubility Relaxation
swelling elasticitylor viscosity|of stress
G(x) G(x) G(s) G(s)
Polyethylene
branched 0.5 1.61
1.4 2.4 9.8
2.7 3.4~4.6
6.8 3.0
linear 1.02 1.63 1.3
} 2.1 2.4
Polypropylene
atactic
isotactic 0.12-3.27 0.6-1.3 0.1-0.24
0.
0.07-0.25 0.1~-0.24
0.3 0.9
0.6 5.0
Rubber 0.83 1.3 0.8 0.14
Polyiso-
butylene 9.3 5.0
Polymethyl-
metacrylate 1.64
Poly-tert- 1.67
butyl
methacrylate 2.33
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The explanation of the quite wide scattering of the values
of radiochemical yield of the process of cross-linking obtained
by the different authors lies in the fac. that each of them used
a different measurement procedure. The accuracy of the absolute
values of radiochemical yields of the process of cross-linking
is limited by the error of the determination of the average
melecular weights of the polymers. The method of the evaluation
of radiochemical yield of cross-~linking based on content of the
gel fraction, which takes into account number-average molecular
weight, gives rise to lower values than the method of determina-
tion of gel point, which takes into account the weight average
molecular weight. The divergence of results can be connected
at least partially with differences in doses of irradiation.

The disappearance of double bonds of the vinylidene type
which are containedin the initial polymer makes a significant
contribution to the process of cross-linking only in low
irradiation doses. It is characteristic that the methods of
the determination of the yields of cross—-linking by measurement
of the gel point and the content of gel fraction give rise to
satisfactory results during the study of polyethylene of linear
structure in which the content of double bonds o“ the vinylidene
type in the initial -tate is very small. )

If hydrogen is liberated from irradiated polyethylene only
as a result of cross-linkin, and trans-vinylene nonsaturation,!
then in the area of very smzll doses this equation should be

correct:

The radiochemical yield of trans-vinylene bonds is designated
GTB, vinyl - GB, and vinyiidene - Gaa’
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G(ll) --G(x) -+ G, (73)

T

With higher doses the vaiue of GTB diminishes as a result of the
disappearance of vinylene groups. If along with direct cross-

linking cross-linkages are also formed as a result of this reaction,
the dependence given above will no longer be valid.

Such a balance is observed far from always and this can
be explained by the é:rersity of flowing processes. Among their
numter let us point out the following fundamental paths for
the realization of competing reactions.

1. The formation of a quadratic bond (the cross-linkages
of two contiguous atoms of carbon)

—CHz—tfH—(iH—CHz—
—CH, ~CH—CH—CH;—

S 2 £ 4 2

- such a bond will be developed as one cross-linkage.

2. The formation of cycles as a result of intramolecular
eross-linking, for example

. - /CH:—CH
~—~CHy—CH

H~CHy— -
\CH,—CHy R
3. The formation of the system of the conjugated double
bonds, for example a’enes, trienes, and also cis-vinylene bonds.

4, The flow of degraZation, as a result of which the dose
of gel formation increases and the value of G(x) calculated by
this method turns out to be lowered.




The Change in Nonsaturation
During Irradiation

Cne of the very important changes which takes place in the
chemical structure of polyolefins and other polymers during
the action of ionizing radiations is the change in the concentra-
tion and nature of nonsaturation. In many polyolefins, including
in polyethylene, already as a result of synthesis as a rule
double bonds are contained, whereupon their type and concentration
depend on the method of obtaining the polymer.

In Table 4 data are given on the nature of nonsatvration
in samples of polyethylene synthesized by variocus methods [49].

Table 4. The nature of nonsaturation in samples of polyethylene.

Quantity Distribution of nonsaturation
of by types, % total amount
Pclyethylene double
X 1
gg?diooo vinyl éi?y‘idene trans-vinylene
atoms RCH = CH2 R/’C = CH2 RCH = CHR
of C
High density 0 57 54 31 15
Low density 0.36 13 65 22
Obtained by the 0.05 - 160 -
method of radia-
tion polymeriza-
tion

During irradiation on polyethylene double bonds of the
trans-vinylene type are accumulated, whereupon their content in
porrortion to the increase in the irradiation dose reaches a
certain limiting value; simultaneously the concentration of the

double bonds of the vinylidene and vinyl types which are contained

in the initial polyethylene diminishes.

In polypropylene during

irradiation the double bonds of the vinylidene and vinyl types
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appear, and also internal double bonds §:>c = CHR [113]. There
is an assumption [107] that as a result of the breakaway of the

side methyl groups from the chain of the polymer trans-vinylene
double bonds can also be formed.

The presence of nonsaturation in a macromolecular chain
has a strong influence on the properties of polyolefins. The
formation of nonsaturation has important value when using a

pnlymer as an electrical insulating material.

This process is
accompanied by an increase in the tangent of the angle of

dielectric losses in the case of very high frequencies, and it
also facilitates the ccurse of oxidizing destruction, if exploita-

tion is conducted in the presence of air at increased temperatures
[61, 104, 114].

Many authors [34, 35, 49, 76, 115-121] studied the kinetics
and the mechanism of formation and consumption of double bonds
in polyethylene. Typical curves of the accumulation and

disa, pearance of nonsaturation in polyethylene Marlex-50 are
shown in Fig. 6.

In work [34] in an example of three various
types of polyethylene it is shown that the formation of trans-

vinylene groups follows the law of zero order, and consumption -
a law of the first order; a stationary concentration is reached

when the rates of formation and disappearance are equal to one
another,

The concentration of trans-vinylene groups in polyethylene
Marlex-50 increases somewhat, if after irradiation ac room
temperature they are annealed in a vacuum [77, 122].

The initial value of radlochemicai yield of vinylene

groups GTB for linear polyethylene Marlex-~-50 at room temperature

is equal to 2.4, ani at a temperature of 142°C it is equal to
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Fig. 6. The dependence of the concentration of double bonds of
various types in polyethylene Marlex-50 on the irradlation dose:
1 - vinyl; 2 -~ trans-vinyl [sic]; 3 - vinylidene.
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3.1 [35]. At the same time it has been established [49, 123]
that the value of GTB increases very weakly with a temperature
increase during irradiation from -196 tc 20°C. It is difficult
to divide the summary yield of vinylene groups into components,
conditioned by the splitting of molecvlar hydrogen from polymeric
macromolecules in the state of ionization or electron excitation,
on the one hand, and by free-radical reactions on the other.

Probably the component which does not derend on temperature is )
conditioned by the molecular splitting of hydrogen.

As showri in work [34], the concentration of trans-vinylene
groups in polyethylene Marlex-50 during irradiation up to a dose
off 50 Mrad at a temperature of ~196°C comprises 0.79 x 10_u ;
mole/g, and saturation concentration in the case of irradiation
at room temperature up to very large doses - 0.71 x 10*” mole/g. ﬁ

The greater yleld of trans-vinylene groups at low temperatures
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is probably conditioned by the fact that . ue brocess of their
diszappearance depends more strongly on temperature than the
process of formation.

The investigation of changes in the chemical structure of
polyethylene {1241 of low and high density (Marlex-50 and
DYNH) showed that for obtaining the same degree of unsaturation
cf the trans-vinylane type 2 polyethylene of low density (branched,
containing vinylidene, trans-vinylerne, and in an insignificant
quantity vinyl groups) has to be irradiated up to a greater doce -
than iinear {with a small content of trans-vinylene groups and
high concentration of vinyl groups).

In the works [34, 115] it was shown that the vinyl groups
which are present in the initial polyethylene Marlex-50 in a
concentration of 0.9 x 10-u mole/g dilsappear rapidly during
irradiation at room temperature, whereupon the yield of this
process is GB = 9.6.

As it was established by investigations over a wide range
of temperatures [49], during the irradiation of polyethylene
the vinyl double bonds ot only disappear, but also are formed,
whereupon a temperature increase in the polymer during irradia-
tion favors the flow of the process of destruction of this
type of nonsaturation. ]

The increase in v*nyl nonsaturation during irradlation was

also revealed in work [124], whereupon the rate of formation %
of vinyl groups was identical in polyethylene of high and low
density.

In amorphous polypropylene, irradiated at -196°C up to verv
high doses (4000 Mrad), they detected [113] the formation of
internal double bonds of the type RRC = CHR. Their appearance
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was explained by the breakaway of two atoms of hydrogen from
adjacent atoms of carbon. Such a type of bond is formed 3.5
times more than end double bonds. Tn the area of not very

high doses, when the regularity of chains is preserved, internal
double bonds are formed basically in the trans-configuration.
With an increase in the irradiation dose, when the regularity

of chains diminishes, the formation of internal double bonds
occurs basically in the eis-configuration. During irradiation
the concentration of vinylidene groups diminishes.

The study of the kineties of accumulation of double bonds
during the irradiation of polypropylene showed that after the
onset of gel formation the rate of accumulation of cdouble bonds
(mainly vinylidene) is less than in the range of small doses [1001].
Apparently this is connected with the greater rate of consumption
of double bonds after the onset of gel formation. For the
clarification of the mechanism of formation of molecular bonds
in polypropylene an investigation was made sf the influence
of various unsaturated additives containing double bonds of
specific types on the cross-linking of polypropylene. Since
the concentration of double bonds in the additive will react

mainly, which will hinder the formation of intermolecular cross-links

in the polymer. In this case it was established that the

gel point is shifted most strongly to the side of large doses

by the additive 2-methyl-butene-1l, in the presence of which gel
formation is begun only after irradiation up to 150 Mrad. Gel
formation i1s also delayed in the case when in any manner the
double bonds formed in the polymer are destroyed. Thus vinylidene
double bonds in polypropylene are expended in the reactions of
formation of molecular bonds. This is probably conditioned by
their higher mobility, and also by presence in the structure of
such a grcuping of the quaternary atom of carbon, which facili-
tates the localization Lf the excitation energy on the docuble
bond.
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It is known that during the irradiation of rubbers conjugated
bonds are formed in the polymer chain: diene and triene systems
[36]. In work [58] they established that polyethylene Marlex-~50
after irradiation up to a dose of 2000 Mrad at room temperature
acquired a yellow shade and had weak absorption bands in the
ultraviolet spectrum at 275, 285, 307, and 322 to 356 mp. These
absorption bands can be conditioned by trienes and higher polyenes.
In the infrared spectrum of irradiated polyethyliene an absorption
band is observed [125] in the area of 985 em™ L
during the irradiation of polyethylene up to a dose greater than
50 Mrad and trans-conjugated dienes ~CH = CH-CH = CH- were
assigned to it.

which appears

With the help of ultraviolet spectrometry the formation of
polyenes CH3(CH'= CH)nCH3 has been shown with n from 2 to 5
in linear polyethylene [116]. The formation of dienes occurs at
a much greater rate thun it is possible to expect on the
strength of the law of chance and is disproportional to the
concentration of vinylene groups. Several mechanlisms have been
proposed for the formation of polyenes.

The mechanism of formation of trans-vinylene groups 1is
represented differently by various authors [117]. One of the
proposed mechanisms is reduced to the interaction of two alkyl
radicals

2 (—CH;—CH—CH,~CHy—~) -» —CHy—CHy—CH,—CHy— + (74)
-} ~CHy—CH = CH~—CHy—

It is assumed that trans-vinylene groups can also participate
in cross~linking [117].

On the basis of the study of radioclysis of solid paraffins
in work [118] the conclusion is made that cross-linkages between
chains are formed as a result of the recombination of allyl

radicals.
T4
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The process of formation of trans-vinylene groups was
considered as a process completely distinct from cross-linking,
and it was assumed that double bonds during irradiation are
formed by means of the extraction of two adjacent atoms of
hydrogen as a result of one primary radiation event {115].

This point of view, extended also to the process of formation
of vinyl type double bonds, is presented in work [49]. The
regularities of accumulation and disappearance c¢f vinyl groups
in the opinion of these authors testify to the substantial role
of the migration of energy or charge during the irradiation of
polyethylene.

One of the possible mechanisms of the formation of trans-
vinylene double bonds is the migration of free valence along
the chain up to an encounter with another free valence, for

example

»

—CHy~CH—CHy~CHy—CH—CHy— o

+—-CH.CH = CHCH;CH:CH!"' ( ! > )

Such a process is exothermic (52 cal/mole) [77, 122]. It is
possible that an increase in the concentration 3f vinylene groups
after irradiation is the result of the isomerization of vinyl

and vinylidene groups.

The mechanism for the disappearance of trans-vinylene groups
also is not very clear. They assume {3U4] that this type of
double bond disappears during cross-linking in the reaction

* RCH =CHR’ ~ RCHCHR’
H (76)

.. !
RCH—CHR’ +4- ~CHs—CHg— + R—C—CHJR'
—~CH-CH;—
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This mechanism is reduced to the tranifer of energy ‘of electron’
excitation from the polymethylene chain to the doublc bond ;
! which is activated and participates in the '‘eross- 1inking as ' : b
shown above. : : .o '

]

s o

Along with free-radical processes an analysis was made '

[40] orf ionic-molecular reactions of the disappearance of trans-'
vinylene groups i '

1

}'i i ' ; > . ) 13
—CH—CHa-- + RCH = CHR' —c-cn,-
RCH CHR’

This reaction can be continued as a chain. ' ! . ’
The disappearance of vinyl groups can occur in the processes

of free-radical polymerization, isomerization of oléfins, or . '

during cyeclization [124], and also in the presence of reactions

of end cross-linking ' : :

-

R—CH--CH; - RCH—CHjy : : .
R - =

‘ mmma&ncmavxmuucnréﬂ : ‘ (78) ‘ :

E . H R, = . , . N ' i
: ' , |

\ The ionic-molecular mechanism described above [40] is-.alsd a

variety of the reaction of end cross-linking ang can be|respon— )
sible for the disappearance of vinyl groups. .

The thorough experimental investigation [126] of the decrease -
in the number of vinyl groups in polyethylene Marlex-SO and '
theoretical calculations showed that the most probable mechanism
for the disappearance of vinyl nonsaturation is the reaction of ' i
ionic-molecular dimerization. |, _ ' '

i
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According to the data of work [35], the disappearance of
vinylidene groups takes place according to a law of the first
order Qith the same rate constant of reaction as for vinyl
groups. This made it possible to assume that also the mechanism
for their disappearance should be similar to the mechanism for

the disappearance of vinyl groups, especially it should give
rise to cross-linkage.

Apparently not all vinylidene bonds participzte in cross-
linking [35], since the vinylidene groups are localized near the
xgnds of molecules, and the terminal bonds are formed easier than
crossed. Furthermore there is the possibility of the formation
of intermolecular cross-links or rirgs which cannot be detected
by measurement of the gel fraction. Finally the isomerization
of double boends can oceur [127-120].

The kinetics of the disappearance of vinylidene groups is
especially interesting to observe in the example of isotactic
polypropylene. During radiolysis of this material one-and-a-
half breaks cceur for one cross-liaking [33]. This Jed to the
aésuﬁptiqn about the flow of the following reaction of dispro-
portionation leading to the breakings [107]:

CH, CHy Ci:  CH,
. L ]
—CH—CH} - CH—CHy~+ —C—CH, + CHy—CHy— (79)

The actudl relationship of the number of breaks to the number of

: vinylidene groups formed was 1:1, which also follows from
expression (79).

The nonsaturation of polymers- in radiation chemistry was
investigated with the help of the supplementary introduction into
rolyzthylene of compounds containing allyl and vinyl groups
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(triallyl cyanurate, l.19-eicosanediene, and divinylbenzene),
and on the basis of the results obtained a conclusion was
arrivel at concerning the possibility of the transfer of energy
on the chain and the localization of it close to unsaturated

- groups [120]. 1In the opinion of these authors trans-vinylene
groups facilitate an increase in the yleld of the cross-linking
of a polymer during irradiation.

The investigation of the mechanisms for the formation and
consumption of the nonsaturation of various types during the -
irradiation of polymers is treated in a significant number of
works [34, 72, 76, 94, 95, 119, 120, 131-135], however, the
experimental data obtained at the present time does not permit

R the sufficiently simple and unambiguous revelation of the nature
of these processes.

r Gas Evolution During

Irradiation
One of the important chemical processes which proceed in
polymers during irradiation is the liberation of the gaseous

products of radiolysis.

The most studied is the gas evolution of polyethylene and
polypropylene [136, 137]. 1In Table 5 the compositions are given
of gases which are liberated durlng the radiolysis of polyethy-
lene and polypropylene [136].

These compositions of gases relate to equilibrium solubility
in the polymer at 25°C following irradiatisn. The fundamental i
gaseous irradiation product of pclyolefins is hydrogen. If
irradiation is conducted at -196°C all the gases in the sample
remain frozen up to the moment of heating the polymer to a higher
temperaturs. It has been shown [23] that in polyethylene Marlex-50
diffusion of hydrogen was detected only after heating of the
samples from -196 up to -100°C,
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Tablé 5. The gaseous products which are liberated during the
radiolysis of polyethylene and polypropylene, vol. %.

It is interesting to ncte that the composition of the
liberated gases reflects the chemical structure of side chains.
From linear polyethylene Marlex-~50 during irradiation almost
pure hydrogen is liberated. During the irradiation of isotactic
and atactic polypropylene more methane is formed than during
the irradiation of polyethylene. 1In the case of the irradiation

of branched polyethylene six times more butane than propane is
liberated; the latter is apparently connected with the fact that
in the chain of polyethylene there are side branches in the form
of chains made from four atoms of carbon. According to the
theory of branching of chains [138] this is the most probable
length of the side branches in polyethylene., Furthermore it has
been experimentally confirmed [139] that the ratio of the content
of ethyl and butyl side groups in polyethylene of low density is
equal to 2:1.

Polyethylene Polypropylene
Gaseous product légigr’ brgggged, isoE?ggég, is°g§§§i°’ Atgggéc
H, 99.7 9l.3 97.3 97.2 95.7
CHu 0.1 0.3 2.2 2.5 3.9
C2H4 - 0.4 - - -
02H6 0.1 005 - 001 Ool
C3H8 - c.2 0.3 0.1 0.2
n—CuH10 - 1.3 - - 0.1
Iso—Cquo 0.1 - - - 0.1
Pentane - 0.2 - - -
Hexane - 0.3 - - -

’
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In work [140] an investigation is made of various irradiated
samples of polymethylens with branches of known length synthesized
on the basis of mixtures of the apprcpriate diazoalkanes. An
analysis of the gaseous products showed that besides hydrogen
the fundamental gaseous products are the products of the breakaway
of the slde groups from the chain of polymethylene.

During the irradiation of polyolefins in an inert atmosphere
the weight of the polymer is reduced. If polyolefins are irradiated
in the air or in a medium which is able to interact chemically
with the products of the radiolysis of the polymer (for instance,
in the medium of a monomer), then an increase in weight is
possible as a result of the attachment of oxygen or a monomer

_ to the molecule of polymer.

With the breaking of the C-C bond two free radicals are
formed which can recombine as a result of the cage effect, and
in this case they cannot be detected. If they diffused from
one another prior to recombination, then each of them can
subsequently recombine with the other free radicals. To dispro-
portionate or to be inactivated by means of the breakaway of
the atom of hydrogen from the nearest molecule of the polymer

2C:Hy- = CyHy + CiHyy, (80)

2Cat,y- - CH +-CoH,, (81)
2R: -+ R—R, (82)
H' RH H(‘Z.

R+ +HL - RH A HC (83)

The low yield of unsaturated compounds (see Table §) and also
ethane during the irradiation of polyrropylene testifies to
the preponderance of reaction (83). As can be seen from Table 5,
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there is no substantial difference between atactic and isotactic
polypropylene - in contrast to linear and branched polyethylene.
Since the significant yield of gaseous hydrocarbons in the latter
case is explained by the large number of short side branch .. and
end groups in polyethylene of low density as compared with
polyethylene of high density, it may be concluded that in atactile
polypropylene there are no more end groups than in isotactic
[141], althovgh in work [142] it is proposed that the difference
in the properties of isotactic and atactic polyprorylene is
conditioned by the difference in the degree of branching, and

not in steric regularity. Really in work [100] it has been shown
that atactic polypropylene is branched.

In Table 6 the values are given for the radiochemical
yields of gases from polyethylene. Yield G(H2> for liquid
polyethylene at 142°C is equal to 6, i.e., is greater than for
liquid n-hexane at 25°C, which is equal to 4.9% [143, 1447,

In another work [145] liquid cyclohexane was irradiated
by y-radiation of Co 0 at temperatures from -60 to 25°C and a
value of G(HD2) = 5,8 was obtained. This value does not depend
on the temperature of irradlation and is practically identical
with G(Hz) for liquid polyethylene at 142°C. On this basis
it is possible to assume that the mechanism for the liberation
of hydrogen in both cases is identical,

The formatlion of nydrogen during the radiolysis of poly-
ethylene was investigated in detail [146]. Radiochemical yield
G(Hz) drops with a temperature decrease in the indicated range
from 5.8 to U4.7; this is explained by the more effective protec-
tive action of the products of radiolysis being accumulated at
low temperature. The radlochemical yleld of hydrogen at room
temperature depends on the irradiation dose, whereupon in the

R il o

RO

v - — e T T T T




range of doses of 0-60 Mrad the minimum value is observed. A
delay has been established in fthe liberation of hydrogen during

the low-temperature radiolysis of polyethylene and low-molecular
hydrocarbons. Thus, during the irradiation of polyethylene up

to a dcse of 6250 Mrad at a tamperature of -110°C 95% of entire
amount of hydrogen formed in it is delayed. The delay of hydrogen

aa

in polyethylene bears a predominantly diffusion nature: in {
this case it is assumed that hydrogen. is accumulated in the places
of disposition of the double bonds which have less "moleculsar
volume™ in comparison w.th C-C bonds.

Table 6. Radiochemical yield of gases during the irradiation
of polyclefins. -

)
Temperature }Radio- :
Polymer Characteristics| Gas |during irra-!chemical i
l diation, °C |yield
Polyethylene
linear Solid H2 -196 3.0
; " H2 25 3.8
L Liquid H, 142 6.0 |
f
branched Solid H2 ~196 3.4 :
i
" H2 25 | {
Polypropylene Atactic H2 25 2.3
CHu 25 0.09
' Isotactic H, -196 2.5 °
CHu -196 0.05
H2 25 2.7 .
CHu 25 0.07
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The values of the integral yield of the gaseous products
of radiolysis of various polymers during irradiation up to a
dose of 108 rad are given in Table 7.

Table 7. The yield of gas during the irradia-
tion of various polymers [18].

Number of
Polymer molecules
per 100 eV
Polytetrafluoroethylene 0.051
Polyisobutylene 0.74
) Polyvinyl alcohol 0.96
Polystyrene 0.069
& Polymethyl methacrylate 1.11
! Polybutadiene 0.23
Polyethylene 2.03
t Polyacrylonitrile 0.33
Polymethyl acrylate 2.89
* Natural rubhber ‘ 0.44

The results of the analysis of the gaseous produ.us of
radiolysis [147] of liquid branched alkanes made it possible
to assume that the simple breaking of the C-C bond does not
v occur, but this bond is broken predominantly close to the
branching point. These conclusions are important for the
) understanding of differences in the behavior of polymers during
R irradiation.
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THE INFLUENCE OF THE CONDITIONS OF
IRRADIATION, PHASE STATE, AND THE
PECULIARITIES OF POLYMER STRUCTURE

The Influence of the Medium and Dosg Rate

It is known that the medium in which irradiation is conducted
has a very strong influence on the physical, chemical, and electric
pt perties of polymers. This has been demonstrated many times in
the example of the influence of oxygen on polyethylene and other
polyolefins [148-155].

The Influence of Uxygen During Irradiation

During the irradiation of polyethylene in an atmosphere of
oxygen (air). the free radicals which emerge react with the oxygen,
thus forming various oxidation products.

A comparison of the data obtained in samples with a different
relationship of areas and volume (for instance, fine films and
grains) showed [150, 156, 157], that oxidation during irradiation
is mainly a surface effect.

In work [75] a study was made of the kineftics of oxygen
absorption during and after the irradiation of a fine film made
from polyethylene Marlex-50 which 4id not contain an antioxidant.
The results of the determination of the gaseous products formed
and also the measurements of the quantity of oxygen-containing
groups by the method of infrared spectrometry are given in
Table 8.

The formation of oxygen-containing groups in a polymer has
a negative influence on the yield of radiation cross-linking and
lowers the resistance of the polymer to heating.

During the initial stages of irradiation in doses less
fhan 1 Mrad all the dissolved oxygen (which in polyethylene, for
example, is quite little) reacts with the polymer. The further
course of reaction of oxidation is limited by the rate of diffusion
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Table 8. Products which are formed during the
radiation oxidation of polyethylene

Partial
Gaseous pressure, Oxygen~containing Relative
products mm Hg products Content, %
i, 66.7 RC = 0 25 i
o) 5.7 H,0 il i
H [
H0 18.1 co2 6 .
o) 4. : !
C > 2 co 5
Hydroperoxide and alcohols 50

Note. Polyethylens Marlex-50 unstabilized, film thickness
0.0383 cm, integral dose 6.47-1020 ev/g.

of oxygen into the polymer. At the high dose rates this produces
iittle effect because the dissolved oxygen already reacted, the
access of oxygen from without (as a result of diffusion) is not
great and irradiation flows practically in an inert atmosphere.
At low dose rates oxygen noticeably influences the processes
which flow during irradiation in polymers.

The value of radiochemical yield of radiolytic bonding of
oXygen in a polymer G(-02) depends very strongly on many factors
and especially con the thickness of the film of polymer, the
intensity of irradiation, and the pressure of oxygen [75, 150,
152, 158]. With an increase in the thickness of film the value
of G(-02) first increases, reaching a maximum, and then it :
diminishes, when film becomes already so thick that the oxygen :
cannot diffuse through it sufficiently rapidly and enter into a ;
reaction with all the free radicals being formed. Peak value
G(—02) = 9.9 for a film thickness of 0.021 cm and an initial
pressure of oxygen of 5.5 em Hg. Using the kinetic equations
which take into account both the diffusion of oxygen into sample
through the surface and the interaction with the free radicals
being formed it was calculated that the peak value of G(—02) at a
high pressure of oxygen would be equal to 15 * 3 [75].
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Many polymers are very sensitive to oxidative degradation
during the irradiation, and even traces of oxygen substantially
influence the process of radiolysis. Thus in work [100] it was
shown that very small quantities of oxygen (0.01-0.4 wt. %), which
are present in polypropylene, are the reason for the degradation
of polymer chains in the area of the small irradiation dose.

Further it is known that in the case of the irradiation of
polyethylene at room temperature in the presence of air or oxygen
the quantity of gel fraction formed diminishes. 1In Table 9
data are given from work [152] on the influence of the dose rate,
pressure of oxygen, and thickness of the film of polvethylene
on formation of the gel fraction with a dose of 10 Mrad.

Table 9. The decrease in the content of gel
fraction in polyethylene irradiated up to a
dose of 10 Mrad in the presence of 02.

Thickness of Pressure 02, Relative Gel fraction
£11m, mm atm dose rate content, %
0.32 0 1 52.5
0.36 10 1 19
0.36 10 0.2 i
0.33 10 0.1 6.5
0.33 10 0.05 0

From the available literature data it is not possilble to
make an unequivocal conclusion whether or not the decrease in gel
formation in the presence of oxygen is the result of the inhibition
of cross-linking or acceleratlon of degradation or of both factors
simultaneously. In work [159] they assume that degradation
increases, and cross~linking is not sensitive to the presence of
oxygen. These data agree with the theoretical equation of
Charlesby for gel formation during the simultaneous flow of
cross-1linking and degradation. Nevertheless the authorsof work
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[160] consider that in the presence of oxygen 3(x) diminishes. The
modulus of elasticity at 150°C, proportional to the number of

cross-links, after irradiation in a reactor in air was four times g
less than during irradiation in a vacuum.

In work [36] it has been shown that oxygen completely
inhibits the formation of dimrer during the radiolysis of n-~
hexane. Apparently oxygen can inhibit the reaction of cross-
linking. During irradiation of alkanes with branched chains in
a vacuum it was established [147] that breaks of simple C—C bond

do not occur, but they are observed near the branching points. 1In i
work [161] it is noted that oxygen diminishes the yield of cross-
linking and facilitates the course of degradation.

The Mechanism of Radiation Oxidation

The investigation of the mechanism of radiation oxidation

of hydrocarbons, including polymers, has been treated in many
works.

Thus the data.obtained by photooxidation' of hydrocarbons [162]
could be interpreted, assuming the flow of the following chemical

reactions between the free radicals formed under the influence of
radiation and oxygen:

R- -+ 03z ~ROy-. (84)

The RO-2 radical ran further participate in reactions in two
various ways

J—

!The differences between radiochemical and photochemical
processes (see page 22) do not eliminate the pocsibilities of the
initiation of radicai reactions, oxidation for example, if the
energy of the light quantum is sufficient for breaking the chemical
bend and the formation of a free radieal.
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RO;- -+ RH -+ ROOH 4 R- (85)
R: 4 0z -+ ROy . (86)
or
H
R'-J:—o,- +R'—C~R” - OH.
1 (87)
R* o
R'CH;R* + OH. » R'~C—R" 4 Hy0
& (88)
H
R'—C—R* 4 03-R—<'J-R'
4 l (89)
Oy

The activation energy of reaction (85) in the gaseous phase
comprises more than 17 Cal/mole. Therefore reaction (85) does

not flow at a noticeable rate at temperatures below 100°C, if

the R02- radical after formation does not possess a significant
excess energy. Reaction (87) is exothermic, but probably is
characterized by a high preexponentlal factor in the kinetic
equation, and chain reactions (87)-(89) can flow slowly. Peroxides
and hydroperoxide are formed in reactions of the type

ROy + HO;z- — ROOH + O, (90)
ROs- 4-KOs- -+ ROOR -+ Os. (91)

The free H02- radical can originate in the reaction

R'CH.P" 4 O; - HOs- +'R'CHR" . (92)

Ionizing radiations easily generate ozone in the air,
therefore reaction (92) flows very intensively.

In work [161] in the examination of the influence of oxygen
and peroxides on irradiated polymers the conclusion is made that
oxygen can attach ltself to the double bonds formed under the
influence of radiation; the peroxides obtained in this case then
decompose and form two carbonyl groups (water in this case is
not formed):
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3 RR’ CHCHR”R" ~~~ RR'C == CR"R" - H (93)
RR’C=CR"R” -+ Oz - RR'C—C—R"R* (94)
d-
| 5
RR'—C- bR RR'C-0 -0 = CR*R™ (95)

} Flow and other reactions are possible [75].

‘ The best proof of the formation of peroxlides during the
irradiation of polyethylene in the presence of air is the following:
the pol&mer which was formed during the action of y-radiation
on vinyl monomers by itself can initiate polymerization after
the termination of irradiation, after the loss of its polimeriza-

ion aetivity it is possible to again make it an active initiator
of polymerization with the help of heating [161, 163-166].
) Analogous results were obtained in work [146] by another method.
Their explanation is reduced to the fact that during the irradia-
tion of polyethylene in air peroxide bridges were formed in it -
unique cross-linkages

b sl amias L S e o

R R*
; \C H""O—O—Cﬁ
R'/ \R.

Upon heating to 150°C the peroxide bond 0-0 is broken and at the
site of the break free ROeradicals are formed which are able to
) initiate polymerization.

ol

If hydroperoxide ROOH are formed, then breakings are possible
at lower temperatures; they give rise to formation of RO+ and OH-.
) - OH- radicals are able to initiate homogeneous polymerization in a
solution of monomers while RO radicals can initiate mainly ¢
heterogeneous or graft polymerization.

The Influence of Oxygen After
Irradiation (After-Effects)

It was revealed [152] that polystyrene, irradiated in a
vacuum up to very high doses (~105 Mrad), interacts with oxygen
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over a period of several days after direct contaét with air. In
its infrared spectra an: increase is oboerved in the 1ntensity of
the absorption bands which correspond to groups of CO (at 1725 cm
and OH (at 3400 cm™1). : : |

t
H 1

-1)

Still earlier [77] they observed the oxidation of polyethyléne
irradiated in a vacuum following its, transfer into an air medium.
Such post-oxidation of polyethylene of low dens*ty was 1nsignificant
during irradiation up to small doses. However, highly crystalline
polyethylene Marlex-50 -was .oticeably oxidized after irradiation

H H
up to significant doses.

The oxidation process in air after ir}adietion in a vacuum
flows for a sufficiently long time [75, 77]; thus the increase in
the intensity of the absorption bands which correspond to : ‘:
carbonyl grours is continued evén after 40 ‘days' of being kept
in air at room temperature.' ; )

It is significant to note that polyeth}lene irradiated in,

a vacuum in molten state and cooled to room temperature is not

oxidized upon contact with air., Hence it folloﬁs that oxidation
after irradlation 1s conditioned by free radicals taptured in the
polymeric matrix. The opinion that the irfluence of oxygen on a

polymer after irradiation in a vacuum is conditioned by interaction ;

with captured free }adicals is universally:recongized [85, 122, 125,
168-170]. 1In literature there are some contradictions relative
to the nature of these captured radicals and to tﬁeir localization
in the polymeric matrix, but:it is’ doubtless that crystalline i
polymers following irradiatlion can capture free radicéls for a
certain period of time. This is maiqfoldly confirmed by the
(EPR] (3MP) method. S '
i : ‘ - |

During a comparative study of polyethylene of low and high
density it was shown [125, 181] that polyimers with high degree of
crystallinity develop a greater teddeqcy tow?rd the capture of

i
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free 'radicals on the surfact of crystallites. Captured radicals
cant exist in polymers with a high degree of crystallinity for
quite a prolonged time and finally disappear as a result of some
interaction. Precisely the method by which they interact
deterﬁines the final properties of the irradiated polymer. For

i instance, highly crystalline polyethylene Marlex-50 possesses a
noticeable capacity to capture free radicals during irradiation.

If such an irradiated polymer 1s then stored in alr, oxygen will
v : slowly diffuse into the sample and interact with the free radicals. ;
This gives rise to the incorporation of oxygen in the mclecule of
polymer as well as subsequently to the reactions of breaking of
the poilymer chain.
3 ; )
In work [172] they have shown the influence of holding in
_air of polyethylene farlex-50, irradiated in a vacuum up to a

dose of 1.5'107 rad, ou physical properties. Tensile and rupture

strengfh during breaking were measured after various periods of
holding the samples in air. It was revealed that relative

1 ' elongatidn is strongly lowered with an increase in the period

I of holding in air.

; Annealing in inert atmosphere directly after irradiation at a
temperature higher than the melting point of crystallites pre-
i vents a change in the properties of a polymer during prolonged
) , storagé in air [35, 125]. In this case captured radicals manage
‘ to react ana no longer can participate in reactions with oxygen
) of the 'air.

" The Influence of Various Gaseous
Media .

In work [151] they studied the influence during the irradiation
of a number of gaseous media (02, N20, co, H2, 012, 802, NH3, NOZ)
on the yield of gel fraction and the coefficient of swelling of
polxmers. The gas pressure during irradiation comprised 600 mm Hg.
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It has been est:blished that N20 3omewhat increases gel formation,

CC, H2, 802, and 012 practically

do not influence this process,

O, reduces the content of gel fraction from 85-90% at a dose of
50 Mrad (irradiavion in a vacuum) to approximately 25% at 20 Mrad,
t and NO2 completely depresses the process of cross-linking (the

content of gel rraction is practically equal to zero). According

to the degree of influence on the decrease in the coefficient of

swelling after lrrziiaticn under identical conditions these gases
P can be arranged in the following order: O2 > C]2 > NH3 > CO > 3025
[ H2, NZG‘ The results in the decrease in the coefficient of

type
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swelling in the presence of N02 are not given.
results probably depend on the solubility of gases in the

polymeric film, the rate of their diffusion into the polymer,
} and the intensity of irradiation.

NOy

~CH—+4 NOy- ~ -—ci:—

undoubtedly flows at a high rate.
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The reaction of the

These quantitative

f . The noticeable influence of N02, which is expressed in the
complete suppression of the process of formation of gel fraction
in doses up to 50 Mrad [151], is probably conditioned by that fact
that N02' is a free radical and, as is known, can influence the
breaking of chain free-radical reactions.

(96)

Irradiation in an atmosphere of N2O is of significant interest.
The nitrous oxide exerts a sensitizing action [1.e., increases
the yield of the radiation cross-linking G(x)] on the process
of radiation cross-linking of polyethylene [173-1761,
polyisobutylene [1771, polypropylene [178-179], the copolymer of
ethylene with propylene [179], and polystyrene and polyamide [180].
In works [173-176, 180] .it has been shown that during the
irradiation of polyethylene in an atmosphere of N20 an increase
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is observed in the yield of cross-linking by 44%, and of trans- i
vinylene bond - by 87% (at a pressure N0 ~ 600 mm Ht). The |
gaseous nitrous oxide during the jrradiation is expciaded with a
very large yleld G = 103 with the formation of N2 and H20, the

quantity of which stoichiometrically corresponds to the reaction 1

¥

t N:O&N:'}- H.0 (97)

N The formation of cross and trans-vinylene double bonds
increases monotonically with an increase in concentration of
NQO in the polymer. Since in polyethylene only 0.1 wt. % N2O
. is dissolved, the energy absorption of radiation with molecules
NZO is very low as compared with the energy absorbed by the
polymer. The high yield of decomposition of N20 made it possible
4 to assume that part of the energy absorbed by the polymer is
transferred to N20 molecules and the excited N20 molecules break
away H atoms from polymer segments located in the vicinity:

—CH;—CHs—CHa— 4- NaO + —CHy—CH—CHs— 4 NsO* (98)
p
A
- N,o-¥i+x:+nzo_ 99) ;
) * CHy CH ;
or o g
i —CHy—CHy— 2’ _CH =CH— 4 N3+ H0 (100) *

By the transmission of part of radiant energy absorbed by polymer :
to the nitrous oxlde dissolived in 1t it is possible to explain
the decrease observed in the yield of degradation of polyisobutylene
in the presence of N20 [177].

In the works [167, 178] the sensitizing action of nitrous
oxides is connected with the piroperty of N20 molecules to fulfill
the role of electron acceptor. 5
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The Influence of Dose Rate

It was predicted from general considerations that the pro-
cess of cross-linking of polymers should not depend on the
intensity of irradiation [181]. This was shown experimentally
[182] on samples of polyethylene of low density during irradiation
in a vacuum (residual pressure not higher than ~10"3 mm Hg) by
fast electrons (dose rate 6, 12, 24, 338, and 2070 Mrad/min). The
results obtained clearly show that the quantity of cross-linkages
is proportional to the integral dose and does not depend either
on the dose rate or the energy of the electrons.

It is necessary to note that only during irradiation in a
vacuum was no influence of dose rate observed. During irradiation
in air a noticeable dependence on doce rate is observed but in
this case the determining role is played by the diffusion rate
of oxygen into the polymeric matrix [183]. It must also be noted
that at very high dose rates part of radiant energy 1t scattered
in polymer in the form of heat; as a result the temperature of
the polymer during irradiation is raised, which can also noticeably
influence the reaction yield of radiation cross~linking.

The Influence of Temperature, Degree
of Cryctallinity, Supramolecular
Structure, and Molecular Weight
Distribution

The majority of polymers, including polyolefins, represent
compound formations with a various degree cf order of segments
of macromolecular chains. It is considered that ordering at
the molecular levels corresponds to a determined degree of
erystallinity; the totality of the erratic sectlons of macro-
molecules forms the amorphous phase [184]. However, this concept
is very conditional and in the last decade underwent a basic
review [185-187]. The development of the experimental technique
for studying the structure of polymers, especially methods of
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electron micioscopy, made it possible to reveal large aggrezates
in them - areas including many molecules - the so-called
"supramolecular structures."

It is natural that the degree of order of structure and
the level on which this ordering is developed substantially
influence the various properties of the polymer and, in turn,
depend strongly both on the structure of the polymer chain and
on the motility of the marcomolecular chains and %their individual
sections or segments, which is determined by temperature.

The molecular weight of a polymer, its polydispersion
(distribution by molecular weights), and the conformation of
molecules also to a greater or lesser degree determine the relative
packing of chains.

In this connection the interest is understandable which is
systematically displayed by many investigators in the study of
the influence of all the factors noted above on radiochemical
processes which proceed in polymers during irradiation.

The Influence of Temperature and
Degree of Crystallinity

It has been established that the degree of cross-linking of
polyolefins depends on the temperature at which irradiation of
the polymer is conducted [34, 73, 89, 123, 125, 163]. Many authors
studied this phenomenon on samples of polyethylene with a various
degree of crystallinity and observed that the yield of cross-
linking in the range from -253 to -40°C does not depend on
temperature; in proportion to the further temperature increase
the yield of cross-linking increases. It 1s interesting to note
that G(x) and G(H2) are changed symbaticaily.
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In the case of the irradiation of polyethylene of high and i

low density at low temperatures and in a melt a significant '
difference was detected in the yield of gel fraction [125]. The
} analysis of these data made i1t possible for the authors of this
work to assume that mainly amorphous sections of the polymer are :
subjected to cross~linking. The free radicals which were formed

-

during the irradiation in crystalline ranges are captured by them,

whereas the capture of radicals in polyethylene of low density

is half as much as in polyethylene of high density, and cross-

linking at 150°C is more effective in the first case than in the -
second. Polyethylene of both high and low density which 1s

irradiated at a temperature of 25°C can be subjected to further
cross-linking in the case of rapld heating to 150°C in an .
T atmosphere of nitrogen. The summary effectiveness of

cross-linking in this case is half as much as during the irradia-

tion of the polymer directly in an amorphous state (at elevated
temperatures).

—

1 The yield of trams-vinylene nonsaturation during irradiation
also depends on temperature and increases in proportion to its
increase.

In the work [113]it was shown that the number of double bonds
i of the vinylidene type formed dependé on the temperature of the
[ irradiated polymer. During the irradiation of isotactic
polypropylene up to a dose of 200 Mrad at room temperature 2.5
times less vinylidene bonds are formed than at -196°C. The
lesser accumulation of vinylidene nonsaturation at higher
temperatures is attributed to the consumption of these double
bonds for the interaction with free radicals.

It has been established [188] that the properties of
pclyethylene irradiated in a nuclear reactor depend strongly on
the phase state of the polymer during irradiation. During
irradiation in a melt (130-160°C) a rapid lowering is observed
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in the melting temperature (Tnn) with an increase in the denseness
of the network and a drop in the degree of crystallinity. During
irradiation in a crystalline state (45-50°C) initially a weak §
lowering of Tnn is observed, then its constancy and a certain
increase; the degree of crystaliinity drops with an increase

in the denseness of the network considerably slower than during
irradiation in a melt. The effects revealed can be explained

by the different nature «f the network which 1is formed In an
amorphous and a crystalline polymer. In an amorphcus polymer
cross—~linkages fix the erratic disposition of chains and facilitate
a lowering in the degree of crystallinity anad Tnn‘ Cross-1inks
which are formed in crystalline polymer, along with a lowering of
T and the degrees of crystallinity of the polymer, simultaneously

nn

increase Trl of the remaining crystals since they fix the local

n
crdering of polymer chains.

In recent years a whole series of works has been published
{189-192] on the clarification of the influence of phase state,
temperature during irradiation, and the orientation of the polymer
on the effectiveness of the cross-linkirng of a polyethylene of
high density Marlex-50. ‘

Thus in work [189]it has been shown that the temperature of
a polymer during irradiation has a different influence on the
effectiveness of cross-linking in the crystalline and amorphous
areas. At moderate temperatures (25-90°C) crcss-linking occurs
more effectively in an amorphous state, at a temperature above
90-~100°C cross-linking becomes more effective in a crystalline
state. At 130°C the effectlveness of cross-linking in a
crystalline state is two times higher than in a completely
amorphous sample of the same molecular weight. Inhibited fermaticon
¢f the gel fraction in the crystalline areas in the case of
irradiation at moderate temperatures is explained by the severe
difficulties in the smergence of molecular bonds in a crystalline

state, and also by the possibility ~f breaks in the chains. 1If
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actually the formatlon of molecular bonds is inhibited due to
insufficient mobillilty of links in the crystalline areas it is
possible that the initial event of the interaction of radiation
with the substance leads to the breaking of chains. The increase
in the effectiveness of cross-linking by two times at temperatures
higher than 90-100°C only in the crystalline areas is attributed
to an increase in the mobility of links in ordered sections of
the polymer and the related improvement in contact between the
links of adjacent molecules. The expounded presentations have
been confirmed by th.~ data of work {190].

An attempt has also been undertaken [192]to explain the
difference in the effectiveness cof cross-linking in the crystalline
and amorphous states by the fact that in a melt intramolecular
contacts will be realized more and thus the probability of the
flow of intramolecular creoss-linking is greater than in the
crystalline areas. Furthermore this difference can be conditioned
by the fact that breaks in chains in amorphous and crystalline
states occur with a differenct probability (the less tendency
toward degradation in the crystalline state is connected with the
cage effect, i.e., withthe increased probabilityv of recombination).

There are many works dealing with the study of the influence
of the degree of crystallinity of polyethylene on the radlochemical
yield of cross-1linking, and analcgous works dealing with other
polymers [73, 98, 125, 190, 193]. In the majority of tests
the irradiation dose was selected so that crystaliinity would not
disappear complcetely. For four forms of polyethylene of a various
degree of crystallinity it was reveaied [194] that the yield of
eross-1linking was the same (although according to other data [195]
any physical processing of a polymer which leads to a decrease in
the degree of crystallinity facilitates the formation of cross-
linked structures).

According to work [196] the value of G(x) for isotactic
polypropylene comprises 0.6 from the yield of cross-linking in
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amorphous polypropylene. Investigations by the method of
nuclear magnetic resonance [YaMR] (AMP) confirmed [197, 198]
that cross-linkages in polypropylene are formed mainly in
amorphous areas. In work [199] it was shown that the yield cf
cross-linking for amorphous polypropylene is equal to 0.8,

and for isotatic - 0.2.

It is necessary to note that in the overwhelming mzjority of
cases the changes in the degree of crystallinity of polyiners
{(during the study of this factor on the yileld of radiation
eross-1linking) are attained by a temperature shift or they
compare data relating to polymers of different chemical structure.
Neither approach ensures the isolation of the individual influence
of each of these factors (separately - the degree cf crystaliinity
and temperature). Therefore the interpretation of the available
test data should be approached carefully.!?!

The study of the influence of orientation on the effectiveness
of the cross-linking of polyethylei.. Marlex-50 is treated in work
[191]; in it it is shown that at temperatures up to 70°C cross-
linking flows more effectively in disoriented areas, in areas of
70-100°C such differences are not noted, but at temperatures
above 100°C the effectiveness of cress-linking in oriented samples
increases. Thus the effectiveness of the cross-iinking of polymeric
systems with oriented crystallites is lower than with disoriented
(at moderate temperatures). However, with an increase in the
mobility of molecular segments in the oriented samples with a
temperature increase the retardation of the process of cross-
linking is overcome.

!The authors of this work have proposed a method which alliows
the realizing of various degrees of c¢rystallinity of a polymer
at the same temperature [R. P. Braginsky and others "High Molecular
Compounds,” IXA, 8, 1768 (1967)]. The utilization of this method
makes it possible to exclude the general deficiencles inherent
to works dedicated to the development of the influence of
erystallinity of cross-linking processes.
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The question of an increase in the effectiveness of radiation
cross~linking of polyethylene by irradiation at elevated vempera-
tures has been reflected in the patent literaturs [200-203].

The Influence of Supramolecular Structure

In the works [171, 204] the process of the radiation cross-
linking of blocks and monocrystals of polyethylene of high density
has been illuminated and the following differénces uncovered: in
a block and a fine film a greater tendency toward cross-linking
is noted than in a monocrystal or thicker film. These differences
assign the best ccntactes between tue folding surface cf individual
lamellae in fine films and blocks. The processes “hich lead to
an improvement in contact increase gel formaticn. It has been also
established [36] that during the irradiation of polyethylene
three times more hydrogen is liberated from the block than from
the monocrystal. The authors of this work assumed the possibility
of intramolecular cross-linking of monocrystal consisting of
lamellae -~ layers of routinely constructed molecules. Intra-
molecular cross-linkages do not influence the content of the gel
formationin irradiated polymer and do not participate in the
formation of cross-linking.

A detailed study of the iniluence of the conditions of
crystallization on radiation cross-linking of polyethylene is
made in werks [127, 128, 130, 202, 205]}. Thus in works [127,
205] it is shown that cross-linking occurs most effectively in
a block. Apparently the different content of gel f{raction in
irradiated samples of polyethylene which were crystallized under
different conditions is connected not with differences in the
overall content of cross-linkages fermed during irradiation up
to an identical dose, but with the different relationship of
intermolecular and intramolecular bonds which do not influence the
solubility cf the polymer. For the purnose of studying the
influence of the packing of lamellae in a monocrystal of polyethylene
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on radiation cross-linking [128] a polymer was systematically
loosened and dispersed with the ka2lp of ultrasound; as a result
the content of insoluble fraction formed during the irradiation
was strongly diminished, hence it follows that gel formation is
‘ ‘ conditioned completely by the agsregetion of lamellae, and the
cross intermolecular bonds which participate in the creation of
f the steric network are formed between the lamellae.

T

On the basis of a through study of the influence of the con-
ditions of crystallization and annealing on the process of gel
formation in irradiated polyethylene [128-130, 205] a concept
was formed about the fact the cross-~linking of polyethylene occurs
mainly in the sites of folds and bends of chains, whereas the
initial folds are retained even in cross-linked systems. Cross-
linking occurs mainly between the molecules of two layers arranged
in series. 1In the case wnen intramolecular bonds are formed
between the folds of the belt [206] (formed by one molecule) or
i multiple cross-linkages (the connection between already cross~linked
1 molecules), the content of gel fraction in the polymer during
irradiation does not increase. With the formation of such a
type of bonds near the folds in the structure of the polymer
1 there 1s the possibility of the appearance of large or small
rings, depending on the locallzation of these bonds inside one
belt or between two adjacent ones. More probable is the formation

PP

' of small four- or five-member rings (the existence of such rings
is predicted in work [95] on the -basis of spectral data). Such
) a mechanism for the formation of rings increases the defectiveness
. of the polymer crystal. The authors of thls work consider that

such a deviation of the mechanism of cross-linking from random
law, the determined selectivity of the process of cross-linking
(cross-linking flows mainly in tae sites of folds), is extended
not only to intramolecular, but also to the intermolecular
cross-linkages which are formed during the irradiation of
crystalline polymersi
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The results of a relatively small quantity of works on the
radiation cross~linking of polypropylene attest to the fact that
the quantity cf cross-linkages strongly influences the atactic ~
level of this pclymer: the higher the atactic level the higher the
{ degree of cross-linking.

As a whole it is necessary to note that the presentations
expounded above reflect to a considerable extent the subjective
poeint of view of the authors of the quoted works, and their contra-
dictoriness is conditioned by the absence of a completed concept -
about the structure of polymers.

\ The Influence of Molecular Weight and
Distribution by Molecular Weights *

The initial molecular weight and molecular weight distribution - 3
k not only are expressed in many initial prqper;ies‘of polyolefins,
but also to a known degree predetermine theé pgobgryies of . these .
polymers after irradiation. In this connectioﬁ tﬁéy studied the H
influence of the initial molecular weight on the process of
radiation cross-linking of polyethylene [123, 207, 208].

——

{ A comparison was made of irradiated polyethylenes of low

‘ . density (molecular weight from 7000 to 25,000) with Alcowax
(molecular weight 2100) and paraffin wax (molecular weight 480)
and for each sample they determined the minimal dose in which a
sampie (strip) retains its form during sweiling in toluene at a
temperature of 90°C [78]. It was established that the irradiation
dose required for the formation of cross-linking in the poliymer
depends on its initial molecular weight. Thus for the creation of -
such a structure in paraffin wax a dose of (8-9)-108 rad is

required, whereas for polyethylene i{ is almost 100 times less.

The dependence was obtained experimentally of the initial
molecular weight on the dose necessary for the transformation
of paraffins with a chain length from C7 ur. to 036 into stagnant
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at 200°C; the greater the molecular welght of paraffin the lower
the irradiation dose necessary for the formation of an infinite
network [208].

So the dependence was obtained for gel fractions of ten
various types of branched polyethylene on the initial value of
molecular weight [207]. Analytically it can be expressed by the
formula

r-Ms, == 8,06-105,

where My, - the initial welght-average molecular weight, and r -
the dosedof gel formation (gel point). It is evident that the
higher the initial molecular weight, the lower the doses necessary
for obtaining a cross-linked structure.

As shown in the works [208, 209], the value of the gel
fraction at the assigned irradiation dose of polyethylene depends
on the molecular welght distribution. The fundamental regularity
consists of the fact that for obtaining an identical content of
gel fraction polymers with a wide molecular welght distribution
have to be irradiated to higher doses than with narrow.

THE INFLUENCE OF ADDITIVES

In the preceding sections we examined the fundamental processes
taking place in polymers during irradiation, and also the reaction
mechanisms of the initial materials of radiolysis with each
other and with the molecules of the surrounding substance, the
influence of the medium, in which the polymer is irradiated, its
temperature, phase state, the degree of crystallinity, and other
peculiarities.

In the light of the examined presentations it is completely
evident that the introduction into the individual polymer of any
additive can considerably influence the changes which take place
in the material under the action of ionizing radiations and after
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it, depending on the interactionof additives with the reactive

or excited products which are formed in the polymer during irradia—l

tion [210].

Stemming from the general nature of participation in the
processes which proceed under the actidn of ionizing ‘radiatdons,
such additives and the low-molecular components of' the material,i
for example plastifieés, can be. divided into two fgndaméntal oo
categories: the active and the inert substances. Active
additive in turn can be idivided into two classes: the substances.
which absorb the radiant energy preceivea directly by the polymer
(i.e., disproportional to their molar,fraction taking electpon
density into account) and substances which enter into a chemical :
interaction with the reactive products which are formed during
irradiation. Inert additives {amplifying agents or fillers)
partizipate in radlation proc :55€6 because they are a component-
part of the entire mass of the product in which the radiant
energy 1is scattered and absorﬁéd. Ir the content of such a filler
makes up a noticeable part of the weight of product then the filler:
will absorb a significant fraction or the radiant energy and
therefore reduce or increase radiation effects in “he irradiated
product, depending on its own radiation stability.: : P

Based on application ‘additives &ntroduced into polymers can be
classified in the following manner: 1) amplifying agents or '
fillers; 2) substances which reduce the degree of chemical and
physical changes which takei:place in a polymer during irradiation,’
i.e., raising its radiation stability ~ the so-called antirads;
3) substances which inhibit ithe process of oxidation of polymer
both during irradiation ‘and during the subsequent exploitation
ir. the air at increased temperaturés - anatioxidants or thermo-
svabilizers; 4) substances which promote (facilitating the onset)
specific chemical changes which flow.in'a polymer during irradia-
tion - the so called sensitizers. ' i : ' !
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Active Fillers

Amplifying agents, or active fillers, are used frequently
in industry since they make it possible to improve tane physico-
mechanical properties of a product, to reduce the expenditure of
the fundamental polymeric material, and therefore to reduce the
price of the product. If as the filler a material which possesses
higher radiation stability than the polymer itself is used, then,
as a rule, such a filler only diminishes the radiation changes in

: the ,polymer ~ filler system because the fraction of the absorbed

energy necessary for the polymer diminishes. Such fillers
inglude various carbonic blacks, silicon dioxide, glass fiber,
taic, and others. For instance, for the improvement in the
mechanical properties of irradiated polyethylene, and also
inéréasing it resistance to the action of oxygen and ultraviolet
irradiation into the stabilized polyethylene prior to irradiation
mineral fillers (soot, 8102) are introduced to the extent of 25-100
parts by weight to 100 parts by weight of polymer [211]. After
irradiation the polyethylene with the filler possesses higher
strength than polyethylene without the filler [212]. The
difference in strength characteristics 1s expressed especially
sharply at eleveted temperatures (Table 10).

Table 10. The influence of filler on the strength
characteristics of irradiated polyethylene at
various temperatures.

Breaking strength, ka/cm’
Polyethylene 0 100 °C 150 °C
Without fiiler 182 35 7.5
With filler m 63 3

&n analogous effect was obtained not only on polyethylene, but
also on other polyolefins, especially on the copolymer of ethylene

with propylene (propylene content 7 mole %) [213]. Prior fo

irradiation the chlorides of bivalent tin, bi- and trivalent iron
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were introduced into the polyolefin to the extent of 10 parts by wt.
they were irradiated up to a dose of 100 Mrad. The strength

A characteristices of such a material at various temperatures are

) given in Table 11.

Table 11. The Influence of metal chloride on the strength
characteristics of polyethylene at various temperatures.

Breaking gtrength, Relative elongation, %
Tempera- [ ke/en”
* ture of | prior to after prior to after .
testing, irradia- irradia- irradia- irradia-
Material % tion tion tion tion
Polyethylene of low
density 20 117 115 500 100 .
} 150 - 5.5 - 90
200 - 0 - -
The same + SnClz'HZO 20 135 123 310 160
150 - 13 - 8
200 - 9.6 - 32
1 The same + FeCl,'H.0 20 106 124 160 97
150 - 9.4 - 65
200 - 7.2 - y5
4 The same + Fecls‘nﬂao 20 105 139 150 70
150 - 9.3 - 70
u 200 - 6.0 - %0

‘For the purpose of increasing the impact elasticlty of
polyethylene compositlons were prepared which contained 10-30% of -
filler - calcium silicate, alumina or aluminum silicate and others
and 0.5-15% vinyl triethoxysiiars, and then they were irradlated
by the usual method [211].

It has also been established that plastomers on the basis of
glass fiber and epoxies (as also for other heat-reactive resins)
possess greater radiation stability than the resin itself [214, 215].
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Antirads. Radiation Protection

aa o A ——

Various chemical groups differ strongly from one another in
sensitivity to irradiation, however, their susceptlibility is a

very relative value, it can change strongly because of the
presence of other groups in the same or in adjacent molecules. In § ‘
cases when the effect amounts to the lowering in the reactivity i
c of the basic component of the system due to the presence ot another
component or additive, it has been accepted to speak about
radiation protection. The increase in the reaction activity of the
basic component as a result of the presence of another component
or additive corresponds to the effect of radiation sensitization.

The questions of radiation protection are extremely important
when using materials in the active zone of lonizing radiations.

Based on the principle of action of a protective additive the
processes of protection can be divided into two basic groups. The

—r

first group includes the processes of actual protection, in this

case the protective additive absorbs energy from the fundamental

irradiated substance (protection of the "sponge") and it scatters

} this energy in the form of heat or light, whereas the additive

} itself barely undergoes any irreversible chemical changes

(protection is called internal if the chemical groups which

transform the radiant energy into other forms of energy without

) a change in their own structure have been built in directly into
the molecule of the protected polymer, and external - if they are

. simply distributed in the bulk of the polymer in the form of an
additive).

Gocd protective additive for many chemical compounds are
aromatic hydrocarbons, since they have a large number of low
lying excited states, possess the low ionizing potentials, and
themselves are radiation resistant. The transfer of energy from
' the higher excited states of the main compound or charge transfer
with an ion of the main compound gives rise to the scattering of
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power in an aromatic hydrocarbon. This scattering is accomplished !
as a result of fluorescence or heat evolution and is accompanied
by insignificant decomposition of the aromatic compound itself.

Thus in works [216, 217] it 1s shown that small quantities of
benzene protect cyclohexane from decomposition during irradiation,
whereupon this protection is the result of the transfer of ioniza-
tion and excitation from cycloheiane to benzene.

It has been established that the radiation stability of .
polyethylene can be raised by mixing it with compounds for which
resonance stabilization is characteristic -~ naphthalene, anthracene,
phenanthrene (external protection), or by inoculating polyethylene .
with styrene (internal protection) [218]. A graft copolymer of

styrene and polyethylene possesses better radiation stability

t than a mixture of polystyreneand polyethylene. Apparently the
transfer of energy inside the molecule is accomplished more
g readily than between molecules, when a major role already can be
played by the relative mobility of active chemical groups. Such
an internal protection was observed during the irradiation of
linear paraffins with a known number of carbon atoms in a chain,
in the molecules of which naphthyl groups were connected in
various positions along the «lkyl chain [219]. In this same
work it was shown that the area of the protection of every
aromatic grouping is disseminated along the chain to a distance of
approximately 4-6 carbon atoms.

T——————

An antirad actlon on polymers 1s exerted by many aromatic
amines: di-B-naphthyl-n-phenylenediamine, phenyl-a-naphthylamine,
etec. In the work [219] it is shown that in a very small concen-
tratica of these substances in polyethylene (0.2-0.5%) the yield
of cross-1linking 1s considerably reduced.

The mechanism of the protective action of aromatic amines
P during radiolysis of polymers has been studied in work [220] it
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is shown that their protective action is accomplished in the
preradical stage of radiolysis, i.e., it is connected with the
processes of transfer of the energy of excitation or an electron.
Ion-radicals of amines are formed during the transmission of
energy absorbed by the polymer to the amine, as a result of which

its ionization occurs.

p In work [221] it is shown that many industrisl antioxidants -
aromatic amines and phenols - not only are inhibitors of oxidation
during the thermal aging of irradiated polyethylene, but also
antirads, especially in the area of the small ‘rradiation dose
[222]. The effectiveness of thelr protective action with respect
to the reaction of radiation cross-linking depends on the additive
concentration, the compatibility of the additive with the polymer,
the melting point of the additive, and others.

Strong antirads have been revealed for polypropylene, for
example ionol [223, 224]. A very high effectiveness of protective
aztion on polypropylene is possessed by diatomic phenols contain-
ing hydroxyl groups in ortho-positions, for example pyrocatechin
[225].

Another mechanism for protection is known by the name of
protection of the “sacrifice" type. In this case the additive, , H
while carrying out the protection of the main compound, suffers i

irreversible chemical changes and is destroyed. The summary
radiation damage in the system remains approximately the same as

* it was before the introduction of the additive. Examples of
protectivé additives of the "sacrifice" type are iodine and other
acceptors of free radicals [226]. With the use of such compounds
the possibility of reactions of free radicals formed in the
initial event with the molecules of polymer is averted. A strong
protective action during the radiolysis of polyethylene is
exerted by small additives of S, Se, and Te [227].
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It is assumed [147, that radiation protection with the help
of additives can be accomplished by several mechanisms.

1. By the transfer of energy from the polymer to the
protective additive without chemical changes in it. The additive
can scatter this energy, not having suffered any 1lrreversible
chemical changed, or be changes and lose the protective activity.
In the latter case protective action will be discontinued when
all the additive will be destroyed or changed.

2. By the reduction of damages induced by radiation, with
the participation of additive which itself can be changed or not
be changed.

If the main reaction in the polymer during the influence of
radiation is the loss of hydrogen with the formation of the
polymeric radical R*, then protection can be reduced to the transfer
of a hydrogen atom from the additive (AH) to this radical and the
formation of a low-activity radical:

RH~~- R- +H, (101)
AH4-R. —~< A- +RH, (102)
If as a result of ionization an electron is torn from the
polymer molecule the additive can supply thls molecule with the
missing electron, remaining sufficiently stable itself and without
participating in other reactions, until it captures another
electron.

If one assumes that cross-linking occurs during the
interaction of two polymer radicals
_é |
e G

PSR N (103)

then the molecules of the additive can be Joined with the radicals
with the formation of stable side groups or less active radicals,

i.e.,
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(104)

In the case of degradation which flows by means of breaks in
the main chain the protective additive can connect between itself
two polymer radicals (to interlace the ruptured chain) and thus
"heal" the damage caused by radiation. Here the average molecular
welght is not noticeably changed

_(:;. .i.(:;.-.-l-A- -%:—A-—%:—- (105)

In many similar cases strictly protection against chemical
changes induced by radiation is absent, but the changes taking
place acquire another nature and are converted into such which
do not influence the properties which are critical in the given

concrete case.

3. The addition can react with radical formed during
irradiation earlier than the latter will be able to attack and
modify the polymer. For instance, during irradiation in the
presence of oxygen the additive can react with free radicals and
avert the formation of unstable peroxides in the polymer molecule;
otherwise these peroxides could lead to degradation.

The three mechanisms of protection enumerated can be considered
as: 1) the removal of absorbed energy before chemical changes
occur; 2) the inactivation of chemical formations, for example
the radicals which were formed during irradiation; 3) the pro-
tection of the polymer molecule from active formations which
arose outside it.

Quantitatively it is accepted to characterize the effectiveness
of the protective action of additives by the protection factor
and by the factor of energy transfer.
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If we designate by r, the irradlation dose necessary for
obtaining specific changes in the absence of additives and through
rp the corresponding dose when there is a protective additive, then
the measure of the decrease in the effect of radiation is equal
to ro/rp, and the portion of lost energxbas a result of the
presence of the additive is equal to 1 -,;. This value 1s called
the coefficient of protection. The factor of energy transfer ‘
expresses the portion of the energy diverted to additive

divided by the concentration of additive.

In Table 12 data are given [228] on the protective action
of various additives on polyethylene. )

Table 12. The protective action of additives on

Polyethylene.
. Content Dose at which Coefficient Factor of
Sample of of addi- 90% gel contenct of energy
polyethylene “ive part | is attained protection transfer
by weight

Without additives - 100 0 - 7
With dibutyltin maleate 5 220 0.58 12.0
With B-naphthol 5 250 0.60 12.6
With dinaphthyl methane 5 300 0.66 13.7

Let us examine the course of the computation of the coefficient
of protection and factor of energy transfer in the exemple of
dinaphthyl methane. With a content of 5 parts by weight of it a
90%~content of gel fraction in polyethylene is reached with a
dose of 300 Mrad (instead of 100 Mrad for pure polyethylene).
Therefore the coefflcient of protection 1 —f§-= 1 - %%%v= 0.66.
Therefore in the presence of dinaphthyl methane only 34% of
energy which is necessary for every polymer molecule causes
chemical changes (the effect in the absence of additive is
accepted as 100%). Since the quantity of polymer comprises only

95% by weight, the energy utilized for the realization of chemical
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changes observed during irradiation comprises 0.95-0.34 = 0.32 or
32%, and 68% is taken off in this or that form as the result of
the action of additive. The quantity of additive comprises 5 parts
by weight. If the primary energy absorption of radiation occurs
according to random law, then protection ir ‘:ases the effective
energy absorption by the molecules of the adu.tive by 68:5 = 13.7
times.

The mechanism of the transfer of energy to the molecules of
additive is not conélusively clarified and it is the subject of
further investigations.

Heat Stabilizers. Protection from
Oxidation

The influence of.oxygen on polymers during and after
irradiation, and also the mechanism of radiaticon ,oxidation
were examined above. At the same time one ought to keep in mind
that polymers are very susceptible to oxidation, especially at
elevated temﬁeratures, and therefore as a rule a certain quantity
of stabilizers are introduced into them for the prevention of
oxidation of the material during its technical procecssing into a
product (such treatment is usually conducted at elevated tempera-
tures, in any case exceeding the softening temperature, and some-
times even the melting point of the polymer).

Irradiated polyolefins, as it will be shown, can be exploited
at temperatures which considerably exceed the softening temperature
and even the melting point of the corresponding polyolefins 1in
the nonirradiated form. Since with a temperature increase the
intensity of the oxidation process substantially increases, and
the properties of material during aging at elevated temperatures
rapidly deteriorate, the question of the thermal stabilization of
such radiation-modified polyolefins is especially urgent, because
only the effective protection of an irradiated peolymer from
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" oxidation makes it possible to realize all its valuable properties
for a prolonged time.!

] The study of the oxidaticn of hydrocarbons both in the liquid
] and solid phase, and also the mechanisms of thermal stabilization
have been treated in many works and detailed monographs have been
published [229-232].

In principle the fundamental scheme of the process of thermal
oxidation of polymers is analogous to that already examined in the .
section dealing with radliaticn oxidation, however, there is a
certain peculiarity: during thermal oxidation the process is
T initiated by the interaction of hydrocarbon with molecular oxygen,

whereas during the irradiation free radicals are accumulated
basically as a result of the processes of ionization and excita-
' tion under the influence of radiation.

Let us examine the sequence of reactions during the oxidation
! of polyolefins more comprehensively.

It is known [232] that the oxidation of polymers is a chain 4
{ process which flows with the participation of free radicals which

can ve formed during the interaction of two valence-saturated
molecules

RH+0p~ R- 4 HO;., E=25—20 Cal. (106)
(low-activity radical) .
' Iritiation in this scheme 1in polymers 1s very probable since

their oxidation frequently begins already at 100°C. Polymer 3
macroradicals react with oxygen, forming peroxiradicals %

'In this case we are speaking of the exploitation of the
polymer in the presence of atmospheric oxygen. If we examine
exploitation in a deep vacuum or an atmosphere of neutral gas the :
necessity for the thermal stabilization of the polymer remains, :
but only for the period of its processing into a prouuct, if this
q processing is conducted in the air and at increased temperatures.
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R- + 0z -+ ROy, E=0 Cal. (1e7)

(more stable radical)
Although the R02' radical possesses less reactivity than R* it i
nevertheless can break away an atom of hydrogen from organic com-
pounds and be ccnverted into hydroperoxide. In this case the ;
radical R* is again formed and is able to continue the chain 3

RO.- +-R'H~ R'- +ROOH, £:=4,5 Cal. (108) 4

Concentration [R+] << [ROQ.]. During oxldation the chain breaks
f as a result of the recombination of RO:} peroxide radicals and
is accompanied by the formation of peroxides and molecular oxygen

e B e —
b - - e -

ROs- -+ ROs- ~ ROOR + Ox. (109)"" = v b

' The hydroperoxides which are accumulated during the oxidation of
a polymer decompose into active alkoxyl and hydroxyl radicals,
i.e., the number of active centers increases

ROOH ~ RO. J-HO., . E=2 Cal. (110)

The radicals formed during the decomposition of hydroperoxide
can then participate in the reactic.s

RO- 4+ R'H- ROH+ R, (111)
HO. +R'H-~ HO+R’- . (112)

N g

l Furthermore, present test data [233] indicate that hydroperoxide
decomposes during reaction with a polymer according to the

equation

-RUOH+4RH -~ RO- +HO+R- . (113)

Hydroperoxide would decompose stlll more rapidly if it reacted
with a compound in which the binding energy of the hydrogen atom
would be less than in RH.!

'As the antioxidants of polymers they frequently use aromatic
amines. It is known that the binding energy N-H in such antioxidants
is considerably less than the binding energy C-H in hydrocarbons,

k and this glves rise to undesirable consequences, especlally, to

the initiation of oxidation with an antioxidants themselves.

T
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The rate of the consumption of hydrocarbon in the chain
reaction of oxidation is expressed by the following equation:

d [RH]

& = K; [RCy- ] {RH]. (114)

Since concentration [RH] is practically constant the rate of
the consumption of hydrocarbon d[RH]/dt depends only on the
coneentration of{BOa-]. In turn the concentration of [R02'] is
determined by the relationship of the rates of formation and
disappearance of free radlcals.

It is assumed that the role of antioxidants (or inhibitors
(IH)) is reduced to the fact that they react with active RO
radicals, as a result of which inactive products are formed

2

ROO. 4-1H- 1. + inactive products. (115)

The most widespread antioxidants of polyclefins are aromatic
amines and phenols (PhOH).

The chewnic2l actlion of antloxidants during the thermal
aging of polyolefins consists of the capacity to break reaction
chains during the interaction with RO, radicals [234]

PHOH +RO: -~ ROsH 4-RhO- . (116)

As a result of this reaction instead of the active radical ROa‘

the low-activity phenoxyl radical PhO-is formed. It is not able

to continue the chain reaction. This radical attaches to itself »
the peroxide radical, breaking one additional reaction chain and
converting into quinone.

Aromatic amines also interact wlth two ROé radicals;
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The formation of phenoxyl and nitroxyl radicals during the
inhibition of the thermal-oxidative degradation of polymers is
proved by the [EPR] (3MP) method [235]; quinones have been
isolated by a series of the researchers [236].

As the basis for the generally accepted scheme for the
inhibition of oxidation twc assumptions have been taken: 1) the
inhibitor brezks the chains of the reaction, but it does not
influence the process of the germination of oxidation chains; ‘
2) hydroperoxide decomposes with the formation of two active
free radicals. From these assumptions it follows that the rate
of consumption of inhibitor is equal to the rate of initiation and
the induction period (i.e., the time during which the autocatalytic
reaction of oxidation is not developed) increases proportionally
to inhibitof concentration in polymer.

However, experimental investigations showed [237] that
antioxidants are expended approximately according to linear law
up to the moment of the lowering in their concentration to
eritical, whereupon they rapidly disappear, but the induction
period with an increase of inhibitor concentration does not increase
linearly but more slowly. These data attest to the complex
mechanism of action of antloxidants and make it possible to assume
that the latter not only break the reaction chains, but can also :

R R S . -




initiate oxidation. Actualiy if the antioxidant only breaks
chains, then its introduction into a polymer ¢tannot lead to the _ ' !
recudtion of the inductjon period; if it possesses the capacity
both to break and to initiate cﬁains, then undef some condltions
the addition of it can lead to a reduction.in the*induction period.

.
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Three probable mechanisms are suggested for the initiation
of oxidation by antioxidants

1. The oxidation of the inhibitor according td, the reaction

{115 O ~ HOp- 41 ' ' (118)
In this case a compargtively active radical H02.is formed, the ) )

presence of which during oxidation is proven in work [238],

H

2. The low-activity radicals of the inhibitor I can ente" 5 i i
into a reaction with the molecules of the polymer ‘

—

1+ RH - IHAR- ' S (119)

In this case active radicals are formed [239].
) ) '

3. Antloxidants can initiate ox¥dation by reacting with

} hydroperoxide according to the afrangement [a40] ' ) !

e

H !

RUGQH £ 1 RO- -+ 1O +1- ' (120)
) In the light of the presentatigns expounded about the dual , !
function being fulfilled by the inhibitors of oxidation in a '
polymer (the breaking of chains and the initiatien of oxidation)
it becomes understandable why in a number of cases the“Joint use,
of two antioxidants gives:a considerabiy strbnger effect of pro-
tection of a polymer than snould be expected, stemming from the o !
summary effectiveness of each of them individually {so called .

*
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svnergistic effect, 1.e., their nonadditive contribution with
Joint use). The phenomenon of synergism - the mutual
strengthening of the action of antioxidants - is examined com-~
prehensively in a number of works [239, 241-243]. The chemical
;mechanism of this phenomenon is manifested in cases when the
radical ¢f the inhibitor causes the initiation of oxidation, and
: the additive of the second substance captures these radicals.
o Thus the fact that antioxidants along with breaking the
P .chain participate in the initiation of oxidation is completely
’ " negative. Here the major role is played by the formation of
hydroperoxide during the interaction of R02-peroxide radicals
with ,the. antioxidants, the molecules of which contain a weakly
bound atom of hydrogen (related to them are practicaily all the
widely used derivatives of phenols and aromatic aminec).
2
All the presentations expounded above relative io the
mechaqisms of oxidation and stabilization of polymers are also
.appliéablelto irradiated polymers; however in the latter case
there are some characteristic properties connected both with the
courde of the oxidation process and with the mechanism of thermal
.stabilization. These peculiarities, which are noted in a number
of works, are conditioned by two causes: 1) by the presence in
irradiated polyolefins of a significant quantity of tertiary
atoms of carbon accumulated during radiation cross-linking, and
?) by the pessibility of the expolitation of irradiated polyolefins
at temperatures which exceed the melting point.

nThe 2lassical approach to the study of thermal oxidation
| is reduced to the determination of the induction period, the
study of: the kineties of accumulation, and analysis and identifica-
blon‘of the oxidation prcduct both in the pure polymer and in the
presence of an anticxidant. In this case it is assumed that
the reaction mechanism at temperatures which exceed the melting
'point ol polymers 1s not substantially changed, but only the

reactior rzate increases.
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At the same time some investigation [244, 245] focused atten- ]

tion on the individual specific peculiarities of thermal oxidation }

of radiation-cross-~1linked pclymers. i

i An investigation was made [246] of heat aging of polyethylene

of low density, both pure and heat-stabilized by special additives

after irradiation by y-radiation in an inerf atmosphere up to

various doses, by methods of extraction (gel fraction), swelling

in the vapors of organic solvents at room temperature, infrared
spectrometry, and also by the determination of strength character- .
isties. The content of nonsaturation (vinylene in irradiated

and vinyl and vinylidene in nonirradiated samples) was varied

with the help ofchlorination, and the influence of the iree

radicals accumulated during irradiation on the process of thermal

aging was eliminated by means of the annealing of samples in

a neutral medium.

Figures 7-9 show the dependences of the relative change in
content of the zel fraction and also the strength characteristics
of polyethylene (pure and heat-stabilized) on the duration of
aging in the air at various irradiation doses and temperatures.

-

Attention is focused on the nonmonotonic course of the change in
relative content of gel fraction with an increase in the duration
of aging, and also the correlation between times corresponding
to the minimum of this curve and to the total losses of strength
of the polymer at each of the testing temperatures. The sharp

) lowering in the content of the gel fraction during the initilal
period of aging attests to the intensively flowing process of
thermal oxidation polymer degradation; a subsequent increase in
the content of the gel fraction is apparently conditioned by the -
process cf structuration, however, it is not accompanied by an
improvement in mechanical characteristic. In heat-stabilized
polyethylene the course of the change in this dependence is
observed, but the relative value of extreme is less, and with an
increase in the time of aging the content of the gel fraction

' increases nomotonically, approaching the limiting value.
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Fig. 7. The dependence of the relative con-
tent of gel fraction a) and the relative !
elongation b) of irradiated polyethylene of i
low density on the time of aging t at 175°C: !
1 - irradiation dose 50 Mrad; 2 - irradiation i
dose 100 Mrasd. !
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Fig. 8. The same at 200°C. '
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Fig. 9. Dependence of the content of gel fraction of heat-
stabilized polyethylene irradiated up to 100 Mrad on aging
time t at 175°C a) and 200°C b).
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The analysis of the given curves shows that with an increase
in the irradiation dose the time of achievement of minimum
diminishes, but with an equal irradiation dose this time is
less, the higher the aging temperature. With the same aging
temperature independent of the irradiation dose the processes of
structuration flow at a constant rate.

Figure 10 shows the dependence of the coefficient of swelling
of the g=1l fraction (Kg) of irradiated polyethylene in xylol at
25°C after aging at 200°C in air; the calculation is accomplished
on the assumption that the coefficient of swelling of the gel
fraction during aging is not changed. It is evident that during
aging value of Kg increases sharply, and then, having achieved
a value characteristic for nonirradiated polyethylene, continues
to increase slowly. The time interval which corresponds to a
sharp change in Kg is approximately equal to the time of onset of
the minimum on curve in Fig. 8a. The rapid increase of Kg during
the initial period of aging is conditioned by the breaking of
the cross-linkages C—-C which were formed during irradiation
(the fall in the content of gel fraction corresponds to this).

The subsequent slow increase of Kg is connected with structuration
(the increase in the content of gel fraction), however, the
oxygen-containing cross-linkages being formed loosen the

structure of the polymer, thus increasing the volume of
intermolecular voids.

Fig. 10. The dependence of the coefficient
of swelling of polyethylene irradiated
in a dose of 100 Mrad on the time of aging
t at 200°C: 1 - the coefficient.of swell-
ing of irradiated polyethylene (KO); 2 -

the coefficient of swelling of the gel
fraction of irradiated polyethylene (Kg).
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Spectroscopic studies showed (Fig. 11) that witn an increase

of temperature and time of annealing the rate of the subsequent

Y thermal oxidation is lowered both for pure and for heat-stabilized
polyethylene. The study of samples with a various initial degree
of unsatusation showed that the atsolute increase of oxygen-
containing groJapings in all cases is approximately identiecal,

but the content of double bonds during aging did not substantially j

change. ‘

i~
E ° T T U071 Fig. 11. Change in the relative concen-
« 3 g !*] tration of carbonyl groups during
.87 |1] thermal oxidation aging of polyethylene
8 /r;f irradiated up to 100 Mrad: 1 -~
a4 = o2l ﬁﬂuz_ polyethylene heat-stabilized without
S 04?r ¢ annealing and pure poiyethylene,
9 )fgﬁr 33:_0—5x annealing at 150°C, 3 hr; 2 -
Sl pure polyethyelene annealing at 100°C,
2% 02 6 m % 7€ ¢, ne 30 min; 3 - the same, annealing at

- 200°C, 30 min; 4 - the same, annealirg

at 150°C, 3 hr; 5 - the same, annealilc
at 200°C, 3 hr.

The examination of the totality of test data obtained shows
that the process of thermal oxidation of irradiated polyethylene
at temperatures higher than the melting point flows according to
a mechanism which 1s substantially differen from fhat generally
accepted for nonirradiated polyolefins in the area of lesser

temperatures.

The nonmonotonic course of the dependence of the content of
gel fraction on tne duraticn of aging is conditioned, as already
mentioned above, by the simultaneous flow of two fundamental
competing processes: the thermal oxidation degradation which is
developea by the usual mechanism with the formation of peroxide
and hydrcperoxide radicals, and scructuration. Under normal
conditions the peroxide radical teing formed recombines with the
polymer radical with the formation of a peroxide cross bridge.
However, at temperatures above 150°C such peroxide bonds are

destroyed.
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The drop observed in the content of gel fraction during the
initial period of aging in the light of the described mechanisn
can be explained only by the fact that the process of oxidation
of irradiated polyethylene flows selectively with the participation
of tertiary atoms of carbon in the C—C cross-linkages which were
formed durling irradiation. This is confirmed by the fact that
the yield of degradation during the initial period of aging is
proportional to the irradiation dose, i.e., the density of cross-
linkages. The subsequent increase in the content of gel fraction
attests to the structuration of the polymer. The cross-linkages
being formed are oxysgen-containing - this stems from a comparison
of the content of gel fraction in puie and heat-stabilized
polyethylene, on the one hand, and from the correlation of this
process with an increase in the concentration of bound oxygen - on
the other.

The constancy of the relative value of extremes makes it
possible to assume that the formation of these oxygen-~containing
bonds 1s a process determined by formation and decomposition of
peroxide bridges. The presence of bend on the ascending branch
of the curve confirms this assumption, because these processes
flow simultaneously, and the somewhat lower rate of the second
process predetermines its course for a certain period of time
after the conclusion of the first process.

The subsequent slower process cf structuration, which flows
with the participation of oxygen, is apparently conditioned
by the cross-linkages as a result of the interaction of the
polymer macroradicals which arose durlng the breaking of chemical
bonds of the tertiary atoms c¢f carbon and other weak places of
the polymer chain. Available data make it possible to assume
that the process of stiructuration 1s conditioned by the formation
of simple ether bonds.
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The proposed mechanism for thermal oxidation aging makes it
ru3sible to explain tne data obtalned earlier [244, 245] on the
legser thermal resistance of irradiated polymers as compared with
nonirradiated, and also to stress the importance of the solution
<o the problem of heat stabilization of irradiated polymers for
the creation ¢ the possibility for the realization of their
potentizlly valuable properties.

In works by the authors the question cf the possibility of
a thermal stabilization of irradiated polyethylene and other
polyolefins has been studied in detail, for example, the copolymer
of ethylene with propylene. Formulas for effective heat-stabilized
systems have been developed, the defficiency of thermal stabilization
of irradiated polyoclefins has bteen investigated over a wide
range of temperatures (the properties ol heat-stabilized irradiated
polyethylene are examined in the following chapter), the peculiar-~
ities of the mechansim of the synergistic action of stabilizing
systems nave been revealed, and, along with chemical, the structural
mecnanism for the stabilization of irradiated polymers has been
disclosed.

Tie testing of different types of zompounds as antioxidant
additives showed [234, 247, 248] that certain crgano-tin and also
other compoundas exert a stabilizing action on the process cf
thermal aging of irradiated polyethylene. The introduction of
these neat stabilizers to the extent of up to 5-7 rarts by
weignt to 100 parts by welgnt of poclymer makes it possible tc
increase the duration of utilization of irradiated polyethylene
in air up to the loss of elasticity (relative elongation is reduced
to 100%) as compared with the irradiated polyethylene not con-
taining special additives at a temperature of 150°C from 15G-200
to 1500-2000 nr, and at 200°C - from 10 tc 5C~60 hr.

Furtner studies shnowed [289] that the effect of thermal

n >f irradiated polyethylene can be substantially

[47]
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strengthened, if as stabilizers individual substances are not
used, but their specially selected mixtures with a specific
relationship of components. In this case a clearly expressed

) synergistic effect 1s observed [250]. The use of combined
synergistically interacting additives as heat stabilizers of

¥
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irradiated polyethylene ensures the effective protection of this
material from oxidation in air at a temperature of 150°C for
‘ 5000-6000 hr, and at 200°C - for 150-200 hr and more.

E By the utilization of methods of infrared spectrometry and
extraction [251], by the study of Mossbauer's effect [252], the

] analysis of the strength and thermomechanical characteristics of

a material during thermal aging [253], and also by using other
physicochemical methods of investigation the influence of the
thermal aging of irradiated polyolefins was revealed. Specifically §
it has been established that additives are expended both during g
radiation and thermal influences, that the majority of the

L stabilizing systems along with an antioxidant action play the
roles of antirads.

p The thermal stabilization of irradiated polyethylene can
also be accomplished [221, 254] with the help of the industrial f
antlioxidants - aromatic amines and phenols, which are usually

t used in a concentration of 0.2% for the protection of polyolefins
durinrg technical processing, but introducing them in a considerably
greater (10-20 times) quantity. These substances, introduced

into polyolefins prior to irradiation in small (0.2-0.5 wt %)
concertrations, exert an antirad influence on the polymer [247].
Protection is apparently of the "sponge" type. During the

irradiation of a polymer in the presence of atmospheric oxygen .
(or traces of it during irradiation in a vacuum or a medium of
inert gas) these compounds fulfill the functions of an antloxidant,
diminishing cross-linking through oxygen bridges and simultaneously
blocking weak bonds, as a result of which the consumption of the
‘ absorbed energy cof radiation on the breaking of the main chain

of the polymer is averted. With a content of 5 wt % of aromatic
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phenols, for example 2.2'-methylene-~big-(#4-methyl-6-tert-
butyphenol), or amines, for example di-B8-naphthyl-n-
phenylenediamine, polyethylene which is irr..iiated up to the
optimal dose retains a high elasticity (the relative elongation
drops only by 25-30% as compared with original value instead of
70% in the absence of these additives; the content of gel fraction
in this case is equal to 70% instead of 90% during irradiation
without additives).

Phenyl-B-naphthylamine and ionol are also active antioxidants
for irradiated polypropylene [223, 224].

The methods developed for thermal stabilization are also
applicable to the irradiated copolymer of ethylene with propylene
[255] - a material which presents special interest as an object
fcr radiation modification for two reasons: 1) as a material
possessing considerably higher deformation characteristics in
the initial state and 2) as belng cross-linked to the necessary
degree in a lesser irradiation dose than polyethylene.

In a number of works [97, 256] for increasing the_ duration
of the utilization of products made from irradiated polyethylene
at elevated temperatures it is recommended to intruvduce as an
additive prior to irradiation sulfur, selenium, tellurium, or
compounds of them.

Until recently the inhibiting action of antioxidants were
usually connected only with their purely chemical interaction
with the polymer, but such an approach is not exhausting. In
works [257, 258)] the question was raised for the first time ccn-
cerning the influence of heat stabilizers on structuration in the
initial polymer and the change in the structure of irradiated
polyethylene during thermal oxidation.
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The comparison of the data of electron-microscopic and
electron diffraction studies, differential thermal analysis, X-ray
diffractiometry, and the strength characteristics of the i
polyethylene of low density both in the pure form and containing
heat-stabilizing additives (separately and in various combinations)
before and after irradiation, and also after thermal oxidation
aging allowed the making of completely definite conclusions.

As the studies on model systems showed (films obtained from
solutions in xylol), the individual components of heat-stabilizing .
systems, depending on their structure, properties, and also
compatibility with the polymer, participate in the crystallization
of polyethylene (Fig. 12a) as a nuclei forming agent (Fig. 12b)
or plastifier (Fig. 12¢). In a particular case both these
functions can be fulfilled by one and the same component of the
system. The introduction into a polymer of an optimal concentration
of a heat-stabilizing system, the components of which are a
nuclei forming agent and a plasticizer, predetermines the forma-
tion ¢r the structure characterized by the interpenetration of
the fibrils of adjacent spherulites and the disappearance of
boundaries between individual spherulites, i.e., as a self-
reinforcing of the system (Fig. 12d). Such a structure 1s observed
for all the previously developed effective heat-stabilizing
systems in their optimal concentratiou in a polymer.

The crystallization of polymer from a melt int»> a block in
the presence of individual additives leads to the same results as
in model systems - to cocrystallization in the case of an
additive-nuclei forming agent and tc the formation of large
supramolecular structures in the case of an additive-plasticizer.

In Fig. 13a a picture of pure polyethylene is shown. The
cocrystallization of polyethylene with a heat-stabilizing system
in the optimal concentration leads to the formation of close-
packed, perfect supramolecular structures (Fig. 13b), which
correlates with the physicomechanical properties observed.
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Fig. 12. The structure of P2015K industrial polyethylene
of low density crystallized from a solution in xylol:

a) pure polyethylene; b) polyethylene + 100 parts by
welght of crystallizing additive; c) polyethylene + 20
parts by weight amorphous additive; d) polyethylene +

+ mixture of additives (crystallizing and amorphous)

in an optimal concentration.

Flg. 13. Replicas from the surface
of the low-temperature cleaving of
P2015K polyethylene crystallized
from a melt into a block: a) pure
polyethylene; b) polyethylene + a
mixture of additives in optimal
concentration; c¢) polyethylene
after thermal oxidation aging at
increased temperature.
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Thermal oxidation of irradiated pure ar.d heat-stabilized

polyethylene is accompanied by stru:tural homogenization
(Fig. 13c). Here the presence of héat-stabilizing systems pre-
determines the possibility of the s.bsequent recrystallization
and thereby the preservatlon of physicomechanical properties for
a prolonged period of aging. The data of X-ray defractometry
show that pure polyethylene during the 'mal aging becomes
amorphous rapidly, wherezs in heat-stanilized polyethylene the
degree o1 crystallinity is lowered cnly insignificantly.

]

Thus the totality of findings shows that the action or
stabilizers upon their introduction into polyethylene is rnot
limicved to a purely chemical inhibiting effect. More perfect
supramolecular structures which appear in the presence of heat
stabilizing systems introduced in optimal concentrations and the
naéure of their mutual arrangement and packing (the interpenetra-
tion of fibrils which generate spherulites) hamper the process of
oxidation. The presence of additive which is a nuclei forming
agent predetermines the possibility of recrystallization during
aging. The presence of a plasticizing additive increases the
mobility of chains and individual structural elements, which
also facilitates the processes of recrystallization after deep
thermal oxidation degradation. Hence it follows that the
phenomenon of synergism is conditloned for the most effective
heat-stabilizing systems apparently not only by the purely
chemical mechanisms examined earlier, but also to a considerable
degree by the mechanism of unique "structural® protection,
whereupon the determining factors which influence the thermal
oxidation aging of irradiated polyethyiene are the nature, cer-

fection, and the packing density of the supramolecular structures
of polyethylene.

This new approach to the problem of the thermal stabilization
of polymers in general and irradiated polymers especially opens
new possibilities for the "construction" of heat-stabilizing
systems based on other principles, taking into account both the
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inhibiting effectiveness of individual components and their
influence on the processes of structuration.

The Sensitizers of Radiation Cross- Linking

It was shown above that all the polymer materials can be
divided into two large groups - cross-linked and degradation
polymers. Radiation treatment leads, as it will be shown below,
to the improvement in the complex of properties only of cross-
linked polymers, whereas for the achlevement of efficliency it
is necessary to irradiate the polymers up to very high doses.

To degradation polymers the method of radiation eross~linked
naturally is inapplicable. However, in recent years a method
was proposed for the sensitization of the process of radiation
cross-linking of polyolefins and some other polymers which makes
it possible to substantially decrease the irradiation dose
necessary for the modification of the cross-linked polymers, and

also to carry out the radiation cross-linked of degradation polymers.

This method consists of the following: into the polymer prior to

irradiation some polyfunctional monomer is introduced as an additive

[259-263].

Some authors have shown [262, 263] that the introduction of
polyfunctional monomers (allyl acrylate, allyl methacrylate, and
others), along with a significant decrease in the irradiation dose
necessary for cross-linking, eliminates the undesirable side
process of dehydrochlorination which flows during the irradiation
of haloid-substituted polymers. Later it was establisned [26%4-

266] that it was feasible to apply this method to the sensitization

of the process of radiation cross-linking of a wide circle of

polymers - polyvinyl acetate, polyethyl methacrylate, polypropylene,

polyacetate cellulose, nylon. This method was also applied for
the radiation solidification of unsaturated polyster resins [267].

In works [221, 268-272] a detailed investigation is made of
the process of radiation cross-linking of polyethylene,
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polypropylene, and polyisobutylene with additives of polv-
functional monomers: gallyl-acrylate, allyl methacrylate,
divinylbenzene, ethylene glycol dimethacrylate, ethylene glycol
diacrylate, triallyl phosphate, and others. The investigated
monomers were introduced into the samples of polyethylene ana : E
other polymers by means of swelling to an equilibriuﬂ”state '
at 25°C, then these systems were irradiated on a Y;source and :
the content of gel fraction.determined by means of their '
extraction by xylol in the ‘presence of antioxidants. By the
introduction of the indicated additives (2-4 wt. %) it was T
possible to lower the dose of gel formationiof 1 Mrad for pure ‘
polyethylene to 0.0% Mrad for the polymer - monomer systém. ?he
form stability of polyethylene at 1309C, irradiated, after swelling
in these monomers up to 1.2 Mrad, is no different from the form
stability of pure polyethylene irradiated up to 30 Mrad. It

was found [273] that the 1rradiation of pure polJethylene up to

i i

80 Mrad gives rise to the same change in properties a3 during the

irradiation of polyéthylene, in the presence of polyfunctional .

monomers in small doses. The dielectric properties of polyethylene

are not very sensitive to the presence of these substances.

The effectiveness af radiation cross+1linking of polypropylene,:
irradiated after swelling in polyfunctional monomers to equilibrium,
also increases considerably. With ah irradiation dose of 5 Mrad -
the content of gel fraction in the polymer ~ monomer system
reaches ~70%, whereas in pure polypropylene in this dose a gel
fraction 1s not formed-at,all. It is significant that for
polypropylene this method of, sensitization proves to be even
more effective than for pclyethylene, since the radiochemical
yield of radicals during the irradiation of polypropylene is
higher than for polyethylene. .A very effective sensitizer of
the process of radiation cross-linking of polypropylene is [221]
triallyl cyanurate; it is. 2l1so effective:for polyethylene [274].

There 1s special interest:in the use of ‘the’ descrined method

of sensitization of radiation cross-linking for polyisobutylene ' \

H
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wnich contains the quaternary atom of carbon, and because of

this feature of chemical structure predominantly undergoes degrada-
tion during irradiation. As shown in work [275] by neans of

the analysig of the yield of gaseous products depending on dose
and temperature during irradiation, degradation is mainly the
result of the direct breaking of C-C bonds and not any other
reéctions leading to the liberation of gas. The analysis of
infrared andluntraviolet spectra [276] also confirmed this point

. of ‘iew. At the same time the introduction of some liquid

additiveé, depending on additive concentration, can lead both to

an increase and to a decrease in the number of breaxs in the main
chain [277]. By means cf the appropriate selection of the
polyfuhctional monomer the trend of radiochemical processes which
are developed in polyisobutylene during irradiation can be displaced
to the side of cross-linking. At an irraciation dose of 1 Mrad
pure polyisobutylene is completely degraded, whereas with the

iaddition of allyl acrylate the content of gel fraction in this

dose reaches 60% [270].

'A study has been made of the influence of the nature of

.the mediums (air, vacuum) during the irradiation of the polymer -

mcnomer system and the dependence of the reaction yield of
radiation cross-linking on the irradiation dose [221, 255]. On

the 6asis:of the analysis of the infrared spectra of polyfunctional
additive and irradiated compositions of polyethylene with these
additives a mechanism is proposed for the sensitization of the
reaction of radiation cross-linking. Specifically it has been
established that the sensitizing action of polyfunctional monomers
on the cross-linking of polyethylene is expressed at doses no
higﬁer than 40 Mrad.

In a subsequent work [271] the structural changes in the
pqumerr- monomer systerm during irradiation are investigated and
also the influence of the methrod of introduction of the
polyfunctional monomer into the polymer on the behavior of the
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resulting composition during irradiation and the reaction yield

of radiation cross~linking are clarified. In this case it has
been established that during irradiaticn not only does the addition
of the polyfunctional monomer to polymer macroradial occur
(useful effect), but also partially the polymerization of an
additive itself (undesirable effect). It has also been shown

that the effectiveness of the sensitizing action of the additive
to a considerable degree depends on the method of its introduction
into the polymer; heat treatment during introduction facilitates
the polymerization of the additive itself, whilch substantially
lowers its effectiveness during radiation cross-linking. It is
necessary to take this into account when developing industrial
technology. The results obtained agree well with the data of

work [269].

In work [278] a method is proposed for the modification of
a number of polymers (polyethylene, polyacrylonitrile, cellulose
acetate, polyvinyl chloride, polymethyl methacrylate, and others)
which leads to a decrease in their fluidity and solubility. A
distinctive feature of this method lies in the fact that the
polyfunctional monomers, which are the sensitizers of radiation
cross--linking, are introduced into the polymer either by mechanical
mixing or by means of swelling in a monomer, or finally by
means of swelling in a mixture of monomer with an auxiliary
liquid solvent in which the polymer being irradiated will swell
sufficiently.

For the acceleration of the process of c¢ross-linking of a
number of polymers (linear polyamides, linear polyacetyls,
halogenated and haloid-sulfonated l-alkanes and vinyl polymers)
it i1c suggested [279, 282] to conduct irradiation in the
presence of 0.01-10% additive of tetrafluoroethylene,
hexafluoropropylene, or perfluorocyclobutene. In this case along
with an increase in the yield of cross-linking a product with
a lower friction coefficient is obtained.
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The effectiveness of the cross-linking of polyethylene and
polypropylene can be aiso increased by means of their irradiation
in the presence of monodichlorobenzene to the extent of more
than 10% of the weight of the polymer. This method can also be
used for polymers with fillers [281].

A

The acceleration of radiation cross-linking of styrene is

attained in the presence of pyrene [282] and also triallyl
isoecyanurate [283]. ! ‘

In works [151, 1731 a study is made of the influence of
various gaseous media on the process of radiation cross- i1inking
of polyethylene and it is shown that nitrous oxide exerts a
P noticeable sensitizing action. In subsequent works [175, 177]
the influence of dose rate, temperature and pressure of the
nitrous oxide on this process is investigated in detail.

In work [177] it is shown that during the irradiation of
polyisobutylene in an atmosphere of nitrous oxide the yield of
the process of degradation characteristic for this material
diminishes as compared with irradiation in the air and in a
vacuum.

t In work [174] it is proposed that during the irradiation of #
' polyethylene in an atmosphere or N20 the process of cross-linking

is sensitized and the probability of breaks in the main chain is

) not changed. At the same time for polypropylene irradiated in

. nitrous oxide a slowing down of the process of degradation has
been uncovered [179, 221]. The opinion has been expressed [176]
that the sensitizing action of nitrous oxide is apparently
conditicned by the molecular excitation of N20 and by their
interaction with the hydrogen of the polymer chains, which gives
rise to the liberation of molecular nitrogen and water, and also
to cress-1inking in the polymer.
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The possibility of a lowering in the irradiation dose in
the presence of a cross-linking agent - sulfur monochloride -~ is
studied in work [284]; the processing of polyethylene films with
a thickness of 60 um and polypropylene threads with a thickness of
180 um with sulfur monochloride was accomplished from the vapor
phase, and then they were irradiated. It has been established
that the cross-.inking of polyolefins in the presence of sulfur
monochloride occurs considerably more rapidly: 98% content of
gel fraction is attained with a dose of 0.1 Mrad [285].

The mechanism for the sensitizing action of polyfunctional
monomers on the process of the radiation cross-linking of
polyolefins and other polymers can be presented in the following
manner. The primary stage of the process 1s the clevage of the ’
double bonds of the polyfunctional mciomer under the influence of
radiation. PFurther the molecule of polyfunctional monomer
activated thusly interacts with the continguous polymer chalns
or macromolecules, which & .59 gives rise to the formatioi of
a cross bridge -~ a molecule of monomer imbedded between the

W MWMW“MW“?
"

polymer chains.

The indlcated process 1s developed by a radical mechanism,
which is confirmed [272, 286] by the absence of the dependence of
yield of cross-linking in the polymer - monomer system on the
dose rate and presence of inhibitors of radical polymerization.

Table 13 shows the content of gel fraction, %, in )

polyethylene depending on form and the sensitlizing additive
content at various irradiation doses in a vacuun.

Tne trend of work noted abcove on the lowering in the
irradiation dose for the realization of the optimal complex of
properties of radiation-modified polymers unconditionally has
very lmportant practical value, and although thi:s method is
still at the stage of industrial testling 1ts lnvestigation in
various aspects embeds this possibility in the near future.
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Table 13. The c« nt of ge: fraction in irradlated samples

of polyethylene,

Concentra~
tion of Trradiation dose, Mrad.
additive, -
Sample mole/ks, 0.25 2 10 50
Polyetitylee #sithout additive - - 12 43 85
Polyethyler~ + allyl methacrylate G.16 16 51°| 70 87
0.25 2i 32 60 86
0.5 29 4o A6 8¢
Colyethylene + triallyl cyanurate 0.25 45 T1 87 91
0.5 48 77 90 94
Polyethylene + ethylene gycol .1 22 4s 75 87
dimethacrylate 0.25 25 b7 75 80
0.5 32 47 70 €9
1.0 37 55 83 90
Polyethylene + diallyl maleate 0.25 20 32 65 8s
0.5 22 45 83 87
1.0 25 46 88 90
137
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CHAPTER 111

THE INFLUENCE OF IRRAUIATION ON THE
PROPERTIES OF ELECTRICAL 1NSULATING
POLYMERIC MATERIALS

In the preceding sections it was shown that the influence
of ionizing radiations, depending on the peculiarities of structure
of the macromolecules of the initial material, the conditions of
irradiation, temperature of the polymer, its phase state,
presence of any additive, and other factors, lead to a significant
change in the structure of the polymer: to transformation from
linear (branched) into steric, to an increase or decrease in
molecular weight, to the accumulation of some and the disappear-
ance of other types of double bonds, ete. It is natural that all
these changes have a significant influence on the various pro-
perties of a material and can lead both to the improvement (of
some) and to the deterioration (of others) of its technical
characteristics. Therefore the question of the influence of
irradiation on the properties of electrical insulating materials
is of significant interest at least in two directions.

In the first place, if the influence of ionizing radiations
ieads to an improvement of specific properties of the polymer,
then, apparently it 1is possible to use irradiation as a technical
method for tr~ realization of a directed change in the properties
of this material and thereby add to it the required character-
istics.
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In the second place, if under the influence of ionizing
radiations some properties of the polymer deteriorate, then it
is important to know under exactly what radiation conditicns
(taking into account the other factors it is understcod) these
properties deteriorate so much that the part no longer
corresponds to its requirements, 1.e., it loses the required
‘echnical characteristics; in other words, it 1s of interest
to know the radiation stability of the material (evaluated
by some criterion which is c¢ritical for the given application).

The complexity, and sometimes also the contradictoriness
of requirements for materials and products during the creation
of contemporary devices, machines and apparatuses, conditioans
the necessity for a complex approach when evaluating their
eff.ciency for any operating conditions.

Taking into account the aforesaid below the changes in the
properties of polymers of various classes under the influence
of radiation are examined, and also the specifics of exploitation
and the efficiency of electrical insulating polymeric materials
in the zone of action of ionizing radiation:c as well as under
conditions of space are noted.

THE CHANGE IN THE PROPERTIES OF POLYMERS
UNDER THE INFLUENCE OF IONIZING
RADIATIONS

dydrocarbon Plastics
Polyethylene

Polyethylene is a hydrocarbon polymer with the structure
(—CHZ—CHZ-)H; it is obtained by polymerization of ethylene with the

utilization of a heterogenic catalyst or very high pressures.
The molecular welight of polyethylene varies usuallv within the
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limits of 10“—106. The main chain of the polymer consists of

—CH2—CH2— links but always there is also vinylidene, vinylene
and vinyl nonsaturatlion, and also a certain branching whose degree !
dependz on the method of obtaining. At room temperature poly- i
ethylene is partially crystalline and partially amorphous.

During irradiation in polyethylene processes of c¢ross-linking
and degradation flow, however, the first prevails over the
second (the ratio of the rates of degradation and cross-linking
comprises about 0.3). The formation of cross-linking has a
significant influence on the properties of the material.

Thermomechanical characteristics (the deformation- .
temperature dependence). Figure 14 shows the thermomechanical
curves of low [PNP] (MHN) and high [PVP] (NBN) density polyethylene
irradiated by y-radiation of 0060 under various conditions [287].
In both cases a difference is distinctly observed in the
behavior of the nonirradiated and irradiated polyethylene.
Equilibrium deformation during the action c¢f a constant load at
elevated temperatures is expressed less, the greater tne
irradiation dose and at any given dose is preserved practically
constant up to the temperature of thermal decomposition of the
polymer.

Fig. 14. The thermomechanical
curves of polyethylene of low
s and high density, irradiated .
by y-radiation in various doses:
L 1 - PNP (polyethylene of low
density) nonirradiated; 2 - PVP
5 (polyethylene of high density)
nonirradiated; 3 - PNP, 50 Mrad;
4 - PNP, 65 Mrad; 5 ~ PNP,
7 100 Mrad; 6 - PNP, 155 Mrad;
7 - PNP, 240 Mrad; 8 - PVP,
20 tt, 50 Mrad; 9 - PVP, 100 Mrad

KEY: (a) Deformation, mm.
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"Me strength properties of polyethylene at a given tempera-
ture are directly connected with its crystallinity, the degree
of which depends on molecular weight and the branching of the
polymer. The crystalline phase of PNP at room temperature
comprises 50-60%, but with a temperature increase its constant
is lowered and it -.aches zero at approximately 106-110°C, i.e.,
at the melting point of the greatest crystalline areas. In PVP
content of crystalline phase at room temperature is higher
(about 80%), but it also drops to zero at approximately
135-137°C, which coincides very closely with the theoretical
melting poinc of infinitely long chalins of n-paraffins. The com-
parison of properties of nonirradiated PVP and irradiated PNP
shows that the difference between them is retained over a wide
range of temperatures. Because of greater crystallinity PVP
is softened at higher temperatures than PNP, but being heated
to a temperature above 135°C it is converted into a viscous liquid
and flow. After irradiation PNP acquires a reticular structure;
at moderate dose of irradiation it also melts at temperatures
of 110°C, however, even with a further temperature increase it
does not flow, but it remains in a visccoelastic stete and under
the action of a certain load retains a final value of equilibrium
deformation determined by the irradiation does (the denseness of
tne network). Thus,irradiation increases the thermostability of
polyetnylene in the sense that it ensures the form stability

at temperatures which exceed the melting temperature of this
polymer.

The moduius of elasticity. 1In Fig. 15a the dependence is
shown of the modulus of elasticity of polyethylene on the
irradiation dose in a reactor [288] at temperature of 20 and
150°C. ‘he presence of a minimum in the curve taken at 20°C is
explained by the cnurse of two oppositely directed processes:
the lowering in the degree of cyrstallinity.under the action of
ionizing radiations, leading to the decrease in modulus, and
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the increase in the degree of structuration which raises the
modulus, and we exclude the influence of crystallinity (heating
to 150°C), then the modulus

r-p - — 50
increases monotonically with /J ..
13 L S
an increase of irradiation L0t —~1{- ’ -//},ﬂ . ‘”%
= &
dose. é 50 // :‘\‘. 30 é
g A 3 g
g "N z 208
Density and degree e q g ]
of crystallinity. Symbat- [, 4 (3 §
. . . ’ g (5)
jcally with the modulus NI N T >
(2) gozg, med e (4} floze.n0d ¥*
there is a change in poly- {toza, “’”'“;'”” ° ’ b)
a

mer density during irradia-

. Fig. 15. The dependence of the modulus
tion. Figure 15b shows of elasticity a), specific gravity and
the dependence of poly_ the degree of Crystallinity b) of
polyethylene on the irradiation dose.
KEY: (1) Modulus of elasticity,
dyn/cmz; (2) Dose, neutron cm2'1018;
(3) Specific gravity, g/cm3; (4) Dose,

on the dose of irradia- Mrad:10°; (5) Degree of crystallinity,
tion [289]: the %.

deterioration of crys-

ethylene -lensity at 20
and 150°C, and also the
degree of crystallinity

talline structure and degradation of chains diminishes density,
whereas the formation of transverse bends and a steric network
increase it. Therefore the curve taken at 20°C has a minimum,
and at 150°C increases monotonically.

For the deterioration of crystaliinity in polyethylene of
high and low Jensity very large irradiation doses are required:
n3.5 x 10° rad [290].

The doses given by various authors as being necessary for
the complete deterioration of crystallinity in polyethylene differ
quite strongly (compare [197, 290, 291]). This 1is apparently
connected with differences in the properties of the initial
material, and also by the d4iffersnces in the conditions of
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irradiaztion in different experiments (reactor, y-source, electron
acceleratcr). However, it has been noted [291] that for the
complete destruction of crystallinity it is necessary to have
substantially lower doses, if irradiation is conducted at tempzra-
tures wihilch exceed the melting point of polyethylene.

This is connected with the fact that the cross-linkages
which are formed during the irradiation of molten polymer fix in it
a less ordered conformation of chains.

In the range of irradiation dose wutilized in practice
for the modification of properties (up to 100 Mrad) the degree
of erystallinity of polyethylene is not substantia.ly changed.
However, the subsequent heating at temperatures above the melting
point in an inert medium gives rise to the breaking up of
erystallites into smaller units and therefore to a lowering in
the temperature of melting (cross-linkages, being strained,
during heating are able to relax) [252].

in work [292-294] it was shown that the melting point of
polyethylene is lowered in proportion to the increase in the
irradiation dose. At high irradiation doses the polymer as a
result of this becomes transparent. An investigation of the
change in the transparency of polyethylene Marlex-50 during
irradiaticn showed [295] that the optimum conditions for
obtaining a transparent polymer with good physical properties
is irradiation up to a dose of 50 Mrad at a temperature higher
than the melting point with subsequent irradiaiton up to a dose
of 50 Mrad at room temperature.

Deformation characteristics. For the practical use of
polyethylene in the active zone of ionizing radiations, and
also for the selection of the optimal dose during modification it
is important to know the dependence of its deformation properties
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(tensile strength and relative elongation) dn the irradiaticn

|
dose. As the results of the investigatioas (showed [287, 296], the

nature of change in tensile strength and rejative elongation
with the irradiation dose depends significaptly on the conditions
of irradiation, and in certain cases - alsc'on the ratio of

the surface of the sample to its volume (Figs.16 and 17).

N T Fig. 16. The dependence of the
PR TN D - relative elongation of samples
- of polyethylene on dose of y-
2 radiation:
§‘wa-;-~» - Irradiation Thickness, Temperature
S iN dose, Mrad mm of measur-
s 5 \\ ing, °C
< WTTTRT 1 Vacuum 0.4 20
2 “x \\.\ g X?i same 8.35 gg
o -
8 pal—bel2 TS yov 0.95 20
" AN \\.'\i\ RN 5 0.4 90
\\s“ eI 6 " 0.4 20
£ T LA T mm e ntr
e 4 e e . b A,
s % 10 282 350
irradiation dose, Mrad
Fig. 17. The dependence of ;
breaking strength of samples N, B0 e ——
of polyethylene on dose of y- ° ~~
radiation: ¥ </
£ “ N 2
Conditions Thick~ Temperature § 4 “~‘\\\ s
of irradia- ness, of measure- s 2 P~
tion mm ment, °C & ‘:\\~\
) —
1 Vacuum 0.4 20 Tl [
2 Air 0.95 20 E ~=l__ | [~
3 0.4 20 : 0 @ . 0 zsas 360 409
. 2 4
g Xi’;uum 835 gg Irradiatiox: dose, Mraa
6 " 0.4 90

The influence of y-radiation of Co60 in a vacuum leads to

a strengthening of polyethylene at room temperature, however,
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elongation decreases and in the range of doses of 100-200 Mrad
it comprises ~200%; analogously the characteristics are changed
at an increased temperature - tensile strength increases and
elongation is lowered to 100%. An increase in the irradiation
dose of more than 200 Mrad conditions a certain lowering in
strength and the further drop in relative elongation. Irradiation
in air of samples with a thickness of 0.4 mm lowers both the
relative elongation and tensile strength at both temperatures
of testing. Samples with a thickness of 0.95 mm with respect
to the change in strength characteristics as a result of
irradiation in the air occupy an intermediate position between
thin samples irradiated in the air and in a vacuum. Such a
dependence of change in properties on the presence of air and
thickness of sample attests, on the one hand, fo the large role
«f oxygen in processes of radiolysis of polyethylene [297],

and on the other - to the limiting influence of diffusion of
oxygen into polyethylene on the radiation oxidation of the
latter at the dose rate used (102-103 rad/s).

As shown in work [296] the tensile strength of polyethylene
of low density begins to increase in the range of doses of
5-10 Mrad and increases with further irradiation up to doses
of 150-200 Mrad, whereupon it begins to diminish. According
to work [78] the decrease in tensile strength begins after
irradiation up to doses of 100 Mrad.

An increase in tensile strength already in the area of small
doses 1s apparently conditioned by an increase in the average
molecular weight.

Tensile strength of high-density polyethylene also increases
with an increase in irradiation dose, and even to a greater
extent than in low-density polyethylene.
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The relative elongation of 1ow-density polyethylene in the
area of small doses increases a:little’ and then iﬁ prooo“tlon
to the increase of dose decreases. ' . i
» ! l :
An increase in relative elongaction at low doses can be- ' é i
connected with the plasticizing action’of the low molecular’ :
ifraction which 1is formed during irradiatioh,-an@ also as a

result of the certain inéreaee in molecular weight'. ’ e ' ‘ i

With an increase of irradiation dose in the polymerlc| ' -
matrix increasingly more cross bonds are ‘formed, as a reeult of ' '
which the cold flow of the polymer is impeded 1ncreasingly more.

The decrease observed in relative elongation with an increasé .
of dose is conditioned by fhe replacement of relatively weak

van der Waals' interaction forces dn the‘primary wvalence bonds

between the polymer chains. With an increase in the density

} of the steric network the possibility of the mutual displacement

of chains diminishes and elongation drops ofg. The decreqse: ! :

L of relative elongation with an increase of dose is one of the
# fundamental limiting factors which determine the possibility of - ' .
the utilization of polyolefins in radiatipn fields and the

industrial use of radiation cross-linked polymérs.
) " f i

The description of the influence of orientation on ﬁhe
propertier of cross-linked system is given ir the wofﬁs [298 to . :
306 ]. . ST . - A
) Resistance to tear. Investigation of resistance to tear of ,
low-density polyethylene ey the ASTM-10Q4 method [292] showad '
that irradiation over the range of doses of 6-6& Mriad

practically does not change this characteristic.

Creep. The irradiation of polyethylene 1eads to notlceable
changes in creep (deformation at .a constant load) of this polymer
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In Table 14 data are given form works [148, 301] on the
measuremgnt of creep of low-density polyethylene irradiated by
] ' y-quanta at 25°C. During testing samples in the form of the

} disk with a diameter of 25.4 mm and load of 60 kgf were used.

. From the‘table it is clear that during the irradiation of poly-
ethylene éven up to very low irradiation doses creep under the

action of applied stress is lowered, and elastic recovery
increases.'

i
H

Table 14. Creep and the elastic re-

covery of irradiated polyethylene of
. low density.

Deformation of | Elastic reco-

Maximum creep

. -]1inear dimen- |very after
o at 309C; resi sions after testing for,
£ ]lience, em g com res;ion at | creep gt 30°%¢
= 2 1327C. of in-

e for 10" s,
en®/dyne x 10 itial thickness %

g
[+]
E 10s {104 s |12 min |15 min ;gtgr ?5 er

Dose of irradid

4 69,5
6 100
5 79,6
5

5

5
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100
i00
100
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It is doubtless that the increase in stability of creep
is ‘conditioned by the cross-linking of polymer chains.

) Creep of the nonirradiated and irradiated high-density
polyethylene was investigated at temperatures of 20-90°C and it
was revealed that the characteristics of creep dzpend on the
dose and the medium 1in which irradiation was conducted [302].
Samples i;radiated in a vacuum are more stable to creep, the
deformation of the latter diminishes with an increase in the
degree of ‘cross-linking by the following law:
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-~ the deformation of creep of the irradiated sample;
0

- the deformation of creep of the nonirradiated sample; x -

the degree of crystallinity; a - the constant dependent on
temperature and applied stress.

Irradiation in air barely changes the stability to creep,

which is connected with the course of radiation-oxidative
degradation.

Resistance to cracking under stress conditions. It is

known that the resitance of polyethylene to crackling under stress

conditions depends on the peculiarities of the medium and the
temperature.

It was shown that the degree of the ambient effect
is defined mainly by the molecular weight of the polymer while

the degree of the temperature effect - by its crystallinicy.
The irradiation of any polyethylene leads to an lncrease in
resistance to cracking under stress conditions (Table 15).

Table 15. The resistance of
high-density polyethylene to
cracking under stress conditions.

Irradia~ § Time after which
Material tion dose,| 50% of samples
do not pass, h
Mrad the tests
Alathon-10 0 0.3
0.5 0.3
2 1.3
8 23.0 months
DYNH 0 0.3
0.5 0.3
2 26
8 504
32 »3.0 months
6l The same
DYNH with anti- 0 0.3
oxidant (di- 0.5 0.3
napthyl-n- 2 h.5
phyenylenediamine] 8 504
32 » 3.0 months
64 The same
148
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It is evident from Table 15 that low-density polyethylene of
various brands after irraaiation up to doses of 8 Mrac and
higher does not crack. The resistance of high-density polyethy-
lene to cracking also can be increased with the help of irradiation;
the irradition dose necessary for this depends on molecular
weight and the degree of crystallinity of the polymer. For the
majority of industrial brands of polyethylene an irradiation dose
of 4-6 Mrad is required. The increase in resistance to cracking
under stress conditions as a result of irradiation is connected
with the increase in the average inolecular weight as a result of
the cress-linking of polymer chains.

Dynamic physicomechanical properites. The dynamic physico-
mechanical properties of polymer, measured with the application
of sinusoidally changing stress, depend on molecular weight,
the degree of branching, content of cyrstalline phase, density
of cross-linkages, and orientation of the molecules.

This methol is used in experiments with irradiated polyethy-
lene. In work [304] there is a report on the temperature effect
on the dynamic modulus of samples of polyethylene irradiated in
a reactor up to various doses. With low temperatures the
modulus diminishes with an increase in the irradiation dose
until 2-6% of cross-linkages are formed, and then it begins to
increase. These data are confirmed in work [303]. With a cross-
linakge content up to 10% only insignificant changes are
observed [309] in dynamic modulus, but with a further increase
in the content of cruss-linkages it begins to increase.
Differences in the results of works [303] and [309] are connected
with the fact that temperature during the irradiation was
different: 75 and 40°C respectively.

The increase in dynamic modulus with the increase in
irradiation dose 1is conditioned by the cross-linking of the




polymer. Although the 1degree of crystallinity diminishes with

an increase in the irradiation dose, and this has to be expressed
on the value of the modulus, the formation of primary valence
bond facilitates an increase in modulus and compensates for the

———y

decrease in the degree of crystailinity. In later works the
influence of irradiation on extinction in polyethylene of low
[306] and high {307, 308] density was studied. It is noticed
that the dynamic physicomechanical properties of polyethylene

in the range of smali doses practically do not change.

Soiubility and swelling. Foiyolefins, including polyethy-
lene, are soluble in various hot organic solvents (aromatic

hydrocarbons, chlorinated aromatic hydrocarbons, etc.). As a
result of irradiation thelr
20— Ne-— solubility is lowered. After
Y\\ irradiation up to doses which
\ES exceed the gel point the polymer
is completely insoluble. The
\\\ three-dimensional network formed

N

-y

=

as a result of irradiation pre-

-

Volumetric coefficient
of swelling, V

S

w 2 0w vents ithe dissolution of polymer,
irradiation dose, Mrad and it can only be limited by
Fig. 18. Th» dependence swell, whereupon to a lesser

of the volumetric coef- .
ficient of sweiling of . degree, the higher the irradiation
polyethylene on irradia- dose and therefore the density

) tion dose.

g

of cross-linkages. As can be
seen from Fig. 18, with an increase in the irradiation dose
swelling diminishes. This dependence as noted above, can be

used for determination of the degree of cross-linking in polymers.

In work [311] the swelling of irradiated polyethylene 1is
studied in the vapors of organic solvents depending on dose and
the condaitions of irradiation, and also on temperature. “n this
h case basically the same regularity is valid as during swelllng

in a liquid.

-
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Thermal conductivity. The temperature dependence of thermal
conductivity was Iinvestigated for irradiated polyethylene over
the range of temperatures of 0-170°C at doses up to 3100 Mrad,
and a nonmonotonic course of this dependence was revealed [310].
The limiting value of thermal conductivity at temperatures above g
100°C for low-density polyethylene is equal to } f
5.5'10—u cal/(cm-s-deg), and for high-density polyethylene - ; 1
5.8.10"4 cal/(em-s-deg). The nature of change in the coefficient
of thermal conductivity depending on the irradiation dose is é
different for different temperature ranges. At 20°C thermal !
conductivity is lowered monotonically with an increase of
dose, at 150°C with an increase in dose thermal conductivity '
is increasaed, eaching a certain limit.

The influence was investigated of neutron and y-irradiation
at 20°C on the coefficient of thermal conductivity of polyethy-
lene of high and low density, caprone, polymethyl methacrylate,
polystyrene, and some styrene copolymers [312, 313]. It has
been shown that the c¢onefficient of thermal conductivity for
polyethylene, caprone, and polymethyl methacrylate decreases,
but lor pclystyrene and its copolymers it increases. The
thermal conductivity and other thermophysical parameters of
irradiated polyethylene depending on temperature were also
investigated | 314]. The authors used the method of routine
thermal mode. The values obtained for the coefficients of thermal
conduccivity A, thermal diffusivity o, and specific thermal
resistance p for cylindrical samples of polyethylene with a radial
thickness of 2.3 mm are given in Table 16.

Thermostability. ITn work [244] the method of thermogravimetric
analysis was used to investigate the influence of irradiation :
in air and in a vacuum at room temperature on the thermal and
oxidative degradation of polyethylene (Mariex-50, molecular
weight 520,000). It has been revealed that irradiated linear
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polyethylene, independent of the conditions of irradiation,
possesses less thermostability than nonirradiated and behaves

approximately the same as strongly branched low-density polyethy-
lene.

Table 16. The change of thermophysi-
cal parameters of irradiated and non-

' irradiated low-density polyethylene
depending on temperature.

femper-l ;. ot | a4 1073 | g 10~

Folyethylene 2Zure ' W/{deg-cm)} cmé/s Q,-cm
Nonirradiated 115 G,15 3,07 l 15,2
120 6,72 3.35 14,8

125 6,81 3.41 14,6

Irradiated in a 125 3,29 1,61 30,2
dose of 120 Mrad 150 4,74 2,36 21,0
in argon (y- 200 8,73 4,3 11.5
radiation) 250 45,10 22,50 - 2,2

A thorough analysis of the curves of differential thermo-
gravimetric analysis showed that pclyethylene irradiai-d both

in a vacuum and in air is more subject to oxidative degradation
than nonirradiated. However the losses of weight as a result of

oxidative degradation of polethylene irradiated in a vacuum, are
greater than that irradiated in air. This can be attributed to
difference in the content of tertiary atoms of carbon.

Wwith an increase in the dose of irradiation the thermo-
stability of polethylene deteriorates.

Rheological characteristics. The melt index. 1In polyolefins
which are predominatly cross-linked during irradiation with
an increase in irradiation dose the molecular weight increases
and this is manifested in an increase in the viscosity of fusion
(the melt index). In Table 17 the change in the melt index
is given [292] which was measured for various types of low-
density polethylene depending on the absorbed dose. An analogous
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regularity is also valid for high-density polethylene [315, 316]
(Table 18). The rate of shear increases with an increase in
shearing force.

Table 17. The dependence of the melt
index of low~density polyethylene on
the irradiation dose [292].

Melt index*, g/10 min
with

Dose of DYNH antioxi- Q%athon-
irradiation] dant
Mrad

1900¢ 2670¢C 1900¢ 1900¢

0 1,16 9,77 2,10 2,25

0.5 1,02 5,93 1,50 1,56

2 0.3 1.14 0.30 0,25

32 Does not {Does not -—- -
flow flow

*The melt index was determined according to
ASTM D-1238

Table 18. The dependence of the melt
index irradiation dose at 190°C for
linear polyethylene [315].

Melt index*, Melt index*,
Irradia- | g/10 min Irradia- | g/10 min
tion tion
dose,
dose, Grex |Forti- [l wi.g Grex Forti-
Mrad flex flex
0 4,20 5,22 1,32 1,88 2,01
0,22 3,92 4,55 1,76 1,21 1,43
0,44 3.29 3,77 2,20 1,00 0,82
0,69 2,80 3,22 3.03 035 0,13
0,88 2,38 | 2.92

*The melt index determined according to
ASTM 1-1238

In work [222] an investigation is made of the influence
of small irradiation doses (up to 1 Mrad) on the rheological
properties of linear polyethylene and a copolymer of ethylene
with propylene. It turned out that irradiation has 1little in-
fluence on thermal stability, tensile strength, flow limit, etc.
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The authors proposed to use polyethylene irradiated up to small
doses for conversion into products, because such irradiation
still does not influence the viscosity of the melt at high shear
rates (i.e., under conditions of conversion), but it facilitates
an increase in the stability of form of the extruded products.

Table 19 contains reference data on the influence of
radiation on the jnysicomechanical properties of polyethylene at
high density and a copolymer of ethylene with propylene.

From the information given it is evident that irradiation
up to small doses substantially changes the rheological character-
istics of polyethylene while heat resistance and strength are not
noticeably changed. The lowering in elongation during breaking
already 1s completely perceptible, and flexibility and impact
strength improve somewhat.

Analogous investigations, but already in a significant
range of doses (up to 75 Mrad), have been carried out in work
[317]. The composite results obtained for high-density polyethy-
lene are given in Table 20.

The analysis of the data shows that the change in the

viscosity of the melt during irradiation is greater, the less

the original value of the melt index (and the greater the

molecular weight). The softening temperature (according to Vicat)
during irradiation up to a dose of 75 Mrad increases on the average
by 10°C, whereas this characteristic does not really reflect
the changes in the properties of the material (see thermomechanical
characteristics), since at temperatues exceeding the melting point
irradiated polyethylene does not flow, and its properties call
more to mind pliable rubber than molten polyethylene [318].
» Resistance to tension cracking under the action of surface-active
compounds increases strongly after irradiation to a dose of a

total of 5-10 Mrad.
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Table 19. The influence of radiation on the physicomechanical .
properties of high-density polyethylene and a copolymer of ethy-

-w

lene with propy.ene.
[+4 - ] f.: o ]I 10
2% ] g,é - ‘o o 9 % el Hy® o)
45 o o L PO ” [\'} Qo N S 3 S ©
o oo “~ @ SO +» ~GlREg E - S el 4,_‘:%’ ~
Polymer ol - E S RO ety oL o d o ",‘? o s oA <
L [T I w E - e Nt PN [y} O T CHTT o
D © w0 Ivars] cofjovalduna] o E£ -4 i
R0 | 3 1858 &AW PlEn ¥l T 238 [Eggny :
oy SN 9P AP RO X 1
|
Polyethylene, d = 0.0 | 1,87 127 | 0,90 | 316 | o248 950 80 | 15,7 ‘
= 0.959 g/cm’ with 0.2 | 1,70 120 | 0960 | 313 273 950 80 | 12,2 f
antioxidant {Santanox, | 0.4 1.47 L 0,960 323 244 630 850 15,7
0.01 parts by weight) | 1,0 | 1,03 129 0,61 33 198 280 1100 18,7
Polyethylene, d = 0.0 | 0,069 131 0,957 314 362 870 1750 37,3
= 0,951 g/emd with 0,2 | 0,52 133 0,957 a4 302 860 1850 31,8
antidéxidant (Santanox, | 0.4 0,38 133 0,958 314 338 830 1600 7.8
0.02 parts by weight) 1,0 { 0,077 136 0,960 352 206 540 1050 39,5
Copolymer of sthylene 0.0 | 1,50 126 0,951 266 383 1100 900 9,8
with propylepe, d = e lo1se 126 | 0,95 | 2n 281 930 00 ;527
0 6.9 ids/gm owégh red ?.3 3'13 108 o.gwu 266 331 1000 900 14.6
antioxidan part R i 2 ¢ 7 ¢
gneloxids 1 0,951 270 288 4920 900 18,1
Copolymer of ethylene 0.0 0,40 131 0.949 261 425 920 2600 38,4
with ropylcne, = 8.2 8'}§r 128 0.343 261 412 820 2500 373
m w o 166 128 0,949 268 443 820 500 39.6
g;t;g§ggan% o"ot" party 10 | 0,012 129 0.949 286 236 400 ghso 31.4

Table 20. The change in rheological and physicomechanical
characteristics of high-density polyethylene during irradiation

up to small doses.

-— FX) -
o - 4 0 o« 4 t - . 8 o *
o T ® » £ £ O o ] - -
DL I8 g0 ¥550] p o m :—’T %g-w %"3‘3&
Sample | 8§ = |5 2 {Bw |28,°] P g elas o £~ Sl8eAe
R g |- - daoL 400 285y cownjewn Zlunoxt
o O L O w o P RP B N o~ {w® S ONfjRT P PO
£o®w - M0} &0 SE_ 9 @ seolao suHlBES8l0, Bes
S 12 R2]&N |835YnY |E3P|d T H|ESE|&B8cAs<
i 0 0,25 0,94t7 113 243 315 740 63,8 7
2 0,010 | 0,947 nz 245 3H2 750 59,5 452
5 0,001 | 0,9476 | 112,5 257 310 740 53,4 378
10 0,001 | 0.9376 | 116,58 245 ] 314 680 16,5 >2000
o] 0,001 | 0,976 | 118 258 246 330 125 >2000
o 6,00 | 0,9474 113,86 ,255 300 200 103 -
D 0,001 | 0,918 120 257 318 170 91 —
H 0 2,6 0,9478 109 260 153 300 18,1 2240 22
2 0,29 0.9178 108 264 157 550 17 744 57
5 0,2 0,9184 108 2€0 155 560 18.1 495
10 0,001 | 0,9:84 112 262 155 530 21,4 (1090) >2000
5 0,001 | 09478 | 114 264 208 230 121 462 >2000
30 0,001 | 0,942 | 115 264 320 230 101 19 -
[5) 0,001 | 0,9487 | 119 273 306 200 98 2 -
)
1 0 3.0 0.9197 | 102 2R6 140 180 7.5 (|
2 0,7 0,9197 162,5 256 140 140 7.7 -
5 0,31 0,9501 105 264 144 130 7,7 22
10 1 0,001 } 90,9501 106 255 184 130 8.8 334
RE) i 0,001 | 90,9493 1il » 264 184 230 33 >2000
9 3 0,001 | 0,5483 1 115 263 234 170 114 -
73 | 0,00t | 0,9389 | 114 269 2E3 270 108 -
*(Translator's ncte: Igepol is transliterated from the Russian].
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Friction properties of polymers. In [319] a study is made %
of the dependence on dose cf the friction coefficient u and the § i
valye s/p, where s - resistance to shear, p - the fluidity of §
linear polymers irradiated by Co60 :
established that with an increase in the absorbed dose for the

polymers being c¢ross-linked, for example polyamid and high- ,

Y-radiation and it has been

density polyethylene, u increases by two and four times respectively
while for low-density polyethylene p diminishes by two times as !
compared with the initial; for degrading fluorine-containing

hydrocarbons the increase of u is less than for cross-linked.

In another work [198] an investigation is made of the

T influence of various factors on the coefficient of friction and y
the wear of some irradiated polymeric materials (measurements

were conducted at different temperatures) and it was revealed that

t with an increase in irradiation dose (up to 2.5-109 rads) and
an increase in the degree of cross-linking wear is increased,
whereupon the coefficient of wear is proportional to the

irradiation dose if the dose exceeds a certain critical value.

Mimaiesbu A e

Apparently the degree of wear 1s connected with an increase in
the brittleness of irradiated polymers and 1s determined by i
the surface temperature of the polymer during friction. ;

! Diffusion characteristics. Permeability. Structural-chemical
changes in polymer systems caused by the effect of radiation gilve
rise to a change in water vapor and gas permeability of the .
) polymer. During the investigations [320-322] it was revealed

that there was a lowering in the permeability factor P and the
activation energy of permeability E of polyethylene for various
gases, vapors, and organic liquids at doses on the order of
20-100 Mrad.

An increase in the solubiiity c¢f He, N2, CHM’ and C3H8 in
low-density polyethylene during irradiation in air has been re-

vealed in work [323].
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An investigation was made o¢f the influence of ionizing
radiations on the moisture permeabilivy of polyethyiene irradiated
in air over the range of doses «f 50-300 ¥rad [324, 3251. 7t
was established that with a change in the irradiation dose by 6
times the diffusion ccefficient is reduced oy three times, the

permeabliity factor increases by almost 10, and the solubility
coefficient - by 25 times.

The presence of a correlation between the increase in the
coefficient ol permeability and the value tg 8 of the samples
of polyethylene irradiated in air (taking into account the known
mechanism of radiochemicel processes which flow in this
polymer during irradiatiin) made it possible to explain the result )
obtained by an increase in the content of polar groups in the
material and respectively by the increase in the solubility of
moisture in the sample. Direct experiments on the irradiation
of polyethylene in a vacuum coniirmed these assumptions {[236].

The change in the permeability of polyethylene as a
result of irradiztion for the vapors of organic liquids,
especially benzene, is described in works [311, 3271].

Freeze resistance. The influence of irradiation on the
elasticity of polyethylene at low temperatures has not been
studied in detail. In works [292, 296] it was reported that
the freeze resistance of low-density polyethylene is practically
unchanged during irradiation. Since this value depends on
molecular weight, in the case of small irradiation doses of
10~1090 Mrad this property can even be somewhat improved. These
data have been confirmed in work [251]. However, as shown in
work [328], at doses greatzr than 1000 Mrad, when crystallinity is
already disrupted, the lcw-temperature properties of polyethylene
deteriorate and the polymer becomes brittle even at rcom tempera-
ture.
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Atmospheric aging. During irradiation the structure of
polyethylene is changed: 1in the molecules of polymer non-
saturation emerges and polar groups are formed, for example
carbonyl, hydroxylic, ete. It would seem that irradiated poly-
ethylene should be less weather resistant than nonirradiated.
However. it has bheen established that the weather resistance of
polyethylene after irradiation even improves somewhat especially
with the introduction of » small addition of soot. The samples of
polyethylene irradiated up vo comparatively small doses, and
which containeé finely dispersed soot, possess bet:er weather
resistance than nonirradiated. Following irradiation up to
significant doses weather resistance deteriorates. Thus an

increase in molecular weight, which is the result of radiaticn
cross-linking, covers the certain ill effect conditioned by the

accumulation of nonsaturat® n and of polar groups in the
material

Thermal aging. In the preceding sections it was noted that
irradiated polyethylene possesses form stability at temperatures
exceeding the melting point and therefore the upper limit of the
temperature range of its efficiency is the temperature of thermal
decomposition. However, as it was already said, in air at elevated
tenperature irradiated pclyethylene is oxidized, pr cesses of
degradation and structuration occur, and these chang:s 1In the
structure of the material find reflection in changes 1+ 1its
properties, primarily in the physicomechanical characterist.ecs.
The most important, and sensitive to aging, characteristic of
polyethylene is its elasticity, which can be evaluated according
to the magnitude of relative elongatiorn.

The study of this characteristic of irradiated polyethylene
during aging for the evaluation of the possibilities of its
practical utilization, for example a.. electrical insulation
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(including cable products), has been treated in the works of both

Soviet and fore’en authors [296, 329-332]1. The results obtained

showed that polyethylene containing up to 0.2% of standard
stabilizer (for protection of the polymer from oxidation during
technical processing, but not during prolonged exploitation

at increased temperature), irradiated up to the optimal dose,
preserves its efficiency in air at 200-250°C for several hours,
at 150°C - several dozen hours, and at 110°C - several hundred
hours. The duration of operation at the indlicated temperatures
is limited by a sharp reduction in elasticity and by an increase
in the brittleness of the material, which is ronnected with pro-

cesses of oxidation which flow very rapi

Wy at elevated tempera-
tures.

At the same time the prolonged s - v of irradiated
polyethylen2 at sufficiently high temperzt .res (250-~300°C) in an

oxygen-free atmosphere does not deteriorate its operating
characteristics. '

Therefore it is possihle to increase the permissible duration

of exploitation of irradiated polye.l. rlene in the presence of

air at increased temperatures in two ways: either by external

- avw S

(the utilization of protective sheaths, exploitation in a

neutral atmosphere) or internal (the utilization of stabilizers
which inhibit the oxidation process) protect:ion. The first
path is apparently sufficiently effective, but has been used
far from ir all cases.! The second path, while on the whole less

effective, has a more universal appiication.

In this connection tihe aivthors developed [249] niethods for
the thermal stabilization of irradiated polyethylene which made

'!As the ext- »nal protection of irradiated polyethylene at
incrzased tempera. vs (150-175°C) they sometimes use a covering
made from synthet. : resins, especlizlly polyester and phenol-
formaidehyde. Tne resins are applied on the surface of tue pro-
duct from solution, whereupon after removal of solvent on the
surface of th2 product there remains a fine film with a thickness

of G.012-0.25 mm which possesses high adhesion to irradiated
polyethyiene [3341.
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it possible to realize the potential possiblitles of this
material during exploitation.

In works [247,

253, 3331 a study was made of the stabilization
! effect of a wide ci

n1e of chemical compourids and combirztlons of

them in d:fferent proportlons ‘and on the basis of an ans
changes 1in

lysis of
thermomechanical characteristics and strength pro-
irradiated compositions of polyethylene with different
additives it was established that it is possible to substantially .

increase the duration of use of irradiated polyethylene at - -
increased temperatures. '

t perties of

irradiated (100 Mrad, in helium) samples of polyethylene with o
a standard stabilizer (control) and compositions of it with

single and combined additives on the time of stay in air at
inecreased temperatures. '

\V:
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al _ b)
) Fig. 19. The dependénce of relative elongation of

irradiated samples of cable .polyethylene and com-
positions of it with single and combined additives

on the time of stay in air at 150°C a) and 200°C b): t
1 - cable polyethylene; 2 - composition with single
additive, 10 parts by weight; 3 - composlitinn with
combined additive, 5 parts by weight.

<EY: (1) Relative elongation, %; (2) Holding time,

h.
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; I as the criterion of the loss of elasticity we accept the
lowering in relestive elongation during thermal aging in air up
to 100%,; then the efficiency of irradiated polyethylene with a
g .. standarid stabilizer comprises about 150 hours at 150°C and at
200°C - several hours. The addition to polyethylene prior to
irradiation of single stabilizing additives increases its

gfficiency at 150°C up to 1000-1500 hours, and at 200°C - up
to 30-40 hours. The

utilization of the nost effective combined
additives incrsases the efficiency of polyethylene in air at
150°C: to 7000--i0,C00 hours and at 200°C - to 150-29C hours.

It is natural that the possibility of prolonged explcitation
‘of irradiated polyethylene in the air at increased temperatures

considerably expands the prospects of utilization of this
naterial.

-

Filgures 20 and 21 show the change in the value of equilibrium
deformation of irradiated polyethylene during tvhermomechanical

tests durirg prolonged aging in air and in an atmosphere of nitrogen
' correspondingly.
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Fig. 20. The derandence of the value of
equilibrium deformation of samples of poly-
ethylene irradiated in ni“rogen (100 Mrad)
during thermomechanical testing under a
load of 1 kgf on the duration of stay in
‘ the air at 150°C: 1 - cable polyethylene;
) 2 - composition of cable polyethylene with
: ’ single additive, 10 parts by weight; 3, 4 -
compositions of cable polyethylene with
combined additives, 5 parts by weight.
' * KEY: (1) Deformation, mm.
Designation: « = hour.
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Fig. 21. The dependence of the value of
equlibrium deformation during thermomechan-
ical testing under a load cf 0.5 kgf of the
samples of cables with irradiated polyethy-
lene 1 - and alkatene¥® 2 - insulation with
a radial thickness of 0.4-0.5 mm on the time
of stay in an atmosphere of nitrogen at
250°C.

KEY: (1) Deformation, mm.

Pesignation: % = hour.

*[Translagor's note: transliterated from
cyrillic]].

A comparison of the curves in Figs. 20 and 21 shows that the
use of an effective combined system of heat stabilizers seemingly
placed irradiated polyethylene which was subjected to thermal

aging in the air in conditions close to aging in an atiicsphere
of a neutral gas.

Electrophysical characteristics.! Siuce polyethylene is
used very widely as an electrical insulating material, fcr example
for wires and cables, there is significant interest in the

dependence of its dielectric properties on conditions and dose
of irradiation.

Investigations in this field are covered in a significant
quantity of works of both foreign and Soviet scientists.

Thus in work [335] the interesting relationship which joins
the mechanical and electrical strength (under direct voltage)
of polyethylene was established. The electrical strength of
nonirradiated pclyethylene decreases monotonically with an

'Here the irreversible changes observed after irradiation are
mainly examined. Th: reversible effects and their influence are
described in Section ¢ of this chapter.
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increase in temperature up to the melting point.

The curve of
dependence of electrical strength of irradiated polyethylene calls

to mind the form of the curve of dependence of the modulus of
elasticity on temperqture. HMoreover it is characteristic that

rength diminishes in proportion to the
temperature increase until all the crystallites are fused, and

then it remains approximately constant.

the value of electrical st

o v

For the explanation of the
resulting regularity an assumption was made that polyethylene breaks

down as a result of mechanical reasons, and the electric field
causes only the compression of polyethylene to a certain extent
dependent on the modulus of elasticity.

The results of the study of the temprature dependence of
specific resistance and the disruptive strength of polyethylene

irradiated over the range of doses of 50-400 Mrad at temperatures

from room to 400°C [336] are given in Figs. 22 and 23.

Dependence

lg R = f(t) is adaquately approximated by a straight line, where-

upon at 300°C specific resistance comprises ’\:5°108

R, ;010 \1:
4 ; |
J' -
N\
2 iy -
b5 ki S \\
, \-
4 i N
b N AN
1i0° A
J L N
=1
2.._.<~_._--_ RNV PUSUN S —
1t

20 09 %0 PR A

Fig. 22. The dependence of
the specific resistance of
irradiated polyethylene in-
sulation on temperature.
Designation: o#em = Q-m.

electric characteric.ics of polysthylene both during
irradiation by y-radiation and accelerated electrons

f+*m. The
electrical strength of nonirradi-
ated polyethylene is sharply
lowered with an increase of
temperature. The irradiation of
polyethylene insulation substan-
tially changes the nature of the
temperature dependence of disruptive
strength: 1t beccmes considerably
ess sharp, whereupon decay is
less, the higher the irradiation
dose. The absclute values of
disruptive strength even at 300 to
L30°C are sufficiently great.

The dependence of the di-
and after

over a
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wide range of frequencies and temperatures 1s described in
works [332-342].

In a previcus stvage a study was made of the influence of the

braking radiation of a betatron with an energy of 15 MeV after
fad
irradiation up to 10° rad (dose

rate of 500 rad/min) on the lpord
dielectric properties ol poly-
ethylene. It was established
that ¢, tg 6, p, Over a wide

range of frequencies at tem-

peratures of ~70 to +70°C, and
also under conditions simulat-
ing tropical (temperature of

+40°C, relative humidity 98%), 0 10 200 00
are practically unchkanged Fig. 23. The dependence of the

(Fig. 24). The insignificant disruptive strength of poly-

. . ethylene insulation (thickness
difference in the value of 0.4-0.5 mm) on temperature and
tg § in the range of low fre- irradiation dose: 1 - non-

. diati irradiated; 2 - 46 Mrad; 3 -
quencies during irradiation 200 Mrad; 4 - 400 Mrad.
under "tropical" conditions Designation: B = kV.

is apparently connected with

0

+.C

the interaction between the products of the radiolysis of water
and the free radicals formea during the irradiation of polymers.
Reversible effects in these experiments could not be revealed

because the measurements were made 1-3 hours after the stopping
irradiation.

A study of the same characteristics directly in the radiation
field (at a dose rate of 670 rad/min) showed that tg 6 at the
moment of irradiation increases quite sharply, but practically
does not depend on the absorbed dose and is instantly restored toc
the original values after the termination of irradiation. The

degree of influence of y-radiation on the change of tg & sub-
stantially depends on the temperature conditions during the

164

“m{aW‘,L‘MHHM‘MM!M'nmn'uu PR

W

D IR 6 b o

e




irradiation; the increase of tg § is greater, the lower the
temperature of the sample during irradiation:

Temperature, °C ~-70 +20 +40 +70
Increase of tg 6, % (as 100% the

value of tg § prior to irradia-

tion is accepted) 240 41.5 16 6-7

The dependence of tg o on the dose rate is subordinated to
the law

tgiontgdy.ls,
where tg 8§ - the value measured in the irradiation field; tg 60 -

the value measured prior to irradiation; I - the dose rate of
irradiation; a - coefficient equal to 0.05-0.02.

L/ Fig. 24. The dependence of tg §
P} (O N - of unstabilized polyethylene on
frequency at various doses of
ele ron irradiation in air (limit-
B 4 e ed access): 1 - nonirradiated;
< / \ 2 - 10 Mrad; 3 - 20 Mrad; 4 -
s 40 Mrad.
Al AT
| —
% $ .3 5 T Uf

The results of the study of the influence of neutron

18 neutron/cm2) ani electron (40 Mrad) irradiation on the

(2-10
dielectri¢ characteristics of polyethylene of low and high density
are given very comprehensively in work [342]. The analysis of

“he data confirms that the increase in the value of tg ¢ with

an increase of irradiation dose 1is conditioned by the process

of radiation oxidation.
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A study was made of the influence cf ionizing radiation on '
the electrical : :)perties of fine films made from high-density
polyethylene {343]. It was established that the tg & of 1
polyethylene (at a frequency of 1 Mhz) in the initial state
depends weakly on temperature over the range of 20-140°C, however, !
with an increase in the irradiation dose its absolute value
increases and the temperature dependence becomes more acute.

The results of the investigation of the dependence of
electrical strength on temperature at various doses of irradiation
confirmed the conclusions made in work [336].

The volume resistivity of irradiated (0-300 Mrad) films made ’

from high~density polethylene is changed nonmonotonically with

an increase of temperature and in the interval of 90-120°C

a minimum is owvserved, the value of which is greater the higher

the exposure dose. It is characteristic that for samples which

after irradiation are subjected to heating at 140°C for 5 min

there are no such minima. Such a one-time surge of electrical

conductivity into the area of temperatures close to the melting

of erystals can be connected with the release of the charge

carriers from the traps where they were trapped in the process
of irradiation.

A study of the electrical resistance of irradiated
polyethylene in water under the joint influence of temperature ‘

(up to 250°C) and pressure (up to 1200 kgf/cmg) has been carried
out in work [3447.

In this case it was es-ablished that the insulatiosn
resistance remal=s above 1.5 10lo flecm under the joint influence

of a temperature of 170-180°C and pressure greater than
1000 kgf/cm?

-/ .

166

?
§
¥
£
k]
3
3
< 3
%
Z
3




T

————— L ae

some data on the change in the dielectric properties or
pclyetnylene depending on the condifions of irradiation and dose
are given in works [317, 345] and coniirm the regularities given
above.

The properties of polyethylene irradiated in the presence
of sensitizers of radiation cross-linking. 1In work [273] a study
is made cf the influence of sensitizers (allyl methacrylate,
divinylbenzene, diallyl malleate) on the physicomechanical and
electrophysical properties of irradiated polyethylene of low
{(Marlex 1762) and high (Marlex 6009) density.

In the case of the irradiation of polyethylene with an
additive of a pclyfunctional monomer in a dose of 8 Mrad a higher
value of strength at break (350 kgf/cmz) is attained than during
the irradiation of polyethylene without the monomer up to a dose
of 64 Mrad (250-290 kgf/cma). The strength characteristics of
polyethylene at room temperature, as also at temperatures
higher than the melting point, also prove to be significantly
higher if irradiaticn is conducted in the presence of a poly-
functional monomer . The strength of low-density polyethylene
at a temperature of 115°C comprises ~20 kgf/cmz, if it has been
irradiated in the presence .of allyl methacrylate, and only
7 kgf/cm2 if irrcadiation 1s conducted with the addition of a
sensivizer. This distinctly shows that in the absence of
crystallinity the svrength of a polymer at a temperature higher
than the melting point is determined by the three-dimensional
network formed because of the cross-linking of the molecules
of polyethylene in t° presence of a polyfunctional monomer.

The dielectric characteristics of pclyethylene irradiated
in the presence of sensitizers are given in Table 21.
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¥rom the data in the table it is evident that the introduction
¢f a monomer insignificantly influences the dielectric character-
istics of irradiated polyethylene, whereupon the greatest
contripution to change is made by allyl methacrylate as the most
polar of all the tested monomers.

It is evident that the use of sensitizers for obtaining
the required effect of cross-linking at small doses will nct
entall a deterioration of properties of irradiated polyethylene;

the latter can be used even as high-frequency electrical
insulation.

Polypropylene

This material, which in structure occupies an intermediate
positicn between polyethylene and polyisobutylene, can be
consilee2d as a polymer obtained from polyethylene by means of

the replacement of the atems of hydrogen at the alternated atoms
of carbon by methyl groups

(|ZH, CHy CHy
| j
—C.52CHCH,CHCHaCH~

Isotactic polypropylene possesses a higher degree of crystallinity
and has a higher melting point and temperature of vitrification.

Folypropylene also relates to the class of cross-linked
polymers, i.e., during irradiation cross bonds are formed in
it, however, this process flows with less probability than in
polyethylene (relationship of the rates of the processes of
degradation and cross-linking comprises 0.6-0.8) [99]. The
gases being liberated during irradiation almost wholly (99%)

consist of hydrogen [346]. Data on the change in electroconductiv-

ity during or after irradiation are lacking in the literature.
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The tear resistance of polypropylene irradiated in an inert
nedium and measured at 60°C barely changes up to a dose of
160 Mrad, however, at 20°C tear resistance along with an increase
in irradiation dose at first increases and reaches a maximum at
80 Mrad, and then it diminishes and at a dose of 160 Mrad reaches
its original value. The strength of polypropylene fiber with an
increase in irradiation dose diminishes and at & dose of 150 Mrad
comprises 40% from the strength of the initial fiber. The
breaking strain of polypropylene fiber also decreases with an
increase in the irradiation dose [347].

In work [348] it was revealed that in contrast to polyethylene
during irradiation up to a dose of 2.2-107 rad in isotactic
polypropylene sharp changes occur. The polymer became brittle,
changed color, and strength at break was strongly decreased.

At higher doses the polymer became soft and its elongation began
to Le lowered to zero, which 1is attributed to the plasticizing
action of the low-modular fraction which is formed during
radiation degradation. During irradiation up to a dose of
1‘109 rad the surf~ce of the polymer became oily dde to further
degradation.

On the other hand, in work [349] they noted that polypropylene
irradiated at room temperature up to a dose of 4-107 rad and
immediately annealed at a temperatures between 120 and 260°C
remains pliable and retains a noticeable value of elongation.

It has also been shown that many rroperties of polypropylene
depend on the temperature of irradiation. With a thorough
selection of temperature and conditions of annealing after
irradiation it is possible to obtain a cross-linked,
sufficiently pliable polypropylene. If these conditions are not
observed degradation strongly influences the physical properties
of the polymer during irradiation already up to relatively low
doses.
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In werk [350] it was shown that the thermal stability of

polypropylene is sharply lowered with an increase of irradiation
dose.

The Copo.ymecr of Ethylene with
Propylene

The copolymer of ethylene with propylene [351] is a high-

molecular product of the joint polymerization of the indicated
monon.1's ind basically has the following structure:

C”J""CH:-(CHg—CH:)n-—(CHg—-CH)m ~H ==CHs
CH,

With an increase in the content of propylene a disruption
of the ordered packing of the polymer chains is observed.
Gradually the degree of crystallinity and density are lowered.

The investigation of the radiation cross-linking of polyolefins

showed [251] that this copolymer belongs to the group of cross-

linked polymers, whereuron a characteristic for it is less

value of the relationship of the rates of degradation and cross-
linking (B/a = 0.12-0.20) than for polyethylene.

The strength characteristics of the copolymer of ethylene
with propylene are substantially higher than for low-density
pciyethylene. Therefore during irradiation the lowering of them
with an increase of dose occurs approximately at the same rate
as in polyethylene, but the absolute values of deformation
characteristics at identical doses in the copolymer of ethylene

with propylene are higher than in the polyethylene of low
density.

The authors cf work [255] studied the dependence of the
deformation characteristics of this material at various doses of
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irradiation and inveStigated the possibility of its “hermal

stabilization for prolonged utlliization in an irradiated form

at increased temperature$. Data on the aging of the.irradiatad

copolymer or'ethylene with proéy}ene coﬁtqining 0.5% sbandard
stabilizer (control), and also on the effective heat-stabilizing
system, are given below (the criterion of loss'of efficiency

is taken as the loﬁering=in relative elongation to 100%):

T, °C . Control; hr Copolymer with thermal
) ;stabilizer, hr

150 100-150 » 4000-5000

175 10-15 700-90¢C

200 . 1-2 75~175

Apparently this material is very pronising fbr obtaining :
thermoresistant insulation with the help of Irradiation..

Polyiscbutylene

This polymer as & result of 3 peculiarity of the main chain
contains a quaternary atom of. carbon

- Ch, . §
:CHr%L- .
. CH' :

degrades during irradiation [352].- .Breaks of the main chain '
are connected directly with the decrease in the Galue of the
nunber-average molecular weight. Besides the breaks'in the
main chain, in polyisobutylene duping irradiation there is - an

increase in the content of nonsaturation ba;nly of the vinylidene
type (in the side groups). '

H

The composition of* gases qhich are liberated during irradia-
tion includes mainly hydrogen,'methang, arid isobitylene. °
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The degree of degradation of polyisobutylene during irradia-
tion increases with an increase in termperature.

It has been established that the copolymers of isobutylene
and styrene are less subjected to degradation than polyisobutylene :
itself. : 1

Polystyrene
This polymer can be considered as a material obtained from

polyethylene by the replacement of the atoms of hydrogen at the
alternated atoms of carbon by phenyl groups

0

i
—CHaCHCHLCH—
|

{

During the action of ionizing radiations on polystyrene
the predominant effect is cross-iinking, although the measurement
of the content of sol fraction made it possible to uncover
that degradation in it nevertheless flows, true to an insignificant
degree [108, 353]. During irradiation in the air the degree
of degradation probably depends on the thickness of the sample
and the dose rate.

As established in work [105], the main chain of the
polymer apparently participates both in the process of liberation
of hydrog=>n and in cross-iinking, which 1s accomplished through

the benzene ring with the interrupting of double bcnds in the
aromatic grouping.
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The physicomechanical properties of polystyrene during

irradiation are changed very little. Thus in unmodified

polystyrene the tensile strength and tear resistance are decreased
all told only by 5-10% during irradiation up to a dose of

5-109 rad. pPolystyrene containing an additive (for instance

a plastifier) is more susceptible to the effect of ionizing
radiations; true its strength does not diminish during
irradiation up to very high doses, however, the relative elonga-
tion drops noticeably already at doses of about 10 Mrad.

Polystyrene possesses high radiation stability not only in
physicomechanical, but aiso in electrophysical characteristics.
Thus according to works {354, 355], after irradiation up tc a
dose of 3600 Mrad the volumetric specific resistance practically
4id not change as compared with the original value (1-101“ Q

and dielectric strength was lowered from 64 to all told only
52 KW/mm.

scm),

Figure 25 [356. shows the dependence of € and tg § on the
irradiation dose in a reactor in air at 35°C for polystyrene and
polyethylene. It is evident that although charnge of tg § for

polyethylene is smali, for polystyrene it is still considerably less.

]
——
§]

L1 7
IEE [ Fig. 25. Dependence of €
9é and tg 6§ at 50 Kz and 23°C
] on the irradiation dose
- for polyethylene (1) and
/// polystyrene (2).
a1 v KEY: (1) Irradiation

dose, Mrad.
2
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Some data on the change ir the electrophysical characteristics

of poiystyrene during irradistion in a vacuum are given in work
[345].
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The Nitrogen-Containing Polymers
{the Poiyamides)

dylon

For pclyamides the following structure is characteristic:

H HO 0
1 11 1
—~N—{CH2),—N—C—{CH:)u—C—

The melting point of polyamides is higher than for polyethy-

as a result of the strong intermolecular interaction at
the sites of disposition of amido groups.

lene

Polar amido groups
represent precisely those places, in which intermolecular chains

are attracted to each other by hydrogen bonds; as a result

the solubility of polyarides in polar solvents and the

equilivrium content of mcisture in them prove to be significantly

higher than in polyetnylene.

During the irradiation of polyamides by ionizing radiation

relationship of the rates of
and cross-linking has a somewhat
iene; nowever, qualitatively the
ical properties of both polymers
to the behavior of polyethylene,
irrzdiatiorn dose the increase of
polyarides

th

a3

[1H)

the processes of degradaticn
greater value than in polyethy-
initial changes in physicomechan-
are very similar. In contrast
with an increase in the

rubber-like elasticity in
at high temperature is gradually slowed down during

the transition into the range of high doses [3571. As shown in
work [358] degradation occurs as a result of breaking of N-C

bonds.

Aalthough in pclyanides, as also in polyethyiene, there are

r.ree basic forms of radiation changes

morohous

[

{an increase irn the
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nass content as a result ol the destruction of
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of crystalline structure, the formation of defects incide the
crystallites, and the formation of a wcven network), the most
sharply defined change is the increase in hardness as a result

of cross—1linking. The higher value of the relationship of

the probabilities of processes of degradation and cross-linking

in nylcen determines its lesser radliation stability, if we evaluate
it according to the capacity of the material to preserve the
original values cof strength at breaking and relative elongution.

Data on the other nitrogen-containing polymers, for example
aniline-formaldehyde resins are very incomplete. Some of them
are given helow in composite table:z.

Oxygen-Containing Polymers

The properties of oxygesn-containing polymeric materials,
depending on the individual features of the compound, are changed
in very wide 1limits.

The different nature of molecular structure also coatains
their completely different tehavior undzr che action of ionizing
radiations.

Polyacrylates
The polyacrylates are cerivative of acrylic acid ll=C=(i?—‘C°“
H O

and the simplést of them - polymethyl acrylate - has the following
structure:

-
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Tre greater part of the investigations of radioclysis of

]

rolyacrylater was directed at the clarification of t+e influence
of differences :n tne structure of the side chain, which repres-nts
Aifferent es+ .- groups, on the rate of the processes of c:iovis~
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Investigation of the influence of ionizing radiations on the
structural and physicomechanical properties of polyacrylates was
accomglished on rubber-like polymers which are included in the
compositicn of some industrial rubbers. The degree of cross-
linking of polyacrylic rubher increases at a greater rate than
natural.

Polymethacrylates
In contrast to the majority of widely used polymeric

materials, which during irradiation are cross-linked, roiymeth-
acrylates undergo degradation. This fact has been contirmed

o

7 the numerous fundamental works carried out with the polymer
of the simplest ester - polymethyl methacrylate [81, 84, 108].
At che same time the investigation of polymethacrylates with
2ige groups of different structure shcwed [361] that radiolysis
of compounds of this class can to a certain extent depend on

the structure of the side chain of the polymer, whereupon the
zeculiarities of structure predetermine the course of one of the
following three processes: the side chain can "exhaust"™ the
absorbed energy on itself if aromatic groupings are present in it;
bulky side chains increase steric strains and can facilitate the
flow of degradations; finally long side chains can condition

the zppearance of cross-linked sections.

It has been estahblished that the rate of degradation
substantvially depend:. on the presence of additives 81, 102, 3623
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regardless of whether they were introduced for the purpose

of radiation protection of the poiymer or they were present
pecause of cther reasons. On the basis of the results obtained
(see Table 22) the ccefficients of prctection were calculated.

Table 22. Protective action of additives during
the radiolysis of polymethyl methacryla’

A o ),
[~ [ f < o *
<o 108 o0 I o -
Additive |97%$°%5 Additive eha PR
Sw {9 o S qo -
on+ooco osvlooo
OB St O3 I S
04y [ ]
Benzoic acid|{1.0 | 76 8-Hydroxyquin-}{ 2.0] 52 .
oline
Naphthalene |2 O 32 Diphenylthio- | 3.6 69
Anthracene 2.1 37 urea
Phenanthrenel2.2 | Sl a-Naphthol 5.6] 82
Diphenyl 2.5 56 g-Naphthol 5.3] 24
Phenol 2.7 52 Ethyl urea 10.0§ 12
a-Naphthyl-
amine 2.5 1178 Paraffin 10.G 3

it is evident from Table 22 that all the mocst effective
protective additives are compounds containing aromatic groupings.

The optical and electric properties of polymethyl methacrylate
after irradiation suffer iroticeable changes, which is important
for somc concrete cases of application. For insiance, optical
transparency during irradiation by y-radiation in air up to a
dose of 5 HMrad is lowered from 90 to 55% [366]. The electrical
properties of polymethyl methacrylate were studied both during
and after irradiation [364, 365). it was =.t3bliched that induced -
conductivity was changed proportional to 723, where J - the
incident radiation irtensity. After termination of irradiation
conductivity diminished exponertially for a time of more than
5 hours. At a dose rate of 400 rad/hr electroconiuntivity
comprised 10”17 @ leecm ! and had a purely ohzic nuture. After
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irradiaticn up to a dose of 5 Mrad electroconductivity was
lowered to the original value, althoush for the extent of a
prolonged time; after irradlation up to a dose of 100 Mrad

electroconductivity comprised 10—1u o l.eml,

1. work [366]dependences are given for € and tg 6 of
polymethyl methacrylate at a frequency of 50 Hz on the dozz f

reactor radiation at a temperature of 25°C. It has been
established that the dielectric characteristics of this material
did not undergo substanticl changes and its efficiency in the

zone of action of ionizing radiations is determined wholly by
physicomechani<al properties.

The physicomechanlcal properties of polymethyl methacrylate
deteriorate very rapidly during irradiation, which is
concditioned by the large numbecr of breaks of the main chain of
polymer molecules at a given amount of absorbed cnergy.

The radiolysis of polymethyi methacrylate is accompanied
by intensive gas liberation, whereas t..e gas (U4L.1% hydrogen,
22.8% carbon monoxide, 18.8% carbon dioxide, and 6% methane
[81]) remains in the polymer and in no way displays itself.
During subsequent heating to a temperature above 125°C the almost
instantanecus foaming of the polymer occurs.

Polyvinyl Alcchol aud I0s Derivatives

Pelyvinyl alcohol is soluble in water (2 unique property of
a polymerl). During irradiastion in agqueous solutions it is
cross-linked [367], whereas irradiation in a dry state both
in air and in a vacuum gives rise to degradation [3681].

Data on the influence of lonizirg radiations on the

phiysicomechunical propert§e§ of polyvinyl alcohol are absent in
the literature.

]
%
3
£
=
=
=
=
i




Polyvinly acetate ‘was investigated in radiation fields only
in the form of copolymers with vinyl chloride and in mixtures
with a high content of fillers, therefore on the basis of these

works it is impossible to determine which process was dominant:
cross-linking or degradation.

Questions on the effect of radiation on the simple esters
of polyvinyl alcohol have been treated in few works; these
compounds figure in that group cf polymers in which during
irradiation by electrons a gel fraction is formed [80].

Polyvinyl acetals are used quite extensively in wvarious

areas of techncliogy, however their radiation stability also has
not been studied sufficiently.

Polyvinyl formal and polyvinyl butyral Wwere investigated
after irradiation in a reactor with a limited air inlet. At an
exposure dose of 50C Mrad the modulus of elasticity and tensile
strength of polyvinyl formal was lowered bty avproximately 50%
from initial [181, 369, 370]; in.this range of doses relative
elongation, traversing the maximum, increased by more than 50%

which attests to the considerable degradation of material.

The changes revealed after irradiation for polyvinyl

butyrsl clearly indicate the preferential flow of the process

of cross-linking. The density of this material increases and

the increase 1n the modulus of elastlcity 1s accompanied by a
decrease in relative elongation at break.

Polyethylene Oxide

Polyethylene oxlde is the only simple polyester about the
behavior of which under the action of irradiaticon a certain

quantity of information has been accumulated [371].
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presence of atoms of oxygen in the main chain insigni-
increases the susceptibility to radiation of polyethylene
oxide as compared with polyethylene. Irradiation in air up to
moderate dcses glves rise to a more marked increase in the
vizcosity of solutions than irradiation in a vacuum, which is
connezted with the fcrmation of peroxide cross-tinkages. Mere
prolonged irradiation in air gives rise to oxidizing degradation.
During irradiation in a vacuum there is approximately four times
less eross linking than in polyethylene [372].
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Data on the change in physicomechanical properties are
absent in the literature.

Polyethylene Terephthalate’

Tnis material, having the structure

0 o

2 — i
—CHy—CHy—0C—¢ -co—

iz used widely in industry. The data on the solubility of
irradiated samples attest that the predominant process in
polyethylene terephthalate 1is cross linking [79], probably
because of the bond at the aromatic ring. However, the data
on the crystallization of this polymer show that both cross-
linking and degradation flow fairly slowly.

The analysis of Iinfrared spectra showed that the compound
ester bond disintegrates; apparently this process represents one
of the types of degradation.

Tensile strength, which in the initial state of the
waterial has a higher value than in polyethylene, is reduced to

IvPerylene™ - In Europe, "Mylar" - in the USA.
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50% in the case of an irradiation dose of 500 Mrad and to 10% -
with 2 dose of approximately 2000 Mrad. Based on the degree of
change in the original val.uae ¢f tens:le strength during irradiation
polyethylene tererhthalate cccuples an intermediate position
between polymethyl methacrylate and polyethylene.

The electrophysical (resistance and, dielectric strength)
and dielectric (c and tg 6) characteristics of this polyether
are not noticeably changed at an irradiation does up to 100 Mrad;
with larger doses the gradual deterioration of these parameters
is observed [373].

Data are also available for another polyester - Dacron. In
work [374] the frequency dependence tg 8 is given for Dacron
which was not irradiated and for a period of irradiation at a
dose rate of 15 r/s. The increase of tg 6§ and the shift of curves
into the range of low frequencies 1is noticeable, whereupon for
crystalline polymer this tendency is expressed more sharply
than for amorphous.

Derivatives of Cellulose

During the irradiation of ethylcellulose under such
conditions when the presence of air exerts only a small influence
a very weak increase was revealed in the modulus of elasticity
with a dose of about 40 Mrad [181, 369, 370]. With this dose the
tensile strength and impact strength were decreased to 25% from
the initial values, and relative elongation -~ to 5% of the value
for nonirradiated material. The decrease in tensile strength
by 50% from initial is reached with-a dose of 20 Mrad. These
data do not give the final answer about the prevalence of
cross-linking or degradation.

Cellulose acetate during irradiation behaves in the same
manner as ethylcellulose, but for the identical (for instance
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50%) decrease in tensile strength somewhat larger irradiation
duese are necessary (40 Mrad instead of 20 Mrad). The behavior
of cellulcse propionate and acetobutyrate during irradiation

is not noticeably dif'ferent from that described above.

The physicomechanical properties of cellulose nitrate during
irradiation are changed in much the same manner and to the same
degree as the properties of cellulsoe acetate. However, its
hzrdness increases gradually, even in doses great<r than
1C0 Mrad.

As can be seen from the data pgiven above, the simple and
compound polyesters of cellulose, and also cellulose nitrate
possess a relatively high sensitivity to fthe action of ilonizing
radiations similar to that of the initial compound - cellulose
itself. The strength characteristics of the derivatives of
cellulose deteriorate during irradiation at least 10 times
faster than in polyethylene, but nevertheless not as rapidly
as in polymethyl methacrylate.

Halogen-Containing Polymers

For the haloid-substituted polymers high yields of radicals
during irradiation are characteristic [375, 376]. It has been
established that in polyvinyl chloride under the action of
radiation changes occur which indicate the flow of reactions
coth of cross-linking and degradation - depending on the com-
position of starting material and the conditions of irradiation.

The complete halogeration of a polymer (an example can be
polytetrafluoroethylene)} ~ives rise to its degradation at a
rapid rate. At intermediate degrees of halogenation
predicting the direction of the reaction cannot be done.

Thus polyvinyliidene chloride undergoes only degradation, whereas
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the copolymers of vinylidene chloride and monomers with a higher
content of haloids are cross-~linkec dvcing irradiation.

During the radiolysis of halogenated polymers low-molecular
halogen~containing compounds are liberated. The liberated
products can enter into an interaction with moisture present in
the environment and form ions of halide compounds. Because of
this the electriral resistance of such copolymers during irradia-
tion diminishes quite rapidly. Gaseous products regardless of
the fact whether they are hydrohalic acids or elementary haloids
exert a corrosive action on metals.

Polyvinyl Chloride

This polymer, which lhias the structure (—CHZ—cHCI—)n, contains
58% chlorine. Unplasticized polymer is used when operating
conditions require a high degree of rigidity. If it is desirable

to obtain sufficient flexibility and viscosity, then plasticized
materials are used.

The effect of light and heat on polyvinyl chloride ‘eads to
the liberation of hydrogen chloride and is accompanied by the
formation of double bonds.

Irradiation by ionizing radiation also leads to the
dehydrochlorination of polyvinyl chloride. It is significant
that in this case the influence of stabllizers is expressed
considerably less than in the case of the =ffect of light ahd

heat, since the concentration of radicals formed turas out to
be many times greater.

The process of HCl1l loss which takes place during irradiation
is accompanied by the formation of douhle bonds [377], by cross-
linking. and by degradation; the radiation yleld of double bonds
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depends on the temperature of irradiation. At low temperatures
solitary double bonds are formed while at room temperature the
reaction of dehydrochlorinaticn has a chain nature and as a
result systems of linked double bonds are formed. With an
increase in the exposure dose approximately up to 800 Mrad at
20°C disappearance of the end double bonds formed during the break
of the main chains of the polymer is observed, which is
apparently [375, 377] connected with the onset of linked systems
and the formation of cycles. The degree of degradation is less
during irradiation in a vacuum tkan in air [378, 379]. The
radiochemical yield of the process of cross-linking of polyvinyl
chloride turns out to be greater during irradiation of the
polymer in certain solvents than in a solid state.

The influence of ionizing radiation on the plasticized
formula of polyvinyl chloride has the same nature as the
influence on solutions [380]. During irradiation in air [381]
in an unplasticized polymer degradation takes place to a greater
degree, which is apparently connected with the difficulty of the
recombination of polymeric radicals in a more rigid unplasticized
material. In addition it was revealed that plasticizers,
especlially tricresyl phosphate and phenyl decresyl phosphate,

~xert a protective action on polyvinyl chloride during irradiation
(33811.

Upon the introduction of unsaturated monomers of compound
polyesters into the formula the yield of cross-linking increases
[301]. It has been found [382] that the addition to polyvinyl
chloride of triallyl ester of cyanuric acid (triallyl cyanurate)
sharply lowers the irradiation dose for obtaining material with
a nigher thermal stability and resistance to the effect of solvensts.
for instance, heat resistance in the Vicat test of a mixture
of 60 parts by weignht of polyvinyl chloride and 40 parts by
weight of triallyl cyanurate after irradiation up to a dose of
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4 Mrad comprised.l60°c while the heat resistance of polyvinyl _
chloride iuself after irradiation remained unchanged (95°C). ’
The irradiation doses which cause the faormation of an insoluble
fraction comprise:correspondingly for polyvin&l chloride and '

a mixture of polyvinyl chloride (90 parts Sy weight) with:

triallyl cyanurate (10 parts by weight),35 and 0.5 Mrad.

Tensile strength of dnplasticized resins diminishes slightly
with an irradiation dose up to 100 Mrad; with a: increase in , .
the irradiation dose Up to 200 Mrad strength dimluishes by cne ;
third. Impact strength diminisbes still more slowly [181 369, ' :
370, 383]. The dynamic mechanical properties of irridated Py f
polyvinyl chloride have been studied [384]. .o T

Some plasticized formulas become more solid during
irradiation and .their modulus ‘of elasticity increases [181, _
3€9, 370], whereas the relative change in tensile strength OCCL”S
Just as in unplasticized resins. Other compositions are more
sensitive, at least by an order of magnitude.

During the irradiation of polyvinyl chloride, plasticized i
with di(2-ethylhexyl)phthalate, by y-radiation (dos° rate : ]
4 Mrad/hr) in the presence of various stabilizers the tensile : '
strength and relative elbngation ménotqnically diminisﬁ, where- ) !
upon ina dose of 78 Mrad they comprise apprpximatel§ half of )
the original value; the content of gel fraction in this case i
reaches 55%. The maénitude of -100% modulus aqd chlorine content
diminish by several percent. The molecular weight of the soluble
component of the pblymer with :an increase in irradiation dose
traverses the maximum at 33 Mrad, and then it 1s lowered.

Substantial differences in the action of différent stabilizers

were not detected [385]. In the presence of CaCO3 the more

effective filler turns ou: to be a tin-containing stabilizer

as compared with cadmium and :barium.compounds [386].
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It has been established that the heat reistance and
resistance to solvents of polyvinyl chloride can be increased
by irradiation in water up to doses of 13~1000 Mrad [387-339].

The irradiation of polyvinyl chloride in the presence of NH3

leads tc the formation of a gel fraction to the extent of 93%

in a dose of 5 Mrad, whereupon the nitrogen-~ccnta’ning polyvinyl
chloride possesses a different reactivity, molsture absorhtion,
and shade [390].

“w

. For the cross-1inking of polyvinyl chloride it is also
proposed tc conduct irradiation in an atmosphere of inert :as
or in a vacuum, and then heating in this atmosphere up to
80-150°C [391].

For an improvement in the physical properties of polyvinyl
chloride and its copolymer it is recommended to introduce mineral
fillers (sont, 8102, kaolin with particle sizes 20-50 nm) to
the extent of 0.05-7 parts by weight per 100 parts by weight of
polyvinyl chloride, and then to irradiate up to 5-25 Mrad.

The composition can include stabilizers, plasticizers, and other
compenents. The products obtained by such a method possess higher
mechanical properiles than nonirradiated polyvinyl chloride with
N a filler and irradiated polyvinyl chloride without a filler

{386, 3921.

For obtaining a thermo- and cold-resistant product it is
suggested to introduce into polyvinyl chloride (to the extent of
from 1 to 50% of the weight of the polymer) substances which
contain many epoxy groups and to irradiate this composition up
! to a dose of 5-50 Mrad [393].

Improvements in the physical properties of polyvinyl chloride

; and its copolymers can be attzined by intrcducing into ..e
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composition a cecmposition of 1-50 parts by weight of magnesium

oxide or 1-4 parts vy weight of the sctearate of an alkali metal
per 100 parts by welght of polymer and irradiating them to a
dose of 107 Mrad ([394].

The =lectrical characteristics of plasticized poslyvinyl )
chloride resins deteriorate rapidly during irradiation. The !
specific volumetric electrical resistance of the copolyuer of
vinyl chloride with vinyl acetate after irradiation up to a
dose of 100 Mrad fell below 10° Q-cm [181, 369, 370]. i

poeo

In work [395] a detailed investigation is made of the
change in the physicomechanical ané electrophysical properties .
of the polyvinyl chloride masticated rubbers of insulation and
hose formulas, the composition of which is given in Table 23.

Table 23. Composition of the formula of
polyvinyl chloride masticated rubbers.

Insulation Hose
Components Number of gmlt)‘gi-
p
formula ula
230 J251 2w [89] 1011 38}239 R89
Polyvinyl chlo-
s ride 1woroo hoolrool 100100200 {100
ED-242 (plasti-
cizer) 154 - jof - -j-1501] -
Dioctyl phthalate} - lse—s- |- [#-%¢]-}- | é0
Dioctyl sebacate | - |- |-128 -{-}-1- .
Tricresyl phos-
pnate - - 0] 5} -J-110] 10
Dibutyl phthalate{l - - |-}1-1 - {3}-1-
Diphenyl chloride} - 1~ (-}~ ~ j20}- -
) Lead silicate 12 1z {15f-Y - 1-j12151%-
White lead - F- J-tw} -1-1- §}-
Blue pigment = 1= I-1-1~1-p7%-
Calcium stearate 31 313131 313131%-
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It has been established that tensile strength is noticeably
iowered in the interval of doses of 5-50 Mrad, and relative
elongation drops meonotonically in all the investigated range of
doses. A sharper change in strensth characterisiics 1s revealed
r the formulas of mascicated rubbers with a high countent of

Speciric volumetric resistance is lowered very sharply with
an increase in irradiation dose and at 150 Mrad comprises from
3 to 37% (depending on the composition of formula) of the
original.

Within certain limits there are also changes in the e and
tz 6 of masticated rubbers.

The study of the change in freeze resistance (the loss of
plasticity at bend of 180° arocund a roé with a diameter of 1 mm)
and the decomposition temperatures of polyvinyl chloride masticated
rubber (the liberation of HCl) during irradiation showed that
freeze resistance sharply, and decomposition temperature more
smoothly are lowered at doses of irradiation greater than 15 Mrad.

The molsture pick-up of masticated rubbers increases
noticeably over the range of doses 1-40 Mrad, which 1s apparently
connected with the formation of polar groups as a result of the
oxidation processes which proceed under tne z2ction of ionizing
radiation in the presence of atmospheric oxygen.

The copolymers of vinylidene chloride and vinyl chloride
(firm name "Saran") are similar to the polymers of vinly chloride
and vinyl acetate, but they are somewhat more pliable and softer.
The prevailing process in them is the degradation of macro-
molecular chains. At an irradiation dose of about 50 Mrad the
modulus of elasticity diminishes by 25%, and tensile strength
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is still more; electriuzal resistance during irradiation diminishes
rapidly.

Fluorine-Containing Polymsrs

Polytetrafluorcethylene (—CFQ—CFz—)n, polytriflucrochloro-
ethylene (-CFZ—CFCI—)n, and polytrifluorcethylene (—CFz—CFH—)n
possess high heat resistance and chemical inertness. At the
same time these pclymers are completely inclined to degradation
under the actisn of ionizing radiations [296~399]. Destruction

is accompanied by the liberation of the corrosive products.

The investigation of polytetrafluoroethylene by the [EPR]
(3MP) methed shewed that the primary free rad: cals formed during
irradiation iIn a vacuum in the case of 1lrradiation in the
presence of air enter into a reaction and form peroxide type
radicals [U400, 401]. By the method of infrared spectrometry and
by the measuremernit of density it has been established that
during irradiation up to small doses the degree of crystallinity
of polytetrafluoroethylene increases [402]. Rountgenographic
studies of irradiated polytetrafluorcethylene and polytrifluoro-
ethylene [403] also confirmed the increase of crystallinity in
polytetrafluofoethylene. This is connected with the breakings
of chains in the amorphous phase. At doses above 300 Mrad
a decrease of crystallinity 1s observed. 1In polytrifluorocethylene
the decrease in crystallinity was observed at doses above
200 Mrad.

The rate of degradation during irradiation in a vacuum 1s
an order of magnitude less than in air. The influence of the
medium during the irradlation of polytetrafluoroethylene and
polytrifluorocethylene 1is more significant than during the irradia-
tion of other polymers; upon contact with alr the surface layers
of these two materials can be oxidlzed [404]. Such a surface
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oxicdation improves the capacity of polytetrafluoroethylene for
cocloration and grafting on the surface of other monomers. 'The
radiochemical yield of the process of degradation of poljg-
tetrafluoroethylene during irradiation in air is several times
greater than for polyvinyl chloride [405]. The behavior of
polytrifluorochloroethylene is the same. During irradiation in
the presence of air polymer de.ssity and the viscosity of fusion
increase [406]. In spite of hish thermal stability,
polytetrafluoroethylene and polytrifluorochloroethylene are mest
susceptible to the effect of radiation in the presence of air.
Fluorine-containing polymers which are not completely halogenated
can be cross~linked during irradiation.

The irradiation of polytr_fluoroethylene in a vacuum by
v-radiation over the range of 1 to 200 Mrad showed that in this
case both cross-linking and degradation take place, and B/a =
= 0.14. During irradiation branched structures are formed which
are thermally less stable than the initial polymer [407, 408].

During irradiation in air the physicomechanical character-
istics of these polymers detericrate rapidly. Tensile strength
of the samples of polytctrafluoroethylene after irradiation up
to a dose of about 4 Mrad was cut in half; relative elongation
was cut in half at a still lower irradiation dose - a total of
2 Mrad. After such a sharp lowering strength continues to de-
crease with an increase in irradiation dose, but less sharply
and comprises an additional 29% of original value at an
irradiction dose of about 60 Mrad.

Radiation stabtility of polytrifluorochloroethylere is
somewhat higher than polytetrafluoroethylene; tensile strength
of polytrifluorochloroethylene was 1lowered to half of the
original value at doses of about 30 Mrad, and with further
irradiation the drop 1in strength occurred very sharply.
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The data cited above relate to thick (about 5 mm) samples
which were being irradiated in air at a dose rate of 106 rad/hr.

Since fluorine-containing pclymers are very sensitive to
the presence of oxygen in the process of irradiation, one ought
to take into account that for samples of lesser thickness the
strength characteristics will deteriorate still more sharply.

Figure 26 shows the dependence of the elect. 'nal conductivity ]
of polytetrafluoroethylene on temperatures during irradiation by §
y-radiation of 0060 (dose rate ;

15 r/s). It is evident that L et mb

with the entry of this material ““‘~m\- 2 y
into the radiation zone its %-t e T~

conductivity will increase & |~ ,

sharply whereupon at a tempera- ‘g-n 2

ture of ~30°C the absolute i~

vaiue of electrical conductivity p
2% 24 3.2 s /T
during irradiation wlll increase 6 The d 1 c :
Fig. 26. e dependence o
approximately 100 times as electroconductivity of poly-
compared with initial. tetrafluoroethylene on tem-
perature before (1) and dur-
ing (2) irradiation at a
The dielectric character- dose rate of 15 r/s.

istics of halogen-contalning

polymers are changed relatively weakly during irradiation and the
determining factor is the loss of mechanical strength, and not -
the deterioration of electrophysical properties.

The investigation of the copolymer of fluoroethylene with
ethylene [409] during irradiation by accelerated electrons
showed that degradation and cross-linking take place simultaneously,
whereas the prevalence of one or the other process depends on
the temperature during irradlation: below 80°C degradation pre-
dominates and above 80°C the process of cross-linking predominates.
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At temperatures above 3790°C thermal degradation predominates.
Irradiation up to moderate dnses does not ‘torsen the capaclty of the
material for treatment.

During irradiation by y-radiation of 0060 polyvinylidene
oride is cross-linked [410]. The solubility of the polymer,

Joud
3

i

and after a dose set of 500 Mrad ~ oniy 4%. Tenslle strength
of the irradiated material increases and elongation decreases
The differences in behavior under the influence of radiation

f such similar materials as polyvinylidene fluoride and poly-
vinylidene chloride (which degrades under these conditions) are
apparently explained by the lesser atomic radius of fluorine in
comparison with an atom of chlorine.

The prrolysis of polyvinyl- and polyvinylidene fluoride,
preliminarily irradiated by y-quanta of 0060, has been studied
in work [411]. It has been shown that the presence of hydrogen
in monomeric linkxs of fluorine polymers facilitaves the formation
of cross bonds under the action of y-radiation. Hcwever,
zlthough the process of cross-linking is predominant the breaking
of chains takes place to a noticeable degree. After irradiation
the therm.l stability of these pclymers 1s lowered. The increased
rate of loss of welght of irradiated polyvinylidene fluoride
is not cornditioned by the increase in the rate of liberation of
HF, but by the change in the structure of the polymer from
linear to branched.

The influence of irradlation on the dielectric characteristics
{e, tg & cver a wide range of frequencies - firom 100 Hz to
530 kiiz) of poivtetrafluoroethylene, polytrifluorochloroethylene,
and also the copolymer of tevrafluoroethylene and hexafluoro-
propylene is examined in work [345].
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The sharpest changes have been revealed in the behavior
of polytetrafluoroethylene. In a dcse of 1 Mrad vaiue of tg &
increases by 3 orders at 100 Hz and by 1 order at 100 kHz. With
a further necrease in irradiation dose the value of tg 6 is
considerably lowered. The change in the dielectric character-
istics of the copolymer of tetrafluorcethylene with hexafluoro-
propylene is less than for polytetrafluoroethylene, but neverthe-
less it is completely noticeable, although at soriewhat larger
irradiation doses (v30-40 Mrad).

Thermoreactive Resins
(Phenolic, Epoxide, Polyester)

The radiation stability of phenol and epoxlde resins is
approximately identical, but in epoxide resins it can change
substantially depending on the hardening agents used. Fine
films or coverings from epoxide resins are also subjected more

*¢ destructlion during irradiation in the presence of oxygen
than a film made of phenolic resin [412].

The comparison of epoxide resins hardened by various agents
showed that products with higher radiation resistance are obtained
by the hardening of the resin with aromatic, and not aliphatic
compounds. Irradiation in air at 70°C up to a dose of about
1000 Mrad led to the lowering in bending strength by less than
by 40%. There are reports that the chain is degraded near the
atom of nitrogen and that the residue of the molecule of epoxide
resin is slowly subjected to crecss-linking.

Elastomers
Carbon Chain Compounds

As shownr. in a number of works [181, 313, 352, 369, 370], the
majcrity of elastomers (with ihe exception of synthetic »rubbers
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witn a iarge number of links of isobutylene), both natural and

synthetic, are cross-linked during the action of ionilzing
radiations. The majority of studies were carried out with
natural rubker - polyisoprene (NR)

However, there are also reports on synthetic rubbers:
polyisobutylene (IR)

H CH,

polychloroprene {(CR)

the copolymer of butad-.ne with styrene (SBR)
H d“

14 .ei* L]

(N

and the copolymer of butadiene with acrylonitrile (NBR}
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The composition of rubber has a significant influence on

its behavior during irradiation.
density of copolymers

incrase in the

butadiene-styrene
styrene contert [414].

For instance, the cross-linking

diminishes with an

Mixtures of natural

rubber

which are c¢ross-linked during jirradiation and butyl rubler,

which 1s degraded, are not radiation-resistant materials, if

X

we judge by tensile strength or by relative elongation [181,

369, 3701.

Table 24 shows the changes in the deformation characteristlics

of four standard (ASTM) rubber mixtures which take place during

irradiation [415]; all the mixtures are cross-linked under these

conditions.

Table 24.

The deterioration of deformatlon characteristics ¢f

rubber mixtures during exposure to ionizing radiation.

Rubber filled

Lose of y-radiation,

Mrad
Characteristics
with soot 0 19.25[32.5(60.8[92.5
Natural rubber |[Tensile strength, kgf/cm? [427{ 4o4| 328| 211!155
(NR)
Elongation at breaking, % |340] 290 220 140] 60
Modulus at 100% tension,
kgf/cm? 331 37| 46| 51} 56
Butadiene- Tensile strength, kegf/cm? |343] 338| 314 257|188
styrene rubber
(SBR) Elongation at breaking, % |370| 280 210} 150| 80 .
Modulus at 100% tension,
kgf/cm? 231 261 35| 451 70
Copolymer of Tensile strength, kgf/em? [226| 200| 122|Broken at .
chloroprene bend
with neoprene |Elongation at breaking, % |180| 140]| 50|The same
(CR—GN) Modulus at 100% tension,
kgf/cm? 35| 44 "
Butadiene- Tensile strength, kgf/cm? |280| 302} 260} 230/233
?§g§§}e PUDLET |5 sneation at breaking, 4 |3001 200} 140} 70; 4O
Modulus at 100% tension,
kgf/cm? 281 usl 73 |
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Different physical tests, oth static and dynamic, made
it possible to arrange the inve.tigatad rubber mixtures in the
crder of cCecrcarang radiation stability in such a saquence;
natural rubber, butadiene-styre¢:e rubber, butadiene-nitrile
rubber, the copolymer of chloroprene with 1soprene.

The silicun organic elastomes which contain phenyl
substitutes in high concentration possess high radiation stability
in conjunction with good characteristics in the case of thermal
aging [416]. However, although t.? vulcanized mixtures on the
basis ¢f high-phenylated silicon-ci'ganic elastomers satisfactorily
retain the characteristics which were inherent to them in the
initial state during heating and lrradiation, the values
themselves of these initial characteristics are relatively low.

Elastomers on the basis of polyurethane possess very high

radiation stability [417]. Such polymers apparently are

suitable for exploitation without deterioration of parameters
up to irradiation doses of 100 Mrad and higher. They preserve
a resistance to cracking under the influence of strains, i.e.,

they remain very pliable even after irradiation up to such high
doses.

During the analysis of the radiation stability of materials,
it is ccnvenient to use the concept of the threshold of radiation
damuge. By the term "25% threshold" is understood the irradiation

dose by ionizing radiations which is necessary for deterioraticn

of 2 given physical property or characteristic of a certain
material, having a technical

oviginal value. In Table 25
iven of the threshold doses

use, by 25% as compared with the
f.r a comparison the values are
{determined taking into account a

5% change of the most important characteristic from the original
value) of a number of typlical elastomers and plastics [418].
Furtherme.2 in 1t the values are given of
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equivalent threshold doses attained during irradiation by y-
quanta and fast neutrons.

Table 25. The threshold values of radiation

damages.
Irradiation dose
corresponding to|Equiva- |
Polymer a worsening of lent ratio !
characteristices [n/y
by 25%, Mrad .
Natural rubber (NR} 25 7.9
Butadiene-styrene
rubber (SBR) 10 7.2 .
Butadiene-nitrile
rubber (NBR) 7 6.4
Neoprene rubber (CR) 6 4.3
Silicon-organic
rubber (SE—450) i 5.2
Butyl rubber (11R) i g.1
Acrylic rubber
(Hycar PA) 3 5.8
Polyethylene 90 9.0
Polyvinyl chloride 110 3.8
Polyethylene tereph-
thalate 120 3.6
In work [U419] an investigation was made of the influence of
ionizing radiation directly on various cable designs and also

on insulation and hose rubbers subjected to irradiation in the
air, in a vacuum, in water at room and at increased temperatures.

Insulation and hose rubbers were subject to irradiation both
separately and in a duplicated form.

As the test objects the following cables were used: RShM )
with a section of 200 and 500 mmz, KVD with a section of 1F x
x 2.5 mm2 in braid and without it, XNRP with a section of 1 x

x 10 mm2 and 24 x 2.5 mm2 and others, and also cable rubbers: %
a) insulation - TS-35 (on the basis of NK and SKB), TSSh-30, 3
NVP-50 (also on the basis of natural and butadiene sodium rubber §
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filled with chalk and talc); b) hose ~ ShN-40 (on the basis of
chloroprene), ShBM-U40 (on the basis of divinyl styrene rubber
SKS-30 and butadiene rubber SKBM) and NShP-60 (on the basis of
natural and butadiene SKRD rubbers).

It was established that unfer the influence of irradiation
in air the hardness of rubbers progressively increases and
relative elongation drops sharpl;; breaking strength is changad 5
nonmonotonically and depends on the concrete formula of the
rutber nmixtu.e.

The effects of ionizing radiations on the electric properties
of cable rubbers are given in Table 26.

Table 26. The change in the electric
properties of insulation rubbers durlng
irradiation in air.

Material Dose| o tg 6 Py> E,
Mrad Recm |%V/mm :
ShvpP-50 0 2,86 0,01 1,5-1004] 28
50 -— - 2,06-101%] 34
100 2.8 0,013 15,9.1018F 46
200 3.86 0,013 | 1,3-101*% 36
NVP-50 doubled with 50 45 0,08 | 9,0-101*] 40
NShP-60 through a
layer of paper’
T5Sh-320 0 3,17 0.013 | 7,3.100%] 33
50 1.% 0,036 § 1,9-10t¢] 26
100 4.2 — 1,5-1012} 31
200 4,80 0,061 §35,2-1003] 28
TSSh~30 doubled with 50 5,15 0.062 {1.4.100] 23
iAo M| 30 | 000 |35ion| B
5,10 R 2.5-10
TSSh-30 doubled with < s - 13
ShN-G0 through a 50 5.10 0,076 } 6,2-10 27
layer of paper
T8-35 0 3,i0 0.016 §5,2.100*] 3
50 3.85 0,056 | 1,6-100*} 30 E
100 4194 - 8,2.1001 31
. 200 4.50 0,076 {5,9-1003% 35
TS-35 dousled with o0 3,50 0.056 §2,2.1083} 34
ShEM-40 100 0.081 {2,2.1012] 33 E
20 3,20 0,032 | 2.2-.100} 35 :‘;—;
TS-35 doubied with P - - 2. 1011 E
52 dounled path Jwa ] 1 | 0es | 13000 34 §
layer of paper %
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In all cases a worsening of the fyndemental electrical
insulating properties with an increase of irradiation .dose has |
been noted. Dielectric permeability and the dielectric loss
factor increase. Volumetric specific resistance is lowsred (rubber
T3Sh-30). At doses of irradiation greater than 50 Mrad the
electrical insuldting propeﬁties of all inveetigeted rubbers iﬁ
a number of indices deteriorate signifitantlé. For rubber TS-35
and NKP-50 a lowerin* in breakdown strength and specific volumetric
resistance after irradiation was not'detected. '

The simultanéous exposure to lonizing radiation and increased .

temperatire deteriorates the pﬁysicomechdnical properties
i

of cable rubbers more rapidly (Table 27). !
- i

Table 27. The influence of the joint action of
ionizing radiation and increased temperaturc cn
the physiecomechanical properties of, cable

rubbers’ ¥ _ ‘
- i
: "‘,4 ‘{,‘Si - Indices
Material ocHa] 0T | ’ .
EPTO g g =
: ‘”'; S3lagl M| o |T |L 1
T8-35 (1nsulation 18 0] 2 | s ] 58 | 037 .
rubber) 70 0] 30 92| 6 j40]48 :
100 0] 36§ 83 663 415 |50
18 50 {218 |30 6 |"413]6
. 70 50 | « 19 ] 6 |anie
: : : - 100" ] 50 ] 22 )] 27| 63 ] 256 ]2
ShN-6 (hose rubber) 18 | .ol 2] 8] 56| 300]m
0 0] 5 | & | 85 ]23]2
1001 ol B3| |8|a5]09
18 ] 5)6) s 2016
0 0| —le)]so] 0 2, :
: 100 50} -] 8] & |105]-5

¥Dose pate 0.7 Mrad/hr, duration of irra-
_diation 70 hr; o ~ breaking strength kgf/cm?;
M - modulus at 100% tension, kgf/cm?; T -~
Shore hardness; L - relative elongation, % 1 ~
residual elongation, %. | J

The results of the testings of the hose rubber, talien_ i
directly Trom irradiated cable products,’ are given in Table 28.
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Tasls 23. Influence of y-irradiation on the strength
of hose rubbers in cables.*
q} L
i ¢ lea
Brand of cable “Ypes © o o L A
rubber g T
£ 0 ®
[ ]
HPE
Vo (hose without braid) ShN-40 o e |32l 10
with a section 16 x 2.5 mm? 50 159 | 28] 18
. 200 52 160 6
KVD (nose over braid) ShN-40 0 |7l |36 2
8 |80
- . 2 3.0
KVY2 {(hose under braid) Shi=490 0 18.] 280 ] 14
% 4&5 ¥g 12
L2} b H
RShi with a section 200 mm? | shEM-4o | 5 | 2sl .0 o
30 ? ﬂy 9
. % 5 4
RShd with a section 800 mm? NShP-69 o 1158 a° 11
H 1y | 5901 18
2 3 321 13
30 J53p1n] w0

%; - breaking strength, kgf/em?; L - relative
elongation, %; I - residual elongation, %.

From the preceding information it 1s evident that after
irradiation up to doses higher than 50 Mrad the properties of
rupbers deteriorate noticeably and it is already impossible to
uarantee the preservation of operating parameiers of cable
products. Rubberized fabrics completely disintegrate at irradiaticn
Jdoses greater than 100 Mrad.

Dependence of € and tg § of some rubbers on the exposure

jdose :n a reactor has been studied in work [366].

Polysulfide and Orgenic-Silicon
compounds

Q
o
[
pars
3

ulfide elastomers are distinguished from carbon
tely different type of bond in the main chain; it
successive series of atoms of sulfur and methylene
{_—-S—8-8-S—-). The physical properties of these
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materials show that the interaction force between polar polysulfide
groups is considerably weaker than between amide and polyester
groups. Such rubbers undergo degradation already at very moderate
doses of irradiation [328]. In contrast to this ethylene-propylene-
polysulfide rubbers are cross-linked at comparatively small doses
{4131. The changes in properties obtained in other experiments

on the irradiation of industrial materials of this types made

it possible to assume [U420], that cross-linking takes place in

them or only very slow degradation, whereupon the conditions of
irradiatison (temperature, the possibility of access of oxygen-
etc.) also exert a definite influence.

An example of the structure of polymers with a high degree
of replacement, the main chain of which actually does not
contain hydrocarbon bonds, are the polysiloxanes or, as they
are frequently called silicon-organic polymers:

—0-Sj (R)—0-Si (RY—

The radicochemical yield of the cross-linking of methyl
siloxane pelymers in magnitude was of the same order arc for
polyethylene [U21, 422].

With the exception of silicon-organic polymers, the replace-
ment of atoms of carbon in the maln chain by any others gives
rise tc a lessening of the pure yield of cross-linking. This
is probably conditioned by acceleration of the process of
degradation. If in the main chain of the polymer the bond is
accomplished through groupings containing certaln electronegative
atoms, as, for example, amide and polysulifide groups, then such
a polymer will be definitely more subject to degradation.

Very 1little data have been published on the radiation
stability of electrical insulation on the basis of silicon-organic
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systems. In work [423] an investigatior, is made of the action
of nuclsar radinticns on some electrotechnical products with

silicon-organic insulation (electric motors, wires, cables,
evc.). Tne results of testing cable products will be presented

in the appropriate section.

™




-

THE SPECIFICS OF OPERATION AND EFFICIENCY
CF ELECTRICAL INSULATING POLYMERIC
MATERIALS IN THE ZONE OF ACTION OF
TONIZING RADIATIONS (IN NUCLEAR

REACTORS AND OTHER

INSTALLATIONS)

General Considerations

Radiation effects in polyners depend not only on the integral
irradiation dose and radiation intensity, but also on a whole
series of factors which characterize the conditions of irradiation.
Therefore during the analysis of the behavior of an electrical
insulating polymeric material in the zone of action of ionizing
radiation, for example near the nuclear reactor core, it is
necessary to take into consideration the entire totality of
parameters which characterize the operating conditions; but in
this case one cannot consider that the working conditions for
the insulation are distinguished from conventional only by the
fact that besides the usually acting factors (the medium, tem-
perature, etc.) only the effect of ionizing radiations is
added.

The degree of the radliation effect and even the very nature
of the effect can depend to a considerable degree on the negli-
gible features of the composition of the material; in this
case the temperature d=pendences of some properties as a result
of irradiation can change completely.

Since the structural imperfections caused by radiation at
certain temperatures are relocated and irradiation can cause a
significant mobility of defects and atoms, temperature has
great significance during irradiation. A temperature increase
far from always diminishes the degree of radiation effect on
some properties of a material.

-




Thersfore when evaluating the specific properties of a
matsrial one cannot proceed from the fact that irradiation at
a higher temperature has to lessen the radiation effect. Some-
times amnealing after irradiation strengthens, and does not
diminish the radiation effect.

One ought to keep in mind that the temperature of the
irradiated material or product depends not only on the tem-
perature of the medium in which it is “ocated; during irradia-
ticn in a reactor with the powerful neutron flux there will be
a supplementary warmup as a result of the absorption of intensive
y-radiation accompanying neutron.

The presence of radiation can radically change the properties
of the environment in which irradiated product is found. Air at
a sufficiently high intensity of radiation is ionized and becomes
a conductor. 1In a reactor during the irradiation of air the
formation of ozone was observed [4247. In humid air a binding
of atmospheric nitrogen occurred [425] and under the influence
of the nitric acid formed the materials were subjected to very
intensive corrosion. The neutral medium - nitrogen - ceases
to be neutral during irradiation as a result of tiie formation of
chemically very active oxides of nitrogen even when negligible
tracks of oxygen are present.

Since nuclear reactors are shut off periodically for main-
tenance or repair, and also the reloading of nuclear reactor
fuel elements, the temperature within the limits of blological
shield does not remain constant, it undergoes changes. With
a lowering of temperature the condensation of moisture from
trre alr is rossible; therefore, along with the fluctuations of
tenverature the part wlll be subjected to the varizble humidity
of the medium.

205

=
=
=
=
=




WO ——

v'_v'-ﬁ; W — P— T —r—— - — -

The efficiency cf a part in a nuclear reactor will depend
TC a specific degree on the radiation spectrum, i.e., the energy
flow distribution of rapid and thermal neutrcns, and also

et
y—radiation.

4~ substantial influence is exerted on the permissible duration
of explioitation of a material not only by the integral flux of
irradiation, but also the dose rate or intensity of flux. In a
number of cases irradiation up to one and the same integral
dose leads to a lesser change in properties in an undesirable
direction, if the dose rate is great; for instance, during the
irradiation of cables with plastic insulation in air the deteriora-
tion in characteristics will be less at a greater dose rate than .
at low because the oxidation process will be expressed less.
If the intensity of irradiation is not great, then for ensuring
efficiency up to the same integral dose the use of hermetically
sealed shells can be required or even the placing of the cable
into an inert medium. '

One ought to keep in mind that the operating characteristics
of a rroduct with electrical insulating polymeric material
will be changed during irradiation.

The resistance of electrical insulation on the basis of
rolymers can diminish during the irradiation of a product intended
for electrotechnical application by several orders of magnitude N
[354], but the importance of this change depends on the purpose
of the given product. For instance, in a cable the electro-
conductivity of insulation depends to a known degree on the
polarity of the direct voltage applied between the current-
carrying core and the screen. It has been revealed that with
a positive polarity of the current-conducting core with respect
to the screen conductivity was higher than in the case of
reverse polarity. Furthermore, under the influence of intensive
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radiztion on the insulated conductcr between the core and the
screen a potential difference is permissibie, the magnitude of
; which depends both on the integral dose of irradiation and on

the semiconductor properties of the insulation which appear
durirg irrzdiation.

Let us examine the basic considerations about the applica-
bility of polymeric materials as insulation for wires, cables,
and other electrotechnical and radio engineering products intended
for eiploitation under conditions of irradiation.

As was noted in the beginning of this section, radiation
effects in polymeric materials depend on the integral dose of
irradiation and radiation intensity. Therefore it 1is advantageous
to examine in somewhat more detail the influence of both these
parameters on the electrophysical characteristics of polymers
taking Into account the reversible and irreversible effects
caused by irradiation.

Reversible Electrophysical
Processes

A typlcal example of a reversible radiation process 1is the-
electroconductivity induced by ionizing radiation.

A significant number of works [364, 365, L426-429, U430~-432]
have been published on the influence of hard electromagnetic
. (X-ray and y-radiation) radiation on the electroconductivity of
various organic dielectrics. Subseguent works had the goal
to establish the mechanism for radiation electroconductivity,

however, the information obtained is still insufficiently
complete [433].
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In the absence of irradiation through a sample of pclymer
placed between two eiectrodes a small current flows which is
proportional to applied voitage (leakage current or dark current)
and is caused by the disorderly thermal excitatlons of a small
share of the valence electrons being thrown over to the levels
of conductivity. During irradiation the current increases rapidly
(but not instantly). The differenc2 between these currents is
called the induced current ix; the latter is conditioned by the
appearance of Iree electrons and free holes in the bulk of the
dielectric under the influence of ionizing radiations [426].

The currents of dark and radistion conductivity increase
with an increase of temperature, hut differently, which attests
to the different mechanism for these forms of conductivity
(Fig. 27).

S —-
=t - ——
Y :'\x&ﬁ"ev
'Ekrnm'\i;;‘"“*'"— ~ Fig. 27. Temperature dependence
o £o15 eV | 6. of activation energy of dark
i~ Bt EE N (i conductivity (E;) and induced
¢ P S ”_“\\\\_,"__ conductivity (E_) in polyethylene.
EERER :
plod .. L

At high voltages the currents both of dark and radiation
conductivity are proportional to arplied voltage, i1.e., are
subordinated to Ohm's law. Nevertheless there are findings
[354] that at lcw voltages the volt-ampere characteristics bear
a nonlinear nature and are similar in form to the characteristics
of a crystal rectifier.

At an assigned voltage the current of radiation conductivity
ix depends on the intensity of radiation J according to the
following law:
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k%,

(121)

where k - the proportionality factor; n - exponent, the magnitude

of which is changed from 0.5 to 1.0 for various roiymers (Table

29).

Table 29.
polymers [434].

The parameters of induced conductivity of

various

Induced
o Decay time
conduvfivity of induced
Polymer n (Q-cm) at Jconductivity
20°C and at 20°C
8 vr/s
Pclymethyl methacrylate -18
(plasticized) 1.0 3 x 10 45 g
Polyethylene terephthalate 0.83 | 6 x 10720 8.5 h
Polyethylene 0.81 | 9 x 1077 7.5 min
Polystyrene 0.65 | 2 x 10—18 13 h
' Polytetrafluoroethylene 0.63 | 3 x 10717 19 h
Polymethyl methacrylate -18
' (unplasticized) 0.55 2 x 10 24 h
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Fig. 28.

after termination of the latter is shown in Fig. 28.

The typical dependence of ix on time during irradiation and

The dependence of
Induced current 1x on time t

for a polymer subjected to the
influence of ionizing radiation.
KEY: (a) Effect of radiation;
(b) After the termination of
radiation.




It is important to emphasize that the reversible erffects
are determined basically by the intensity of radiation (dose
rate) and depend weakly on the integral douse of irradiaticn
(3t goes without saying within those 1limits when the properties

of the material still were not changed very strongly as & result
of irradiztiion).

Irreversible Electrophysical
Processes

To the number of irreversible processes, 2long with those
noted above in section 1 Chapter III, one should add certain
changes 1n the electrophysical properties of polymers. These
changes are important since, on the one hand, polymeric electrical
insulating msterials can be used as the insulation for cables
and other products of electrotechnical application intended
for exvloitation in nuclear reactors or other apparatuses which
are radiation sources and are subjected to irradiation at a
lew intensity of flow, but for a comparatively long time; on
the other hand, irradiated polyethylene (and some other polyo-
iefins) are used as thermoresistant insulation which is subjected
to elevated temperatures (150°C and more) for a long time.

A series of investigations [328, 354, 435, 438] made it
possible to establish that during irradiation the connductivity
of insulation material increases somewhat up to a value determined
by the magnitude or the radiation flux intensity. This value
remains practically constant in the course cf irresdiation right
up to the beginning of the development of brezkdown at a certain
saturated absorbed dose, when conductivity again begins to
increase. 1In Table 30 the values are glven for the integral
neutron fluxes which cause electrical failure for a number of
insulation materials.
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Table 30. The doses which correspond to the
development of spontaneous breakdown.

Dose, lolg__

Polymer neutron/cm2

Polyethylene 10
Polyvinyl formal 2
Polytetrafluoroethylene 5
Polyvinyl chloride 1.9
Silicon~organic rubber b
Naiural rubber 1.3
Polychloroprene 3
Polychlorotrifluoroethylene 1.0

During prolonged irradiation of a dielectric progressively
develcping process caused by the lonizing radiations begin to
be applied tc the usual processes of aging and electrical break-
down. Both in the dielectric its<lf and in the environment
(for instance, in air) processes of ionization occur as a result
of which leakage currents increase and there is an increase in

the probabllity of surface dischargés due to the presence of

contaminations. As a result breakdown voltage and the flash-

over voltage of the insulator across the surface are reduced.

In connection with the 1low thermal conductivity of insula-

ticn and the increased heat evolution due to the leakage currents

in the case of direct voltage or dielectric losses with alterna-
ting current, which increase as a result of an increase in

conductivity with an increase in temperature, thermal equili-
brium in the material is disturbed and its temperature is raised.

In polymers in this case supplementary effects appear which
are connected with the formation of new ions and free radicals.
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These phenomena not only influence electroconductivity during
irrzdiation (reversitie effects), but can also entail undesirable
rreversitle changes i: physical and mechanical properties,

since they are accompanied by the liberation of various gases
(hydrogen, low-molecular hydrocarbons). The internal vcids

znd gas inclusions formed during this weaken the electrical
strength of the dielectric and can be the reason for the appearance
of internal discharges. 1In the presence of air (oxygen) the
dielectric is oxidized; the polar groupings formed substantially
deteriorate the electrical properties of the material.

(3

The contribution of irreversible radiation processes is
determined basically by the integral absorbed dose and depends
to a considerable extent on the conditions of irradiztion (the
medium, temperature, and others).

The Efficiency of Electrical
Insulating Polymeric Materials
Under Conditions cof
Irradiation

When selecting electrical insulating materials for electro-
technical products which are used in the zone of action of high-
energy lonizing radiation it 1s necesszry to take Into considera-
tion two fundamental limiting factors: the radiant flux, which
considerably shortens the period of service of the vroducts,
and the temperature (being defined both by the ambient temperature
ané@ radiation warmup), which accelerates the destruction of
some polymers or generally oreventing the use of others.

The polymers produced today on industrial sc:les for
uninterrupted service directly in a nuclear reacto. ore are
suitable for quite a limited time; this is connected with the
fact that 1n most cases polymers with an acceptable radiation
stabxlicy are insufficlently thermoresistant, and, on the contrary,
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thermoresistant polymers have a very low radiation stability,
aspecially in the presence of oxygen. Near the core, i.e.,
outside its lirits but inside the biological shield, the values
of temperature and radiant fluxes are more moderate; therefore,
in a number of cases it 1s possible to use polymeric insulation
with a periodic or short-time use, for example in measuring and
control cables, and also in the power cables of devices for
extraction an'. reloading of nuclear reactor fuel elements. There
are the othe- uses in which insulation is subjected to irradiation
which is beyond the limits of the biological shield of the
nuclear reactor or generally outside of a connection with the
vork of a nuclear reactor, for example wires and cables mounted
on powerful isotope radiation sources or on industrial equipment
for the .processing of nuclear fucl and separation of fission
fragments. In these cases both the temperature and flows have
5t111 smaller values and it is possible to expeczt that polymeric
insulation will possess a sufficiently prolonged service life.

Table 31 [329] gives the maximum values of temperatures
and flows which are charactercistic for contemporary power

reactors.

Table 31. Temperature and radiation conditions in

reactors.
Maximum value
Characteristics In the corejQutside the core
Thermal neutron flux,
neutron/(cmz-s) 101“ 107—1010
Fast neutron flux,
2

neutron/{(cm"-+s) 2.5 x 101& -
Flow of y-quanta,

rad/h 100-1022 10"
Temperature, °C 250-500
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"have a complex spectral composition.
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Before selecting the insulation material which is suitable
for exploitation under conditions of irradiation it is desirable
to obtain maximally precise information relative tg¢ the intensity
and the spectrel composition of radietion,'operatitg temperature f
of the installatior. temperature and nature ‘of the medium,
required parameters of the product (the type of current and
voltage, insulation resistance, and othersj; the minimally
permissible service period of the product, the conditions of
assembly and exploitation (iﬁ the case of cable products - fixed
or flexible assembly, uninterrubteq or periodic irradiation,
etc.). If periodic irradiation is'assumed it is necessary to
evaluate the‘ngmber of requireu cycles of operation. On the ' i
strength of this information, and also on  the basils of known data g
on the behavior of various po;ymerié‘materials in_the zone of .
action of ionizing radiations; it is possible in most cases to .
select adequate material for:electric insulation. However, in. ° i
this case it is necessary to introduce sufficient factor of ' .
assurance in ordertto compensate for the uncertainty introduced
by calculation in the absorbed doses received by the product '
because of various components of the reactor.radiation whigh

L A SN A e R N b A AL N

Some character;stice for the use in question'of propefties
of a number of polyheric materials are giyen’in Table: 32.. The
temperatures of operation are indicated on the basis of the ’
results of the:practical use of these polymers. The maximum :
permissible doses of irradiation are given in rads. For the Po-
characteristics of the last parameter two figures are given:
one is based op the results of electrical tests carried out with
the fixed assembly of products, and the second corresponds to
elther a decrease in tensile strength or relative elongation by
50% from the original value.. The numerals, based on the results i
of physicomechanical tests are applicable in ‘cases when the product
is subjected to bending during exploitatton. In this table data
are given on the cross,section of capture of th2rmal neutrons;
these figures characterize the degree of induced radioactivity in i

product after it underwent irra diation by neturons.
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Table 32. The characteristic properties of insulation materials.
Tempera- Maximum dose,
turg of Cross section | rads, according

Insulation opera- ‘Sﬁeﬁﬁgﬁugguff to properties
tion, °C {° > Electri-|Mechani-
trons, em /g cal cal

Polytetrafluoroethy- 250 0.00077 2.5-109 2.5-106

lene

Copolymer of trifluoro+ 200 0.1652 5~108 2.5-106

chleroethylene and !

vinylidene fluoride |

Polyvinyl carbazole 150 0.0115 5.109 | 5.108

Silicon-organic 150 0.029 5.107 {2.5.10

lacquers

Epoxide resins 130 - 5.10° [2.5-10°

Polyvinyl formal 130 0.016 1.109 | 5.108

Polyvinyl acetate 130 - 5-108 2.5o108

Slilcon-organic 125 0.017 2.107 | s5.107

. rubber

Polychloroprene 100 0.228 1.5.109 | 5.108

Polyethylene 100 0.008 5-108 2.5-108

te:rephthalate

Nylon 100 0.029 5.108 [2.5.108

Polyethylene 85 0.025 5.107 |2.5.10°

Polyisobutylene 85 0.030 5.108 | 5-107

Polyvinyl chloride 85 0.317 1.107 | s5-107

Natural rubber 85 0.025 5.108 | 1.107

Bulyl rubber 85 0.030 5.108 | 5.107

Polystyrene 75 0.015 5-109 5-108

. Silk natural 70 | 0.002 5.107 |2.5.107

Paper 70 | o.002 5.107 |2.5.107

i
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When developing cable products intended for exploitation in
a nuclear reactor or another similar installation it is necessary
t¢ take intc consideration a number of specific considerations.

1. Radiation oxidation. If the insulation during exploita- }
tiorn is freely exposed to alsz, then the radiochemical changes
in some polymers willi be accompanied by oxidation. Such oxida- {
tion can be averted by additlon into the pclymer of special
antioxidants, however, sven here the protective action is expressed
for a limited time. Therefore it is necessary to limit the access .
of oxygen to the insulation with the aild of a barrier layer,
for example in the form of a supplementary plastic protective
sheil.

W 0 bl

2. The products of radiolysis whieh cause corrosion. Some
polymers, for example polyvinyl chloride and polytetrafluoroe-~
thylene, during irradiation liberate substances which possess
the czapacity to cause corrosion; therefore it is not desiratble |
' to use them in all cases, with the exception of irradiation by

particularly low doses. The amall guantities of hydrogen and
b methane liberated by some polymers (for instance by polyethylene)
are harmless, these materials can be used for exploitation iu

; very intensive radiation fields.

3. Induced radioactivity. With cables which are subject
to irradiation in a reactor sometimes it is necessary to manipulate
' them for a while, therefore it is desirable that the rauio- i
activity induced in them during irradiation by neutrons be minimum.
Generally speaking the basic fraction of induced radioactivity
in cable irradiated by neturons is conditioned by the material .
of current-conducting core and the screening braid, and also by
admixtures which are almost always present in all cable materials.
Table 33 shows the calculating atomic composition of cable with




polyethylene insulation and a copper tin-plated core and the

general radioactivity induced in it is evaluated for a four-

week stay in a thermal neutron flux of m1012 neutrons/(cm2-s),

i.e., after irradiaticn to an integral flux of 'L2.5-10ld

2
neutrons/em . |

Teble 33. The atomic composition and induced radiocactivity in a
cable with polyethylene insulation.

geigh; per Activity per 1 m, mCi¥ Eﬁlf’life of
Element g]o g right after 1sgtggen

cable

’ irradiation in two weeks

C 18. 44 Het Het -
H 2.998 Het Het -
N 0.0009 0.030 0.030 5400 years
Cu 31.272 20.300 Neglible 12.8 h
Sn 0.32 1.75 The same 27 h
Ca 0.00011 0.005 0.004 164 days
Fe 0.00016 0.00016 0.00001 294 years
Pb 0.00003 Neglible Neglible _
Ni 0.00019 6.001 0.00019 256 h
Co 0.00003 0.003 5.003 5.25 years
Ag 0.00006 _ 6.8 0.0006 270 days

fmkyuri (millicurie) - that quantity of any radicactive
substance, in whicn 3.7.107 dis/s.

It is evident tnat the activity of an irradiated cable
érops quite rapidly in time, if the structural elements or
admixtures do not contain isotopes with_.a large effective cross

section of capture of thermal neutrons and an average half-life.

The considerations noted above must be taken into considera-
tion when developing and selecting cable and other products of
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Table 34. The radiation stability of insulation polymeric
materizls.
Permissitile
Class »f dose of
material Material irradiation,
Mrad
Sclid Dirhenyl siloxane reinforced by fiberglass 10,000
molded Epoxy~phenol resin with mineral filler 10,000
materials | Polystyrene 5,000
Phenolic resins with mineral filler 4,000
Selid Epoxide resin reinforced by glass cloth 4,000
molded Nylon 2,000
materials [Polyethylene 2,000
Polystyrene, impact 2,000
Phenolic resins with cellulose filler 1,000
Melamine and urea-formaldehyde resins 1,000
Nonreinforced phenolic resin 500
Polyethylene terephthalate 500
Cellulose acetate \ 50
Polymethyl methacrylate ' 50
Polytetrafiuoroethylene ! 5
Rubbers Polyvinyl chloride plesticized i 500
and Folyurethane 3 4oo
elastomers|Butadiene-styrene rubber with the . 300
addition of antirad i
Polyphenylmethylsiloxane : 200
Neoprene i 150
Natural rubber ; 150
Polyacrylonitrile N 100
Polysulfide 80
Polydimethylsiloxane 30
Polyisobutylene 20
Lacquers Diphenyl siloxane 5,000
Aniline-formaldehyde lacquer 5,000
Vinylcarbazole 4,000
Composition on the basls of petroleum
bitumens 2,000
Polyurethane i 1,000
Cn the basis of alkyd resins 500
On the basis of phenol-formaldehyde resins 500
Vinyl butyral 400
Vinyl acetal 400
Cellulose nitrate ' 100
Cellulose butyrate ! 50
Liquids Polyphenyls 5,000
! Petroleum oils, radiation resistant 2,000
i Transformer oil (naphthenic) ! 1,000
Transformer oil (paraffinic) 500
Silicone oil 20
Gases Sulfur hexafluoride 5,000
Difluorodichloromethane (Freon) 1,000
' Trifluoromonochloroethylene i 500

Perfluoropropyle:ne

Wn anws W s m o




electrotechnical application Intended for exploitation in flelds

of lonizing radiations in general and in a nuclear reactor in
particular.

Table 34 [439, 440] gives the composite data on the change

in various properties of plastics and elastomers when exposed
to icnizing radiations.

THE BEHAVIOR OF ELECTRICAL
INSULATING MATERIALS UNDER
THE CONDITIONS OF SPACE

The mastering of space significantly complicated the totality
of requirements presented for electrical insulating materials

used in airborne cable systems and also in electrical and radio
equipment.

The efficiency of space vehicles in orbit depends completely
on the normal functioning of electrotechnical and radio-electronic
equipnent; therefore an analysis of the operating conditions in

space, and also the peculiarities of behavior of various polymeric

materials under these conditions is f significant interest.

In the solution of techinical problems space is understcod
as the area through which space vehicles have to pass when going
into orbit and during the subsequent movement around the earth,
and also for the attainment of other celestial bodies. The

number of fundamental factors specific for the conditions of

space include: 1) vacuum and a vacuum - temperature combination ;

Z2) ultraviolet radiation; and 3) corpuscular radiation.

The concrete data examined below on the behavior of various
materizls under these specific conditions are characteristic
only for the limited field of space which stretches from the
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minimum altitude, at which man-made satellites are launched,
i.e., about 200 km and up to the orbits of Venus and Mars. An
important feature of this area is its unhomogeneity: the
composition of the atmosphere, micrometeorite concentration,
the {iows of corpuscular radiation are different by ten thousand
times. Thus even such a comparatively narrow area of space
cannot be described by any specific totality of several most
important parameters. Furthermore during the analysis of the
properties of materials in space one has to take into account
the specific effects conditioned by the spacecraft itself, for
example vibration, acceleration, high temperatures, etc.

Finally an important factor which characterizes near space
is the presence of the Van Allen belts of the earth, discovered
in 1958 during the flights of the third Soviet artificial earth
satellite (launched 15 May 1958) and the American satellites

h="°

"Explorer I" and "Explorer III"™ [44i].

Let us examine consecutively the influence of the fundamental
factors which characterize the conditions of space on the
behavior of various materlals.

Factors Which Characterize
The Conditions of
Space

Vacuum and a Vacuum -
Temperature
Combination

A vacuum should be considered as one of the factors of
external influence which exerts an evidently expressed gradually

showing influence on materials.

In space the vacuum is very high and apparently pressure
mm Hg. In propertion to removal from

comprises less than 1032
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the surface of the earth pressure is lowered from 103 to 10~6

‘ mm Hg at an altitude of about 200 km and up to 10712 g Hg at
an altitude greater than 7000 km. f ,

’ .
e o Rl KRR B e i f'!

It is known that the stay of materials in a deep vacuum can
be significantly expressed on their structure and properties:

some materials (for instance some polymers) can decompose under
‘ these conditions, whereas others (inorganic compounds and metals)
possess the capacity to sublimate. The actual stay of a material
in a high vacuum, if it is not accompanied by decomposition, is
expressed to a lesser degree on the deterioration of its char-
acteristics than a stay in ordinary atmosphere (corrosion and
? some other ill effects are absent).

The losses of weight of simple inorganic compounds in a
vacuum can be calculated from Langmuir's equation just as for
individual elements with the only difference that one ought to
take into account the pressure not only of the vapors of the
compound itself, but also the gaseous products of its decomposi-
tion [442].

-

The rate of loss of weight of low-molecular organic substances
in a vacuum can be calculated by the substitution of the known
values of the pressure of thelr vapors into the Langmuir equatilon.
However, the majority of organic substances used during the
) preparation of space vehicies are complex high-molecular compounds
which upon vaporization do not decompose, but undergo degrada-
tion, i.e., the breaking of the main chain of the polymer wlth
the formation of more or less volatile fragments. The molecular
weights of such fragments are not accurately established, and
for the majority of polymers the values of the decomposition
temperatures are known very approximately. Because of the
indicated reasons it is not usually possible to use Langmuir's
equation relative to polymeric materials and in practical activity
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It is necessary to be based on the results of direct experiments
for determination of the loss cf weight by a sample made of a
given material under assigned conditions.

Table 35 [442] gives the values of the temperatures at
which the loss of the weight of material in high vacu»m comprises
10% a year.

The degradation of organic matter occurs not ornly in the
surface layers of a polymer, but also in its entire volume. The
presence of small quantities of admixtures and additives, for
example the residues of a catalyst, can considerably accelerate
degradation.

A special problem can arise when volatile substances, for
example the products of degradation, are subjected simultaneously
to the influence of a deep vacuum ard significant temperature
drops. In this case they can be vaporized from the hot surface
and be condensed in the form of an insulating layer on the colder
surface, thereby substantially changing the thermal conductivity
or the electroconductivity of a part, which disturbs the normal
operation of the equipment. When using polymers it is
sometimes possible to use protective coatings; they will avert
the volatilization of the products oi degradation and partly
facilitate their recombination.

The loss of weight by polymers in a vacuum can lead to signi-
ficant changes in properties: physicomechanical, electrophysical,
optical, and also to changes in dimensions. It is accepted to
assume that a loss of welght by 1-2% still does not cause such

changes-in properties which would noticeably influence the operating

characteristics of the material. However, the loss of weight by
10% already can be accompanied by significant changes in character-
isties, and for this very reason such a loss of welght was

selected as criterion in the compilation of Table 35.
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Table 35. The loss of weight by materials in a high vacuum.

Temperature, at
which 10% loss

Polymer of weight a year
ocecurs, °C

Polyacrylonitrile 120
Polybutadiene 250
Rubber NBR (copolymer of butadiene with 150-230

acrylonitrile)
Rubber SBR (copolymzr of butadiene with styrene) 2u0
Polycarbonates 180
Cellulose 130
Cellulose acetate 190
Cellulose acetate butyrate 170
Cellulose nitrate 4o
Expoxide resins 4o-240
Polyesters 4o-240
Polyethylene of high density 290
Polyethylene of low density 240-280
Polyethylene terephthalate 260
Polyisobutylene 200
Butyl rubber (copolymer of isobutylene with 120

isoprene)
Polyisoprene 190
Melamine resin 190
Folymethyl methacrylate 100-200
Polyuethyl acrylate 4o-150
Methylphenylsiloxane resin 380
Poly~-a-methylstyrene 180-220
Polychloroprene 90
Nylon 30-210
Phenoliic regin 130-270
Polypropylene 190-240
Rubber natural 190
Rubber silicon-organic 200
Polvstyrene 130-220
Polytetrafluoroethylene 375-380
Polyurethane 70-150
Polyvinyl acetate 160
Pclyvinyl alcohol 150
Polyvinyl butyral 80
Polyvinyl chloride 90
Polyvinyl fluoride 270
Copolymer of vinylidene fluoride with 250

hexafluoropropylene
Polyvinyl toluene 200
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It should be noted that the volatilization of individual
compenents in srace flows irreversibly, since in this case the
counterpressare which would prevent vaporization does pnot increase;
the vaporlzed part of substance no longer returns into the initial
{ mass of material.

Ultraviolet (Electro- ] 4
magnetic) Radiation i {

The electromagnetic radiations which are disseminated in s

e

space include radio waves, infrared, ultraviolet, X-ray and

y=radiation. The spectrum of solar radiation in the upper layers
of the atmosphere countains an ultraviolet component with a wave-

r length from 1000 up to 3000 ﬂ, X-radiation with a wavelength from

1 up to 10 K, and y-radiation with a wavelength from 0.01 up to
0.1 %. Precisely these components of electromagnetic radiation

} are of fundamental interest while the radiant energy of the

visible part of the spectrum and especially infrared radiation

! are transformed into thermal radiation which facilitates develop-

ment and acceleration of processes of degradation of organic

materials whlch proceed under the action of shortwave radiation.

} Electromagnetic radiation noticeably influences only crganic
electrical insulating materials; inorganic dielectrics and

moreso metals are practically insensitive to this form of : 1
influence.

During the absorption of ultraviolet radiation by polymeric
systems in the high vacuum of space the same processes flow as
during the action of ionizing radiation, but with all features '
inherent tc photochemical processes (see p. 30).

To the fraction of ultraviolet radiation it is necessary §
to attribute on the average of 5% of the total energy of the 3
224 |
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spectrur ol solar radiation. The terrestrial atmosphere with
respect to solar radiation acts as a unique filter, and there-
fore radiaticn with a wavelength shorter than 2900 R practically
do nct reach the surface of the earth. Exactly that part cf

the radiation which is filtered out in the upper layers of the
atmosphere also causes the greatest damage to materials in space.
The guantum energy of radiation with a wavelength of 1000 R
comprises 12.4 eV, 2000 - 6.2 eV, and 3000 R - 4.14 eV. Hence
it is apparent that radiation with a wavelength from 1000 up to
2900 & possesses the greatest energy in the spectrum of ultra-
violet radiation, although to it is attributed altogether only
0.2% of all the energy. Knowing that destructive influence which
under teryestrial conditions radiation with the greatest wave-
length and therefore lesser energy exerts on polymeric materials
it is easy to imagine how difficult the operating conditions are
for these materials in space.

It has »meen established that oxygen catalyzes the prccesses
vhich flow in plastics under the influence of ultraviolet radia-
tion by accelerating degradation. 1In a vacuum, where oxygen
is practically absent, under regulated temperature conditions
the processes of decomposition are noticeably retarded. However,
in the vacuum of space such a retarding due to the absence of
oxygen is not observed as a result of the heating of the material
caused by the absorption of infrared rays.

Corpuscular
Radiation

The .afluence of corpuscular radiation on plastics is
developed only when the particles cause a change 1n material as
a result of icnization and excitation. The mechanism for the
interaction of high-energy radiation with substance is examilned
comprehensively in section 1 Chapter I and can be extended com-
rletely to the case of corpuscular radiation in space.
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THE EFFICIENCY OF ELECTRICAL
INSULATING POLYMERIC
MATERIALS UNDER THE
CONDITIONS OF SPACE

In space insulation materials can be subjected both “o direct
and to indirect radiation exposure. The zreater part of 2lectro-
technical and radio-electronic equipment is disposed iIn.ide the
spacecraft. Some forms of equipment are placed inside the ship
in hermetically sealed sections; here the only factor which
complicates the operating conditions of equipment is its heating
as a res..t of heat release. The temperature inside the ship
is regulated with the help of the radiating coverings arranged
on the outside. Furthermore temperature control is carried out by
automatically opening and closing louvers which are triggered
during passage of the ship on varlous sections of orbit which
correspond to the minimum and maximum temperatures.

The influences of vacuum on electrical insulating materials
as a rule is not catastrophic. In a number of products of gas
evolution from plastics usually admixtures are present, for
example unreacting monomers and highly volatile products of the
main and side reactions, absorbed molsture, gases, and vapors,
technical admixtures, for example c¢ils and waxes, and also
plasticlzers with a high vapor pressure.

The removal of admixtures as a result of gas separation
improves the properties of the insulation. Volume resistivity
and dielectric strength in this case inerease, and the dielectric
power factor and dlelectric permeability diminlish. However, with
a temperature increase up to vealues which correspona to the
decomposition temperature of the material all these characteristics
are changed in the opposite direction. 1In the polymer depolymeriza-
tion and the breaking of chains tzke place. The products formed
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have less mclecular weight than the initial polymer and therefore

m

greater volatility. Therefore the rate of loss of weight and
change in dimensions increase while the electrical characteristics
zraduzlly deteriorate. Thus for the majority of insulation material

reriod of stay only in a vacuum still does not exert an ill

)

effect on ¢lectrophysical properties, but a combinaticn of the
affect of vacuum and temperature will be expressed in a determined
manner on the electrical characteristics of the insulation system.

It has been established that some transparent insulation
material begin to absorb ultraviolet radiation quite strongly
after irradiation for several hiours. This leads to the intensive
flow c¢f the processes of cross-linking or degradation. In the
case of cross-linking electrophysical propevties are changed quite
weakly and, as a rule, to the side of improvement; if degradation
oceurs, then the electrical properties are determined by the
properties of the newly formed polymer which has less molc-ular
welight than the initlal material, and therefore reduced insulating
gualities. It is also important to note the following effect:
during the absorption of ultraviolet radiation the outer electrons
in the molecules can be dislocated. Because of this in short
intervals of time, but sufficiently frequently, free radicals %

Wt

or ions can bte formed in the material and their presence can
condition the appearance of transient electric losses and distort

the characteristics of the electron arrangement.

e attdiin,

The behavior of thermoplastic electrical insulating materizls
under conditions of space has been examined in work [443].

Trcm the numbter of thermoplastic materials urder conditions
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o space extensive use 1s made of nylon and polytetrafluorethylene.
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Ter instance nylon-101 isla séable rolymer whose chsracteristics
ars tzrely changed when it is. kept in a:vacuuﬁ at those tem~.
vergtares which are developed in an crbital sateilitel This
t¢lvmer convalins approximately 1% volatile-components-whfeh are
aduzlly removed. The other, admixtures are low-molecular
roducts and absorbed moisture, stabilizens, ocqiudeﬁ gases, and
vapcrs. Thé removal of all these admix%ures.at temperaturés
belcw the decomposition €emperature (280°c) sctually leads to an
improvement in the physicomechanical and electrophysical character-
istics of the materiaz. Température 1nsiﬂe the orbital satellite
rarely exceeds 120-150°C, therefére nylon is a very suitable
material for use 'under conditions of space.
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Various types bf polytetrafluorocethylené are distinguished
by the quantitfes of abscrbed moisfure, plasticizer, softener,
and reagents facilitating processing depending on form, the tybe
of technological proéedur% for the preparation of material and
its proéessing into a prpducf, thickness, etg.. These sqbstances_
can be volatilized ig a vacuum. In such cases the loss of we;ght
to 2% still does not lead to'noticeable changes .n the dimensions
of the part. Under the joint influence of vacuqm and tempefature
a 1C0% loss of weight ber year:occurs at :375-380°C.. The.products
of zzs evolution are:the result of dgpomposition and depolymeriza-
tion. Polytetrafluoroethylene can bé used under conditionstof :
space, but for a limited duration' of stay in the zone of high
radiation. i f

The Influence of .
Ultraviolet ) :
Radigtion .

Po%yethyléne becomes brittle during %ﬁe irradiation by
uiltravioiet radiation with a wavelength shorter than 4600 )
for several months. Under conditions of spac: this effeect is’
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accelerated as a result of the fact that the total amount of
energy which belongs to the shortwave sector of the spectrum
(v < 4100 2) is greater than at the surface of the earth, and
therefcre brittleness sets in after several days. Polypropylene

. behaves analogously.

rlasticized polyvinyl chloride after irradiation by ultra-

" violet radiation with a wavelength less than 4000 A acquires

a stickiness and its surface is discolored. Under conditions
of space plasticizers destroy, they are volatilized, and the
material becomes brittle with worsened physical and mechanical
properties. Polymethylmethacrylate after irradiation by short-
wave ultraviolet radiation 1n a vacuum a% normal temperature
degrades and is depolymerized. Under conditions of space this
effect is accelerated as a result of the temperature increase
of the plastic caused by the absorption of infrared rays.

Transparent polystyrene yellows rapidly during irradiaticn
by ultraviolet radiation.

The change in the properties of rubber mixtures depends
strongly on the type of reactions flowing in them. Tensile
strength and relative elongatlion can both increase and decrease.
For instance, strength and elongation of tutadiene-styrene and

"butadiene~acrylonitrile rubbers diminish, whereas in butyl rubber

they increase. The magnitude of residual deformation of rubber-
iike materials during the combined effect of vacuum and temperature
increases.

The Influence of

Corpuscular

Radiation

Puring irradiation in alr polytetrafluoroethylene degrades
very rapridly. During irradiation in the absence of oxygen or in
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a poor vacuum (10~° to 10 mm Hg) this polymer possesses higher

radiatior. stability and to some measure is able to retain its
i{nitial characteristics at least in the case of very low irradiation

Irradiation in a high vacuum up to very low doses increases
During the irradiation

doses.
) the strength of polytetrafluoroethylene.
no lower than 10 mm Hg up to very significant doses
The

in a vacuum
degradation already flows, althougn tc a moderate degree.

change in tensile strength and relative elongation of polytetra-
fluoroethylene during vy - irradiation are giv%n in Table 36.
During irradiation in air the threshold of damage for polytetra-
fluoroethylene comprises 1.7 Mrad, and the threshold of 25% damage

- 3.4 Mrag.

Table 36. Influence of y-irradiation on the characteristics of
polytetrafluorocethylene.

Tensile
Relative strength
Conditions of irradiation Dose, Mrad jelongation, 2 2
) kgf/cm
Atmosphere 0 115 210
! 0.1 152 14C
{ 0.5 37 110
1.0 21 90
5.0 Brittle
) Vacuum (10’6 mm Hg) 1.0 92 175
. 5.0 73 140
; 51.0 38 115
150.0 15 56

Nylon possesses very high radiation resistance to the action
of corpuscular radiation. The threshold of damage was reached
at a dose of 86 Mrad, and the threshold of 25% damage - at a dose
of approximately 105 Mrad.

Polyethylene withstands irradiation up to a dose of 1000

Mrsd, and the threshold of 25% damage was reached at a dose of
9300 Mrad. Thes radiation stabillity of polyethylene films does

230
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ot derpend on thickness. A noticeable change in thelr properties

ccurs over the range of LU40-870 Mrad. During irradiation in
air polyethylene 1is oxidized, and therefore the final properties
of the product depend on the thickness of the product. The high-

density polyethylene is more susceptible to radiation damage
than low-density polyethylene.
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The radiation stability of polypropylene is lower than
polyethylene. At an irradiation dose which corresponds to the
threchold of 25% damage cf polyethylene, polypropylene was
completely broken. Irradiation up to a dose of 87006 rvad converts

it into a brittle material which has completely lost 1ts elonga-~
tion and barely preserved its strength.

Polycarbonates possess very high radiation stability. The
irradiation dose at which brittleness is arleady so great that

testing them on a dynamometer cannot be done comprises 26,000
Mrad.

The characteristiecs of electrical insulating materials
given abtove give a general idea about their suitability for

exploitation under the specific conditions wuich are character-

istic for space. At the same time when selecting material for

the indicated conditions it is necessary to take into account
the concrete application of the space object, the duration of

its stay in orbit, and the disposition of orbit relative to the
Van Allen belts of the earth.

From this viewpoint there is interest in the investigations
carried out by the "Bell Telephone Laboratories" [4U44] relative
to the conditions in which a communication satellite is found.
The present data show that the duration of stay of such a satellite
in ovrhif ¢an comprise 5-15 years [445]. The radiant flux fixed
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with the ha2lc of the "Telstar 1" satellite was significantly

nigher thar. determined by Van Allen [446-448]. Since the satellite

is found altogether only 20% of its total time cf stay in orbit
in the field of the Van Allen belts of the earth, and in the
other =ections of orbit the flux drops very rapidly, then the
everage flux cn the orbit of the "Telstar 1" satellite during a
vericd of several months comprised approximately 10
electrons/(cm2~s) at electron energies above 200 keV. During
the investigation of the properties of materials an 18-year
duration of operation of the satellite in orbit wss assigned.
Therefore the irradistion dose of electrons with a energy of

1 MeV comprised 1-108 electrons/(cmzos) x 5.8 x 108 s = 5.8 x 10
electrons/cmz. The samples of all investigated materials before
and after irradiation were subjc ted to physicomechanical and
electrophysical tests specified by the appropriate standards.

Table 37 contains = list of tested materials anu also data
on the change in their physicomechanical characteristics. - Some
materials after irradiation were so brittle that their charac-
teristics could not be determined.

The table shows that in the majority of samples of polyethy-
lene tensile strength and relative elongation after irradiation
were lowered. The hardness o1 polyethylene (3) of low density
remained almost invariable, and that of the polyethylene (36)
pigmented with soot increased.

Polypropylene (7) and (8) became softer by approximately

25%, but tensile strength and relative elongation were considerably

decreased.

In polyamids (9)-(11l) hardness and tensile strength noticeably

increased, but relative elongation was almost wholly lost.
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The characteristics of polyethylene terephthalate (32)

ané (35) after irradiation could not be measured.

In work [436] it has been shown that polystyrene at relatively
low amounts of radiation is the most radiation resistant as
compared with the other polymers. Based on the results of the
investigation for polystyrene (1) hardness practically did not
change but tensile strength and relative elongation were lowered
by approximately 50%. The copolymer of butadiene with styrene
(20) is less resista~t to radiation than polystyrene. The
radiation stability of the copolymer of acrylonitrile with styrene
(23) is approximr :ely the same as for polystyrene itself.

Polyurethane (33) possess low radiation stability. This
elastomer becomes solid, strength with rupture diminishes, and
relative elongation approaches zero.

The investigation of the electrical properties of these
materials showed the following.

Only in two plasties (whereas both on the basis of styr-ne)
dielectric permeability is not changed as a result of irradia-~
tion: in peclystyrene (1) and the system styrene-divinylbenzene
(25). This agrees with the results of works [12, 14, 236, 449],
in which it has been established that polymers containing benzene
rings, and in particular those in which this molecular grouping
comprises a significant fraction of the molecule and is located
in a side chain, possess high radiation stabllity and are subjected
to the action of ionlzing radiations to an insignificant degree.
In the other two plastics con the basls of styrene, (20) and (24),
the dielectric permeability increases by less than 1.5%. However,
in the copolymer of styrene with acrylonitrile (23) the dielectric
perineability at a frequency of 1 kHz increases by more than £4%.
This is conditioned by ths fact that the part ¢f the molecule
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containing the benzene ring it not retained and therefore the
substance is more susceptible to the zction of ionizing radia-

ien, 3 !

} The dielectric permeability of the hydrocarbons of a linear

structure - polyethylene and polypropylene - is changed very

little (less than 2%). Such small changes in the properties of

aliphatic polymers were alresdy observed earlier. Actually in

work [450] when evaluating the radiation stability of polymers

polyethylene is given preference over polystyrene. Although ’
under the action of ionizing radiations the structure of a polymer

and the nature of the chemical bonds between molecules is changed,

on the whole compensation which conditions a small change in g

properties occurs. ‘

In Fig. 29 it is shown that the dielectric permeability of
polyethylene, polypropylene, and polymers on the basis of
styrene both before and after irradiation remains at a sufficiently
; low level. A characteristic feature of polyamides (9) and resins
(10) and (11) is a decrease in dielectric pern -ability at a
frequency of 1 kHz aftqr irradiation. by electrons; at a frequency
{ of 1 MHz this effect is manifested more wezkly. 1In Fig. 29 the
data for all materials are given only at a frequency of 1 kHz
because at high frequencies the change is usually considerably

less.

The dielectric permeability of polyvinyl chloride-acetate
(31) after irradiation by electrons increases noticeably, probably
as a result of the combined influence of breaks in chains and the
appearance of the possibility of the rotation of polar groups. .
Undoubtedly cross-linking also occurs, but not to such a degree
as to compensate for the remaining effects. Polyurethane (33)
is the only material whose dielectric permeability at a frequency
of 1 MHz decreases more strongly than at a frequency of 1 kHz.
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Polypropylene =42

rolystyrene

Polyamide Tf—ff?f
Polyvinvl acetate Liledt
olyethylen —
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Polyurethane | - i .02 dd
Polyvinyl fluoride{==""2

77 7 9 0B
pielectric permeability

Fig. 29. The influence of irradiation by electrons on the di-
electric permeability of polymers (f = 1 Khz) integral flux
5.8-1016 electrons/cm2

{numerals correspond toc Table 37):
T -~ nonirradiated.

B - irradiated.

Polyurethanes have a complex molecular structure and contain

atoms of nitrogen and oxygen, and also carbonyl groups in chains

connected to the atoms of carbon. The cross-linking induced hy

irradiation can decrease polarity at a higher frequency. Poly-
vinyl fluoride (34) behaves in the same manner as polyurethane
at a frequency of 1 kHz, however, the decrease in dielectric

permeability at a frequency of 1 MHz in it 1s the same as a
frequency of 1 kHz.

The dielectric permeabllity of polyethylene terephthalate
(32), which contains a light stabilizer, barely changes after
irradiation. Unfortunately the brittleness of this material

after irradlation increases so much that it cannot be used as
insulation.

Ail plastics are noticeably different in the original value
of dielectric permeability and based on this it is possible to

divide them conditionally into two basic groups: with low
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dielectric permeabllity, which includes pulyethylene, polyrrory-
lene, and zolymers on the basls of styrene, and with high
dielectric vermeability, which includes all the remaining
materiale given in Flg. 29. Reyond the conventional boundary
the value of dielectric permexzbility is taken equal to three.

It 1s interesting that irradiation up to a high dose does not
influence the relative affiliation of a material to this or :
that group, even if it considerably diminishes the high values § .
of dielectric permeability of the materials of the second group %
(with a high ). At the same time plastics with low dielectric ’
permeability are most stable during irradiation.

Tne change in the loss factor, i.e., the product of dielectric
penetrability and the dielectric power factor (Figs. 30 and 31),
conditioned by irradiation, is sufficiently great and in most
cases amounts to an increase in this parameter. This 1s especially
valid for the group of the best insulating materials with small
values of dielectric permeability and loss factor. The increase
reaches hundreds of percents, and for polyethylene - even
2000%. An important observation, somewhat softening the influence
of this undesirable trend in the change in the dielectric loss
factor, consists of the fact that the majority of the materials
which have a low value of dielectric loss factor in the initial
state even after a significant increase in this parameter as a

result of irradiation remain in the same category of good elec-
trical insulating materials: the values of their dielectric
loss factors all the same remain lower than the majority of
materials with high dielectric permeability both before and
after irradiation, despite the significant decrease in this
parameter which is revealed for the majority of materials of .
the second group.

As it was noted, the most radiation resistant materials are
polystyrene (1) ard the styrene-divinylbenzene copolymer (25).
Irradiation by electrons diminishes them even without a low
loss factor at a frequency of 1 kxHz and does not cause slignificant
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Fig. 30. The influence of irradiation by electrons on the di-
electric loss factor of polymers (f = 1 kHz) integral flux
5.8-1016 elect:r'ons/cm2 (numerals correspond to Table 37):
[} - nonirradiated; B - irradiated.
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Fig. 31. The influence of irradlation by electrons on the
dielectric loss factor of polymers (f = 1 MHz), integral flux

5.8-1016 electrons/cm2 (numerals correspond to Tible 37):
[} - ronirradiated; - irradiated.
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changes in this parameter at a {reiuercy of L Miz. 1In the

system acrylonitrile ~ butadiene - styrene (24) the loss factor
also diminlshes slightly at a frequency of 1 kHz and is not
changed at a frequency of 1 MHz, but the original value of the
lecss tactor in it is significantly aigher. 1In the copolymer of
swyrene and acrylonitrile (23), which Las in the initial state

2 loss factor of the same order as also in a triple copolymer
(24), an increase is observed in this parameter at both frequencies,
wiicreupon more significant at a frequency of 1 MHz. The copolymer
of butadiene and styrene (20), which in the initial state has

a relatively low value of loss factor, displays an increase of

it by more than 300% at a frequency of 1 kHz and an insignifi-
cant increase at a frequency of 1 MHz; such a behavior is
apparently conditioned by the presence of butadiene.

During 1irradiation polymaides are considerably improved;
the loss factor diminishes noticeably, but in the initial state
it is so great that it is impossitle to examine this:material
as a high-frequency dielectric.

& very important parameter is the resistance of insulation
to direct current. The materialis in which the greatest relative
increase in tl.e loss factor is observed, l.e., polyethylienes,
reveai the greatest decrease in the resistance of insulation
(Fig. 32). For instance, after irradiation by electrons the
insulation resistance of polyethylene is lowered by 2-3 orders
of magnitude (besides the carbon black composition). Despite
the noted lowering in the magnitude of the insulation resistance
of polyethylene, its value nevertheless remains significantly
higher than in the majority of other plastics since the original
values are so great that they frequently exceed the upper limit
of measuremecnts of the equipment utilized.

Various typres of polypropylene behave differently.
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insulation resistance, onhm
Fig. 32. The influence of irradiation by electrons on the
insulation resistance of polymers to direct current, integral
flux 5.8.1016 electrons/cm2 (numerals correspond to Table 37):
- nonirradiated; - irradiated.

The insulation resistance of polystyrene (1) against expec-
tation is lowered by more than two orders, and that of the system
styrene - diviylbenzene (25) 1s changed so little that it does
not yield to measurement. In the two polymers on the basis of
styrene (20) and (24) the insulatlon resistance increases some-
what, whereas in the copolymer of styrene with acrylonitrile
(23) it is lowered by one order of magnitude.

The insulation resistance of three various wpnlyamides which
have relatively lew original values of this parameter improves
approximately by one order durling irradiation. In the majority
¢f the remaining materials, the insulation resistance of
which in the initial state is relatively low, the changes after
irradiation are small or are generally absent, with the exception
of pelyvinyl chloride-acetate, in which the decrease reaches
aprproximately twe orders.

if cs a2 criterion for the evaluation of materizal we take
the insulation resistance to direct current, then not in one

am . .
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of the examined plastics 'is the change in this éarameter as a
result of irradiation so considerable'that the material could

not be used as electrical ,ingulation for elements of instrumenta-
tion of a communications satellite. on the condition that in
initial state these materials satisf*ed the requirements shown
f'or the electrotechniCal and radiotechnical parts of such an
application.

The measurement of ‘the insulatign resistance, which depends
both on volumetric and on surface specific resistance, is a more
reliable method for the evaluation of electrical insulating:
material than measurement of only tne surface ot only the volu-
metric specific resistanceu

3

H
Summing up the results of vast experimental material it
is possible to make the following conclusion. ‘

After irradiation by electrons with'an energy of 1 ﬁev
up to arn integral flux. of '»5.8~1016 electrons/cm2, i.e., about
1000 Mrad, the physical prcperties of acrylic, cellulose,
fluorine-containing polymers, acetyl resins, and polvcarbonates
are so deterlorated' (even at lesser doses than the indicated
maximum) that neither their physicpmechanical nor' electro- oo
physical characteristics conuld be determined. The predominant
effects in materials for which it was possible to determine
mechanical and electrical characteristics were the appearance
of brittleness which was accompanied by a decrease iu relative
elongation, ah increase in'the loss factor, and a decrease in.
insulation resistance. It has been established that the most
radiation resistant plastics are polymers on the basis of

polyethylene and polystyrene.

On the whole the selection of material should be done on
the basis of an analysis of those oq its properties which have

a greatest value in the given’concrete case of application.
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THE USE OF IONIZING RADIATIONS FOR
} MODIFYING THE PROPERTIES OF
. POLYMERIC ELECTRICAL

TNSULATING MATERIALS

If as a result of a reaction which flows in a polymer under
the action of ionizing radiation degradation occurs, then the
ﬁrOperties of' material after irradiation are usually changed in

: an undesirable direction. The strength of the material during

degradation is reduced as a result of the shortening of macro-
‘ molecular chains.!

T

As a rule cross-linking causes favorable changes in the
properties of the majority of materlals, if they are irradiated 3
up to a properly selected dose under adequate conditicns. The
modulus of elasticity and tensile strength increase, ard the
yield point aliso usually increases. Cross-linking conditions an
improvement in the stability of a material to deformation during
Heating and increases resistance to the action of solvents
[292]. However, along with these improvements in characteristics

! j some undesirabie effects can occur. During the cross-linking
of a polymer its hardness increases and its impact strength

diminishes. The plastic properties of the material are lost to
a considerable degree.

e 0, i

There is the possibility with the help of radiation fo
produce a change only in the surface layer of a material. By
means of irradiation it is possible to graft another polymer to

T R

: !Experimental investigations showed that at a certain
irradiation dose in the air the tensile strength of polytetra-
fluorcethylene increased, probably as a result of an increase
in the degree of crystallinity [406]. However, this case of
. the improvement in the characterlstics of material during degrada-
P tipn is an exception, not a rule.
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the surface of the initial polymeric material. The surface
treatment ot a material with radiation can improve its suscepti-
bility to painting or increase its adhesive rroperties.

Desplite that fact that the imprcvements in the character-
isties of plastics which are caused by their irradiation can
be aucompanied by some undesirable effects, there is the definite
possibility of the development of processes of improvement of
preperties with the help of radiation exposure.

Radiation modification is a unique physicochemical method
for the directed change in the properties of initial materials,
whereupon the desired result is achieved in most cases without
the intrcduction of foreign auxiliary substances into the
system (vulcanizing agents, initiators or catalysts of the
reaction, solidifying agents, etc.).

One of the most important goals attained with the help of
radiation modification 1s increasing the heat resistance of
polymers.

The prccess of increasing the heat resistance of polymers
is most developed relative to polyethylene. This is conditioned
hasically by two reasons. In the first place this polymer is
a relatively simple system. in which the process of cross-
linking flows with an explicit prevalence over the process of
degradation. 1In the second place poliyethylene as a result of
a very favorable matching of its inherent electrophysical,
physicomechanical, and technrnical properties, and also relasiively
low cost, 1s used widely as electrical insulation; at the same
time the comparatively low heat resistance in a number of cases
limits the possibilities of its use. Therefore the prospects of
increasing the heat resistance of this material by means of
radiation modification without a deterioration of the remaining
characteristics naturally is of significant practical interest.
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The possibility of increasing the heat resistance >f
polyethylene by means of irradiation with ionizing radi-tions was
established long ago [451]. Along with increasing the heat
resistance conditioned by the formation of a three-dimensional
structure the irradiation of polyethylene adds to it a series of
valuable properties, considerably expanding the adaptability of
this material under specific conditions as compared with non-
irradiated polyethylene. Thus, for instance, irradiated polyethy-
lene does not flow at a temperature higher than the melting
point [18] and under these conditions acquires rubber-like
properties which are retained up to the temperatures of thermal
decomposition (more than 300°C). With an increase of irradiation
dose polyethylene loses the capacity to be dissolved in organic
solvents at elevated temperatures, and its swelling diminishes
.208]. 1Irradiation increases the resistance of polyethylene
to the effect of agressive media [61, U452, 453] and reduces its
tendency toward cracking under the influence of mechanical
stresses and chemical reagents [454-457]. PFurthermore irradiation
considerably increases the electrilcal strength of polyethylene
at elevated temperatures [335, 336, 455, 458, 459]. There are
data [460] that the corona stability of irradiated polyethylene
is substantially higher than nonirradiated.

The totality data given above shows that one of the most
promising trends in the use of irradiated polyethylene is its
use as a covering for electric wires and cables. Such an
insulation ensures .»t only the higher heat resistance of a
cable product, but also its increased reliabillty in operation.
Ordinary polyethylene insulation even in the absence of any
significant mechanical load during temporary heating up to a
temrerature which exceeus the melting point flows under its own
weight, which gives rise to breakdown o short circuit between
chains. Irradiated pclyethylene insulation under analogous
conditions does not flow, and under the effect of moderate

s e o

q
:

‘
;_A
3
=5
2
4
£

e



T

mechanical load is only somewhat strained, but 1s not pressed
right through; the electrical strength of insulation retains a
finite value and the shorting between chains is practically
eliminated.

The irradiation of insulation of cable products is also
useful for.the refinement of some technological processes.
Polyethylene irradiated up to moderate doses (20-25 Mrad) can
be subjscted to temporary reheating up to 150°C without substan-
tial residual deformation. This makes it possible to accomplish,
for example, the vulcanization of rubber cable sheathing with
polyethylene insulation of current-conducting core wires by the
usual technology accepted on equipment for uninterrupted
vulcanization [461].

The methods developed for the thermal stabilization of
ivradiated polyethylene [221, 248-253, 333, 462], ensuring the
possibility of 1fs prolonged operation in ailr at elevated
temperatures, make it possible to fully realize all the advantages
of this material and to switch from unique uses to wide practical
utilization.

It should be noted that for increasing the heat resistances
of polyethylene (or another) insulation of cable products they
are subjected to irradiation already in a prepared form. This
means that such products are prepared by the conventional tech-
nology of cable production with the utilization of standard
equipment. The difference lies in the fact that a supplementary
technical operation is added - irradiation, fulfilled with the
help of some source of lonizing radiation.

The technical means with the help of which irradiation is

conducted at the present time have been developed sufficiently
well. Since the properties of the final product depend in
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practice only on the quantity of absorbed energy of radiation,
and they do not depend on its form, the selection of the type,
energy, and also the source of its generation is dictated by
technical considerations (by the penetrating power of radiation
in the irradiated material, by the possibility cf obtaining a
uniform absorbed dose over the whole volume of the product, by
the probability of the course of undesirable nuclear reactions

wvhich are accompanied by the appearanze of induced radiocactivity

in the irradiated material, etc.). For instance, it is evident

that it is inexpedient to use accelerated heavy particles
(protons, deutons, a-particles, etc.) for the irradiation of
polyethylene because as a result of low penetrating power their
absorption will be limited to a very fine surface layer of

materiall! and the main bulk of material remains unaffected by

radiation. Irradiation by neutrons usually leads to the activa-

tion of the irradiated substance, which is also undesirable
because it can substantially hinder or generally make impossible

any manipulation with the irradlated object for a prolonged
time.

Most frequently for the radlation modification of polymers

they use hard X-ray or y-irradiation, and also electrons of

sufficiently high energy. The source of high energy electrons

are special eleclrophysical devices - accelerators of charged

particles (see (napter V). The source of hard X-radiation

can be the conventional X-ray tube which is working under high

voltage and also a betatron [463] or an electron accelerator of

ancther type. As the source of y-radiation most frequentiy they

use radioactive isotopes which are obtained in a nuclear reactor
during irradiaticn of approprlate targets by neutrons; the

1Tn some particular cases this method can be used precisely
to cause a change only in the surface layer of a material.
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most widespread isotope sources of y-irradiation used in radic-
chemical processes are cobalt—6Q,cesium—l37, and some others.
The source of pure y-irradiation can alsc be the radiation
circuit of a nuclear reactor [U464, 4651, and the source of
mixed g~ and y~irradiation - the spent fuel elements of a

nuclear reacvor [466].

The source of hi... :nergy radiation is selected on the
strength of the features of the radiochemical process, the
required dose rate and absorbed radiation dose, and the concrete
form of the irradiated object (see Chapter V).

At the same time it is necessary to keep in mind that the
entire complex of valuable properties of a polymer is attained
during irradiation up to high doses; for instance, for poly-
ethylene this dose comprises 75-100 Mrad. Since the irradiation
dose is the measure of absorbed energy being spent c.a the
realization of physical, chemical, or any other changes in a
substance leading to the change in the properties of a polymer

in the required direction the actuality of the question of working

out a method for the achievement of the same final changes in
properties with a significantly smaller irradiation dose is very
otvious. Really the productivity of any radiation source (both
isotope and electron accelerator) is inversely proportional to
the irradiation dose required for the given radiochemical
process and therefore the lowering in the irradiation dose

even by several times will influence the technical-economical

indices of such a process.

In this connection there is significant interest in the
method for increasing the yield of the process or radiation
cross-1linking of some polymers (sensitization), which as was
described above consists of the fact that prior to irradiation
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lyfunctional monomer is introduced into them preliminarily
as an additive [264, 467, 468]. This method does not only
rnake it possible to lower the irradiation dose for the radiation
cress~linking of the polymers being "cross-linked" [272], but
alsc mekes it possible to carry out the cross-linking of
"degrading" polymers. The introduction of polyjfunctional
moncmers to polyvinyl chloride, along with the significant
decrease in the irradiation dose necessary for cross-linking,

eliminates [262, 263] the undesirable side process of dehydro-
chlorination.

The realization of the radiation modification of the
rolyolefin insula“ion of cable products, especially with the
use ol sensitizing additives, is a very promising procedure which
has alrezady entered the stage of indus:rial testing in a number
of countries, including the Soviet Union.

It would seem that two alternative processes can compete

with the process of radiation modification: the use of peroxide

catalysts (the so-called chemical cross-liuking) and the utiliza-
tion of irrazdiation bv ultraviolet light. with the introduction
inte polyethylene of the appropriate sensitizers of photochemical

absorption. However, an attentive examination of the question

shcws that this is not so.

Irradiation by ultraviolet light is effective only relative
to very fine films or fibers.

Chemically cross-linked polyethylene contains a significant
Juantity of prcdqcts of decay and the subsequent interaction

of reroxide catalysts, which noticeably influences its dielectric
charazteri

o
ot

ties. Furthermore the problem of thermal stabilizati

zation,

s
which 1is quite complex for usual polyethylene, becomes almost
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unsolvable for chemically cross-linked polyethylene [U69].
Finzlly the properties of chemically c¢ross-linked polyethyiene
are noticeably lower than for radiation cross-linked. This

is distinetly ersident fron a comparison of the permissible work
curces of irradiated and chemically cross-linked polyethylene

Mazximum temperature Emergency

of prolonged reheating
exploitation with a dura-
°C tion of no
more than
100 h/yr
Chemically cross-linked
polyethylenc 90 130
Radiation cross-linked
thermal stabilized polyethylene 150 200

If chemically cross~linked polyethylene tolerates reheating
up to 2592°C only for 30 s, then for radiation cross-~linked
thermal stabilized polyethylene the permissible time of reheating
is measured by tens of minutes, and at 350°C - by minutes.

Undoubtedly chemical cross-linking is accomplished more
simply than radiation, and for the building of an installation
in the first case less capital investments are necessary than
in the second. Nevertheless the properties of products obtained
in chemical and radiation cross-linking are substantially
different, and each of these materials will apparently find its
area of application.

In the subsequent sections the characteristics and areas
of application of cable products with irradiated polyolefin
insulation (ineluding thermal stabilized) will be examined and
also the fundamental types of radiation sources and the technology
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radiation modification. however, strictly the irradiation

]

3 poiymer in a product, for example a cable, for imparting
0 it these or other properties does not exhaust the possibility
£ application of the method of radiation modification.

o O
e,

<t

o

Thus, for instance, a method has been developed [77] for
the preparation of porous polyethylene by means of its irradia-
tion in granules up to doses of 2-20 Mrad, subseguent swelling
in dichliorotetrafiuoroethane, and then heating and holding at
115°C in a closed vessel. By this method a uniform porous
material with a density of 0.094 g/cm2 is obtained. A variety
of the indicated method is [474] the introduction of a pore
former, for example dichlorotetrafluoroethane, into molten
pelyethylene under pressure and after irradiation up to a dose
of 1-20 Mrad foaming by means of sharp lowering of external
pressure. The product obtained 0.8 mm pores and a volumetric
welght of 41.5 kg/m3 - against 6 mm and 145 kg/m3 respectively
for the nonirradiated product. It is also possible [475] to
use as the initial composition a solid thermoplastic polymer
which 1a a combinted state contains more than 70% monovinyl
aromatic hydrocarton and a low-boiling organic -ompound.

A method has been developed for obtaining a heat resistant
porous polyethylene film which amounts to the following: an
ordinary polyethylene film is pilled in a stack and irradiated
up to doses of 5-50 Mrad at a dose rate of 10“-105 rad/s. In
this case shrinkage of the film and adhesion occurs, which are
accompanied by the formation of a large quantity of noncommunica-
ting peores filled with air.

An original method has been proposed [409, U477] for the
localization of the action of ionizing radiation on the boundary
of contact of two polymeric (or others) parts by means of the

introduction of boron- and lithium-containing compounds in the
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surface layer of the rolymer and subsequent irradiation by

neutronrs. This method can be used for the radiation cross-

15 s 2 ym -

of pairs c¢f heterogeneous polymeric materizls or =

I

P
oy

rolymer with a metail.

in certain cases for raising the molecular weight of poly-
ethylene before its processing it is advisable to irradiate
the granules up to doses of 3-10 Mrad, and then to roll at 75°C;
the product obtained possesses reduced solubility and is softened
at higher temperatures than initial [375]. 1Irradiation by
y-gquanta in the presence of atmospheric oxygen over the range of
0.1-50 Mrad at -18-120°C is used for lowering the molecular
weight of polyethylene [3761].

The mechanical and thermal properties of mixtures of polymers
can be improved by means of irradiation if compositions are
prepared which consist of well mixed polymers, one of which is
cross-1linked and the other degrades (80 parts by weight of
polyvinyl chloride and 20 parts by weight butadiene-nitrile
rubber) [478].

It is also possible to vary the properties of radlation crouss-
linked polyethylene by irradiating compositions of it with
polyisobutylene (5-95%) up to doses of 2-200 Mrad [414].

" The combination of radiation (~1000-10,000 Mrad) and thermal
(280°C) processing in alr, and then vacuum pyrolysis at 320-820'C
makes 1t possible to convert polyethylene into a semiconductor,
the specific volumetric resisvance of which can be changed from
lO17 to 10 ohm.em [479]. Radiation-thermal processing facilitates
the formation of a developed system of a polyconjugate in
irradiated polyethylene.

The cross-linkages which are formed during irradiation in

a polymer fix the conformation of its macromolecules. The
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sharp cooling make it possible to assign any form to it.

and the subsequent

iz2formation of an irradiated product at T > Tn
How~

ever, repeated heating up to the same temperature restores the
The

sriginal forms of the product (the effect of memory).
reslizagtion of this property of irradiated polymers makes it

rossible to develop thermally shrunken tubes and films (see

rage 268).

Even such a short enumeration of the numerous available
examples shows the diversity of use of the method of radiation
modification of polymers and what wide possibilities their

realization open in industry for purposes of both the directed
change in the properties of electrical insulating materials and

for the perfection and simplification of technological processes
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CHADMER IV

CABLE PARTS WITH INSULATION MADE FROM
TRRADIATED POLYOLEFINS

The development of methcds of thermal stabilization of .
irradiated polyethylene, the accumulation of data on its efficiency
at elevated temperatures in various media (air, vacuum, inert
gas, water under pressure, and others) and in fields of ionizing N
radiations, and also * analysis of changes in strength
sharacteristices and physicochemical properties of this material
during thermal and radiaticn aging made it possible to use this
material as thermoradiation insulation for wires and cables.

CHARACTERISTICS OF CABLE PARTS AND
SOME AUXILTARY MATERIALS

Kiring leads. 1In the wors [181, 251] det: led studies are
made of the electrophysical, physicomechanical, and climatic
characteristics of wiring leads with irradiated pol.cethyiene
insulation, inc¢. uding thermostabjlized by specis. combined
acditives, which were developed by the authors.

Figure 33 shows the dependence RHS of samples of wiringﬁleads
[copper, tin-plated, pliable cores with a section of 0.35 mm‘;
insulation - polyetnylene cable brand PE-500 without additives,
type I1 [VTU MKhP 4138-55] (BTY .iXN 4138-55) with a radial thick-
ness of 0.3-0.4 mm], irradiated by clectrons with an energy of
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eV .n 2iy up tce a dose of about 150 Mrad, on the duration

¢ stay in varicus gas (vapor) media at temperatures of 200 and
-:2°C.  The aoszclute values RHS of sampies of leads wnil h were
=a‘ntained in various media at a temperature of 200°C fluctuate
sitixin the limits of (1-—2)-108 ohm*m, which agrees well with the
values obtained in work [365] during the short-term testing of
sires in a Pb-Bi ailoy with a uninterrupted increase in temperature.
e inspection of test samples showed that after holding for
1000 hr in an oxygen-f{ree atmosphere a%t 200°C the color of the
insulation changed insignificantly, and at 300°C - very strongly,
although lozces of elasticity of ":-ulation in bcth cases were not
revealed.
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Fig. 33. Dependerice of R"

Uy

3 of the samples of wire

with irradiated polyethylene insulation on the
duration of stay in various atmospheres at 200°C
(1-5) and 300~C {1'=""): 1 - vacuum; 2 - nitrogen;
3 - helium; 4 -~ hydrogen; 5 - vapors of water; 1' ~
vacuum; 2' - nitrogen; 3 helium; 4' - air.

Wires rith irradiated insulation made from polyethylene which
vas thermos' .ilized with special additives were tested in air at
vemperatures of 150 and 200°C. The construction of samples differ
fron thar Jdescribed above by the fact that the section of the
core comprised 9.5 mm2 and prior to the laying on of polyethylene
insulation t:e core was wrapped with glass fiber llo. 80 in tuwc
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layers (radial thickness of windir+ 0.14 mm, and polyethylene

0.3 m:.

) .

Uaring testing the loss of elasticity of insulation, freeze
s~2sistance, insulaticn resistance, nmoisture resisteite, electri-
streng.nt, and radiation stability were determined. - .,

-~

An analysis of ghe results of the dgtermination of the 1o§s
of elasticity during aging in air at a temperaﬁure of 150°C
showed that a wire ﬁith insulation made from nen-thermostabilized
irradiared polyethyiene wiphstaﬁds bending cy a singile diameter
after aging for £0-50 h which a wire with‘insulaﬁion made from
irradiated therﬁostabilized polyethylene withstands anglogqus-l
vending after aging for 4000-5000 h. In comparative tests
in the air at a temperature of 200°C it has been gstablished that
wires wi:in insulation made f{rom:irradiated thermostabilized '
polyethylene tolerate bending by a single diameper after aging for
20 h against 2 h in thé‘cqse of wirds with non-thermostabilized
irradiated polyethylene insdlatipn. '

! 1

The tests of these wires for freeze résistance (-60°C) during
aging in air at 150°C showed that’ wires made froém thermqstapiiized
polyethylene withstand bending by a single diameter after aging
for 4000-5000 h,’and wire made from non-thermostabilized - :
polyethylene - only after 200 h. '

The dependeﬁce of 3“3 ax:ld-Unp of samples with insulation made

of irradiated thermostabilized polyethylene cn the time of stay

in air at temperatures of 150 énd 200°C is shown in Fig. 34. It
is evident thet during the initial period of testing at bcth
temperatures the magnitude of RHa increases somewhat, and then

for a prolonged period it remains almost constant; only a weak
tendency for lowering 1is displayed, although the atsolute values
remain very high. The magnitude of‘Unp is insignificantly .

lowered during the initial period of testing at both terperatures,
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and then it ic stabilized and remains practically constant for a

prolonped time.

The findings confirm that wires with irradiated thermo-
~ravilized insulation retain high electrical characteristics
during aging in air at elevated temperatures and the threshold
of their efficiency is determined by the deterioration in

“ iny3icomechanical, and not electrophysical properties of insulcvion.
£ y901
. | ‘
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oY ‘.
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s00 oo 500 205000
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g 500 20 500 5600
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b)

Fig. 34. Dependence of Rup a) and Unp b) wires with

insulation made from irradiated thermostabilized
polyethylene on the duration of aging in air.

A4 comparison of Figs. 33 and 34 shows tha. the introduction
of thermostabilized additives into pclyethylene places the
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inzulation which is being exploited in air in conditions which
are close to the conditions of exploitation in an oxygen~free
atnusphiere, The period of time during which thermostabilized
additives protect polyethylene at elevated temperatures is
deermined by their effectiveness and by some other properties,

velatility for example.

The electrical strength of wires with irradiated polyethyilene
insulation both in the initial state and after aging in air for
500 h at temperatures of 120 and 150°C (it was determined by means
of application of 2000 v ¢f alternating current for 1 min on dry
wires and those maintained after aging for 21 days at 40°C in an
atmosphere of $8% relative humidity) remains at a sufficiently

high level.

Thus the results of comprehensive tests of wires with
irradiated thermostabilized polyethylene insulation showed that
they possess bigh operational characteristics (preservation of
elasticity over a wide range of temperatures, increased reliabillty
uncder mechanical ana thermal overloads, moisture resistance, high
electrical strength, etc); it is expedient to use them for prolonged
operation in the range of temperatures of 100-200°C, i.e., namely
in those cases when the use of teflon insulation (considerably
more expensive and less technological) is not justified.

The use of such material in cable products attracted the
attention not only of Soviet, but also of foreign scientists.
Thus in work [480)] the results are given from studies of the
development of cross-linked thermostabilized material on the basis
of irradiated pclyolefins with reduced flammability, and also the
characteristic of insulation for wires and cables on the basis
of this material. The heat-stablilizing systems selected by
the authors ensure the following permissible resources of utiliza-

tion of wiring leads in air:
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Temperature, °C Length of stay, h
150 2200
175 336
209 48
250 4
300 1

In the work it was noted that by means of the preparation of
special mixtures of various industrial polyolefins, the introduction
of additives which lower flammability and increase the mechanical
strength of this mixture and subsequent irradiation it is possible
to obtain self-damping fine insulation for wiring leads, the
strengtn of which exceeds by approximately 10 times the mechanical
strength of ordinary irradiated polyethylene insulation.

Table 38. The results of comparative tests of wires with
different insulation for cutting.

Deformation, 1mm
Irradiated modified com~
Time, Irradiated position on the basis of Polytetrafluoroe-
Load, kgf | min Polyethylene a mixture of polyolefins thylene
0.759 0 0.0762 0.0508 0.0508
0.172 0 2540 0.2032 0.1778
5 ¢ 94 0.2286 0.2286
10 0.T94 0.2340 0.2286
0.286 0 Is cut through 0.2794% 0.2794
instantly.
5 - 0.3302 0.3302
10 - 0.3556 0.3556
0.399 0 - 0.3810 A11 cut through
in from 1 to 1.75 min
5 - 0.4318 -
0.550 10 - 0.4572 ~
0 - A1l cut throuwgh in from -
1 to 3 min.

Note. 1. The diameter of the core In all cases was 1.5 mm. 2. All the results
. re mean valies from three measurements. 3., The thickness of insulation (radial)
was 0.254 mn.
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In Table 38 the results are given from comparative testing

of wires with insulation from irradiated polyethylene, an
irradiated modified composition on tne basis of polyolefins, and
polytetrafluorvethylene for cutting by a vod with a diameter

of 9.127 mm and to which a specific oad was applied.

} From the preceding information it is evident that based on
mechanical strength (resistance tc cutting) irradiated modified
insulation on the basis of polyolefins substantially excceds both
tne ordinary irracdiated yolyethylene and polytetrafluorocethylene.

—— e

Coaxial Miniature Cables with Porous
Insulation

Irradiated thermcstabilized polyethylene recently has been
used not only in the form of monolithic, but also perous insulation.
' This opens additional possibilities in the area of constructicn
and production of coaxial thermoresistant cables of reduced
welght and dimensions. The question of the use of porous
irradiated polyethylene in coaxial lightened miniature wires and
& cables is examined in detail in work [481].

Up to recently only polyef! -lene and polytetrafluoroethylene :
were used as insulation for coarial cables. However, ror the :
achievement of the best characteristics and for expanding the

field of application they began to use irradiated porous polyolefins
in cables of this type.

Irradiation, as already menticned above, increases the heat ﬁ
3 resistance of material, reduced its tendency toward cracking under é
stress, and eliminates cold flowling as a result of the formation :
of a steric network.

The preparation of porous polyethylene insulation by means of

the addition of a suitables foaming agent to the initial mnterial
r

-
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naz been golng on for several years. However, a deficiency of
sdel. a porous material is its relatively low mechanical strength,
whicn substantially 1inits its area of application. If as

tne Initlial material an appropriate thermostavilized composition

vasi, of polyciefins with the addition of a foaming agent

i used and the fabricated cable product is exposed to irradia-~
tion, then for porows insulation it is possible to attain the same
strerngih

which is possessed by monolithic polyetrnylene insulation.
Tre dielectric permeability of irradiated porcus polyolefin
insulation c¢an be lowered to 1.5, and this already considerably

improves the electrical characteristics of the cable as compared

with a cable which has monolithic insulation made from the same
polyolefin.

The steric network formed during the irradiation

of porous polyolefin conditions form stability and strength at
iiacreased temperatures.

core tne

As a result during soldering of the cable
insulation material is not deformed as a result of over-

neatin this has specific value when soldering has to be done

s (
in g limi

ted space and concact between the insulation and the
neated soldering iron is unavoidable).

Coaxial cables with porous irradiated thermostabilized

insulation on the basis of polyolefins can be used for a long
time (up to 10,000 h) at a temperature of 135°C and for a short
time {up

to 1 h) at a temperature of 250°C.

Tne irradiated protective covering superimposed on cables by

the method of extrusion possess the same heat resiscance as
insulation icself.

of

the
The compousitions used for the preparation
protective coverings possess strength, chemical
low specific weight, and do not support burning.
weight of coverings for irradliated polyclefins comprises -1.2 g/cm3
against a value of 2.2 g/cm3

which is characteristic
materials used for

stability,
The specific

for otner
cnermoresistant

JIPPEIEN

this purpose (polytetraflucoros
etnylene, a fluorinated copolymer of etnylene and propylene).
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In cases when the economy of weight and space occuplied are
of special importance a braid which consists of very Tine copper
silver-plated flattened wire is used as the external conductor.
nere the *  ght of the screen is reduced by more than two times,
and the thickness by 2/3 as compared with a braid made from

circular wire.

Today series of cables are being produced which tave insulation
made from irradiated polyolefin, which is the analog of miniature
coaxial cables of the RG type

One of the most important problems when using miniature cables
of the RG type is the break of the center conductors, the diameter
of which in the majority of constructions comprises 0.25 mm. By
meaas of utilization of irradiated porous polyolefin as insulation
(e = 1.5 against 2.05 for polytetrafluoroethylene) it is possible
to preserve unchanged resistance and the outside diameter of a
cable on .nsulation and simultaneously to almost double the
section of the center conductor as compared with that used in a
cable which has insulation made out of polytetrafluorcethylene.
Simultanecusly there is a decrease in the total damping of the
cable (approximately by 20%).

At assigned wave resistance a decrease ¢ of insulation gives
rise to a decrease ir the capacity of the cable, which also pro-
duces perceptible advantages.

When using an irradiated porous dielectric it is possible,
if this is necessary, to reduce the dimensions of cable while
leaving the dimensions of the internal conductor unchanged. Below
a comparison is given of the characteristics of RG-195 A/V cable
and irradiated cable wlth exactly the same center conductor:
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L B-13Y W/ cabll Irradisted catle
Lriactura. ! % Diameter. Tiameter,
. element Material i mR Material mm
¢ Cenductor ‘ e witn a2 diameter i dire with a diameter
PooLr0.sg 0.25 0.25 0. 25
‘nsulavion olytetraliucroetinylene . 2.5 irragiated porous 2.C !
i | pclyclef:in
H i
Sereen i Vire with o diameter of ¥ire witn a diameter
' i of 0.19 mm ' 0.07 of 0.19 mm 2.46
Severing i Polytetrafluorocthylene } 3.94 Trradiated pcrous 3.05
' | poiyolefin

Thus the diameter of the cable is reduced by 22%, and the cross-
sectional area occupied by it - by h0%.

Along with the decrease in dimensions by means of using
irradiated porous and monclithic polyolefins it is possible to
atvain a noticeable lowering in the weight of cables. Actually
the specific weight of irradiated porous dielectrics on the basis
of polyolefins comprises about 0.5 g/cm3, and irradiated protective
covering of nonolithic polyethylene - about 1.2 g/cm3. ‘these
numerals can be compared with the specific weight of 2.2 g/cm3 -

a typical value for fluorinated hydrocarbons. A reduction in the
specific weight of insulation material in conjunction with

decrease in overall dimensions makes it possible to lowepr the

totas weight of miniature cables by 2/3 as compared with ordinary
cables with analogous parameters. If for a comparison, just as
earlier, we select the RG-195 A/V cable, then the following

results are obtained:
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Cable with
! : irradiated
‘ i thyl
! RG-195 polyethylene
| ’ A/Y [
2 Characteristics : Cable B I1
' |
Diameter of conductor, |
{ mm + 0.25 0.25 c.25
{ ! -
Y%, Om .95 95 95
]
Diamcter of cable, !
mn ' 3.8 3.05 3.8
: Jeight, kg/km ; 7.64 2.64 b, ny
: z

In the first example (I) the central conductor has the
same dimensions, therefore the outside diameter of the cable is

reduced. In the

second example (II) outside diameter has been

maintained constant, and this made it possible to double the
section of the center conductcor. The total welght in this case
is reduced by 66 and 43% respectively.

Thus the major advantages connected with the

use of irradiated

porous and monolithic dieiectrics on the basis of polyolefins are

reduced to the achievement of a high strength:

welght ratio and

the possibilivy to produce light thermoresistant pliable insulation

coverings.

In recent years many new areas
cables have appeared [482], whereas
influence of ionizing radiations is
which characterize the influence of
reactors, space vehicles, ete).

of application of coaxial
under conditions when the

ocne of the fundamental factors
the environment (nuclear

Cables with insulation on the

basis of irradiated thermostabilized polyclefins possess a radia-

tion stability 100-1000 times greater than those with convertional

insulation.
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In the absence of bending while in use (fixed
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asszembly) the tolerance doce of irradiation comprises 50090 Mrad,
we.len correrponds oryroximately to a 10-year stay at the sive

of une greatest concentration oir charged particles in the Van
Allon belts of tre earth.

Cab tes and Wires for tne Wiring System
of Space Vehicles

In a rumber of works, for example

[483], it has been shown
that cable products with modified insulation on the basis of the

irradiated polyolefins containing various additives are most

preferable for utilization in the electrical wiring system of

man-made earth satellites and spacecrafts of various designation.

Thus a material has been proposed under the trade name of
"llovaten" which represents a composition consisting of the follwoing
romponients: 1) strictly polyolefins; 2) a system which reduces
a capacity for flare up; 3) antioxidants which protect the

polymer system at elevated temperatures in the uir; 4) antirads,
i.e., substances which protect polyolefins from the effect of
ionizing radiations.

After fabrication of the cable product
it is irradiated.

Table 39 gives data which illustrated the weight characteris-~
tics of cable products of identical construction, but with

insulation made from polytetrafluorcethylene and "Novaten.”

in Table 40 the basic properties of "Novaten" and standard

irraciated insulation on the basis of modified polyclefins are
compared.

It is evident that the basic properties of "Novaten" differ
iittlie from the properties of standard irradiated insulatior

noon
the basis of polyolefins; at the same time the use of "Novaten" as

an insuiation gives an explicit gain in weight as compared with
the use of polytetrafluoroethylene.
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Table 39. Comparison of the propertiez of cable products
with insulation made from "Novaten" and polytetrafluoro-

ethylene.

Yeight, kg/km

2

@

© e o

e o c
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- =

2 2
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o 3;})

Product Diameter, . § %3

mm '-;: o g:

s | § | ;8

® % 2%

> L » o
s |z | Ex
rF 2 £e
‘ l

Wiring lead 0.254 0.9:0 1.31 uy

Wiring lead 0.40o4 1.720 2.23 30
Wiring lead 0. 645 4.326 1 5.06 18 I
Single-core shielded ccble in : '
covering (10.38 mm) 2. 645 7.887 510.12 28 !
i Two-core shielded cable in . ;
covering (.38 mm) 0.6u45 20.834 2.8 | 19 |
Three-core shielded cable in i i

covering (9.38 mm) 0.645 26.387 32,7 { 18

Coaxial cable RG-195 A/V 0.254/0.364 [16.37 ;29.7 ‘ 78

Table 40. Comparison of the properties of "Novaten"
with standard irradiated insulation on the basis of

modified polyolefins.

Standard
Properties "Nuvaten" insulation
i
Specific weight, g/cm3 , 1.18 : 1.15 l
Tensile strength, kgf/~.n" 210 . 210 i
Relative elongation, 4 150 ; 120 l
Freeze resistance, °C =55 =55 ;
Dielectric strength, kV/mm 36 32
Mielectric permeability ; 2.5 2.5
Volumetric specific resistance, MQ-'cm 30,000 . 30,000
Permissible temperature of prolonged .
utilization in air, °C . 125 135
Permissibtle temperature of four hour . :
stay in air, °C 225 225 .
Inflammability . Self-Lamping
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Thus the use of cables with insulation made from "Noveten"
makes it possible not only to substantially reduce the weight and
dimensions of the airborne cable system, but also to reduce gas

evolution in a vacuum, and also to practically completely eliminate

the corrosion of airborne equipment (proceeding when using
fluoropolymeric wire and cables coverings) with a simultaneous
increase in the radiation stabllity of the system.

: The use of irradiated polymers in the production of wires

and cables is covered in a significant number of works. Irradiated
polyethylene is used as an insulation both in the form of I'ilm

and tapes (low-voltage power cables, aerial sound cables, aerial
distribution cables, control cables, winding wires for immersion
electric motors, etc) and in the form of -aonolithic insulation
applied by the method of extrusion [484]. The addition of active
£illers and substances which decrease inf. ammability into
polyetnylene made it possible to develop wiring leads anu special-
purpose cables for use under particularly harsh operating conditions,
mainly in aviation and missile technology [4§0].

ettt ads

-

The possibilities of the application of irradiated polyethylene
as electrical insulating material are also covered in works
[249, 251, 296, 329, 485].

There are reports [486] that irradiated polyvinyl chloride
can be used for wire insulation. As a re¢sult of the irradiation
) of this polymer in the presence of special additives (cross-linking
agent, stabilizer, filler, etc.) heat resistance improved (it
was not softened up to 300°C), solubility was lowered, and
electrical properties were raised (the insulation resistance was

10 times higher than in standard polyvinyl chloride).
The irradiation of cable products with polyolefin insulation

precludes cracking under stress conditions under the action of
surface-active substances [484, 487].
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Cables for Geophysical Prospecting :
(Coring) ) ‘ ’ _ |
In recent years therc has been a consideraple inerease in'the
number of deep and ultradeep 0il:wells with a high temperature,
ocn the face end. Many new sites are distinguished by the great
depth of occurrence of roductive strata (4. 0-7 5 km) at high
geothermal gradients. , :
For conducting geopaysical oberafions in hotgwells it is
necessary to have coring cables with insulation ensuring
R _ > 15 M@-km at operatirg temperatures of 150- 200°C and .

n3

pressures up to 100 kﬁf/“m in drilling mud. . . ;
; . . ! :

Irradiated polyethylene was tested [344] as one of the variants
of insulation for & coring casle for industrial cering investiga~ .

tion in ultradeep wells. The cables had the following construc*ion . .

on a two-layer steel=cu s.:r core polyethylene 1nsulation was

applied. The insulated .ore was irradiated ww:u Y-quanta of
60 in argon up to.a dase of 140 Mrad. On the irradiated core

a braid made from cottcn thread was applied, and then a two- )

layered jacket (protection from mechanical damages and the load-

bearing element). The structurzl length of the experimental

cable comprised 7500 m. ,

' * ]
The tests of the CCﬂiné cable with insulation made from )

irradiated polyethylenc in wells with exfreme temperatures dn
the face layer of 150°C and pressure of drilling mud =800 kgf/cm
revealed its good operating characteristics: a maximum lowering
in insulation resistance ‘from 10Q MR-km on the surface to : .

20 MQ-xm (maximum immersion in well) in the absence of mechanical v ;
deformations of insulatlon, and also.the domplete restoration of Lo
electrophysical charac.=2ristlcs of the insulation upon lifting :
the - cable to the su;-acvz A satisfactory stability of characteris-
tiecs of the cable afte“ a "run" of more than 1250 km was revealed.
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In Table 41 the change is shown in the insulation resistance
of cable during a double cycle of lowering and raising.

Table 41. The change in the insulation resis-
tance ¢f a coring cable during a double lower-
ing into a well and 1lifting out.

Insulation resistance, M{}
Rirst cycle Second cycle
Depth, m :
lovering | Raising ] Lowering Raising

0 — —
500 500 - - 500
1000 200 -— — 500
1500 200 — — 500
2000 200 — — 500
2:00 200 — — 500
3000 150 100 100 200
3200 — - —_ 160
3350 — —_ — . 70
3560 50 40 50 50
3670 - —_ 0 30
3700 25 25 -— —

The data obtained under operating conditions in conjunction
with the results of laboratory investigations confirmed that
insulation on the basis of irradiated polyethylene 1s efficient
under conditions of the simultaneous influence of temperatures
cf 120-180°C and pressures of drilling mud greater than

1006 kgf/enm?.

Thermosetting Film and Tube

It should be noted that the ralsing of the reliability and
heat resistance of insulation of cable products made from

polyolefins by means of thelr irradiation by ionizing radiation
;ddes not exhaust those promising directions which are opened to
.cable technology with the realization of the methods of radiation
modification of polymeric materials.

For instance, the use of thermosetting insulation tubes
made from irradiated polyethylene and other polymers substantially
simplifies the problem of the insulation of joints (splices) of
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cores with polyethylene insulation, the insulation of points
of soldering of the wiring leads and output ends of electric
machines and apparatuses, and also the banding of plzaits of
conductors; for this pﬁrpose 1t is possible to use a film (tape).

-Insulation by such a method ensures not only good electrical

insulation, but also the high moisture resistance of tne joints.

As the basis for the noted method the so-called memory
"effect" of the irradiated polymer has been laid down [430]. The
macromolecular chains of polyethylene (typiczl representative of
polyolefins) have been arranged partially ordered and partially
chaotically. Crystallites are formed in tnose sections where
there is ordering in the disposition of macromolecular chains : -
at distances commensurable with molecular (Fig. 35a). 1If
nolyethylene is influenced by high-energy ionizing radiation,
chemical changes occur in it: the cross-linking of macromolecules
into a solid steric network. Figure 35b shows the molecular
structure of such a system after irradiation: the heavy lines
depict the cross~linkages formed during irradiation.

Pt o e A - g
1)
Fig. 35. The influence of erystallinity

and cross-linkages on the mechanical
properties of polymers.
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The properties of irradlated polyethylene at temperatures

lovwer than of the range of melting of a crystallite are determined
mainly by the degree of ~rystallinity, the length, and the branching

of molecules. These factors can be regulated to a certain
degree during the preparation of the initial material. When
radiation cross-linked polyethylene is heated to a temperature
which exceeds the melting point of crystallites the material

acquires the properties of an elastic gel, l.e., is transformed
into a rubber-~like state. A small force can cause deformation.

Hcwever, with the removal of the applled force the material
immediately acquires the original form and dlmensions. 1In
Fig. 351 the melecular structure and elastic properties of the
cross-linked polymer are shown.

At room temperature cross-linked polyethylene (as also

standard) possesses a high degree of crystallinity; this is shown
in Fig. 35c¢ in an example of two macromolecules. The strength

of the material at room temperature is determlined precisely by
crystal structure. However, with an increase 1n temperature the

crystals are melted while the cross-~linkages formed during
cross-linking remain (Fig. 35d).

If to the cross-linked polyethylene which has a steriec
structure a certain tension is applied, then the mraterial 1s
elastically deformed as shown in Fig. 35e. The greater the
tension the more strongly the material strives to contract
since the cross-linkages play the role of elastic zlements
which contract the mascromolecules. Regardless of how long
the applied force acts the molecules resist stretching with
a constant force, equal to the strain applied but directed
oppositely. If the effect of strain is terminated then the
molecules will be almost instantly returned to their initial

configuration (Fig. 35f, g).
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If in this position the material is cooled then the crystal
structure will agair be restored (Fig. 35h)l. If the material
is cooled during the period when stress is applied to it, then
the crystal structure will fix the molecules of polymer in the
stretched state as is shown in Fig. 35i1.

The removal of stress at this point does not restore the
initial configuration of macromolecules, since the interaction
force between macromolecules in the crystallite is sufficiently
great and cross-linkages will be found in a stressed state.
However, if again after this the material is heated to a
temperature which exceeds the meiting temperature of crystalliites,
then the strained cross-linkages relax and the original configura-
tion of macromolecular chains will be restored (the "memory"!).

This property is used both in films [480] and in tubes[488].
Below comparative data are given on the typical physico-

mechanical properties of an irradiated multipurpose polyethylene
and one that is preliminarily oriented.

Preliminarily
t, °c  Multipurpose  oriented
Thickness, mm 0.125 0.1
Yicid peint, kgf/em? 230 9%4.5-129.5 Mere than 140
80° 3.15-42.0 More than 85
1200 7-14
Reistive elongation, % 23° 300-500 More than 200
80° 300-500 The Same
120° 200-600 The same
Tensile strength, kgf/cm2 23° 133-175 More than 210
80° 52.5-63.0 More than 84
1200 T-14 More than 10.5

It is evident that the oriented irradiated polyethylene possesses
greater shrinkage and higher strength.
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In the case of wrapping the splicing site of a core cable with
an irradiated oriented film and its heating up to a temperature of
110°C the f1lm will set and will press the cable tightly; reheat-
ing to a temperature of 135-150°C will cause the adhesion of ini
dividual layers of the film between one another and will ensure a
tight hermetically sealed insulation, impermeable for water, dust,
and chemical reagents. Tubes which have been irradiated and then
inflated at elevated temperatures and quenched behave in the same
manner; during reheating they set up to the original size and
squeeze the Joint tightly.

Such thermosetting tubes are produced by a number of foreign
firms under various names (Termoroy, Shprinfleks, Koroplast,
ete) [transliterated from cyrillic], Their nomenclature 1is
sufficiently great (nominal diameter in a set state 0.6-100 mm)

[u89].

THE RADIATION STABILITY OF CABLE
PRODUCTS

In the preceding sections it was shown that the permissible
duration of exploitation of cable products in the zone of action
of lonizing radiations, independent of the form of radiation,
is determined in the first.place by the pecullarities of the
electrical insulating material used.

A detailed examination of data on the radiation stability
of polymeric materials makes 1t possible to select correctly
the covering of one or another class for the prolonged use of
the cable product under conditions of radiation exposure.

Desplte the fact that with every year the quantity of works
dealing with the investigation of the radlation stability of
electrical insulating materials is lncreasing all the more,
information about the behavior of cable products under conditions
of different forms of radiation remains limited. Such a
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circumstance is apparently connected with the krown difficulty of
conducting such investigations and with conjuncture considerations.

The behavior of some cable products in fields of ionizing
radiations are examined below.

" For evaluating the influence of radiaﬁions on the electrical
parameters of radio-frequency cables over a wide range of
frequencies a series of experiments have been conducted [490].
The samples of cables were placed directly into the channel of
a nuclear reactor and their characteristics measured by the
resonance method. Since the indlcated method at frequenciles
above 103 MHz relative to samples in the form of cables is
technically impracticable, the measurement of the parameters in
the ultrahigh frequency range was conducted on samples of
the materials entering into the composition of the cable. The
irradiation of such samples in reactor is conducted in hermetically
sealed aluminum contalners; a serles of experiments on the
irradiation of materials was accomplished on a y-source of Coso.
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Figure 36 shows the dependence of dielectric permeability
and dielectric loss facior of irradiated polyethylene insulation
of coaxlal cable with a length of 12 m on the integrated flux of
irradiation by rapid neturons. In this the temperature change
in the reactor channel during the experiment is shown. After
the cable has been in the reactor 800 h the dielectric loss . =
factor of insulation increased by approximately 9%, and dielectric
permeability changed by 4%. During this experiment it was
attempted to determine the influence of breaks o>n the change in
the indicated parameters of tne cable. It was established that
in this case the dlelectric loss factor is not changed, but
dielectric permeabllity increases somewhat, Thls 1s apparently
connected with the temperature change of the environment.
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For a comparison Fig. 37 gives an analogous dependence for
& cable with a length of 12 m made from polytetrafluorcethylene
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(Teflon). The increase of dielectric permeability after 600 h of
irradiation did not exceed 3%. The dielectric loss factor did
not change within the limits of error of measursment.
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Fig. 36. The dependence of dielectrlc per-
meability and dielectric loss faclor of
polyethylene insulation of a coaxial cable
on the integral flux of irradiation by
rapid neutrons.
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Dose of irsadiation, neutx:on cmz
Fig. 37. The dependence of dielectric per-
meability and dielectric loss factor of
pelytetrafluoroethylene insulation of a
coafial cable on the integral flux of

irradiation by rapid neturons.
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Figure 38 shows the dependence of the dielectric loss factor
on the integral flux of neutrons for polystyrene, irradiated
polyethylene, and polytetrafluoroethylene (Teflon) at frequencies
of 1 x 103, 3 x 103, and 8.5 x 103 MHz. During the irradiation of

2 no changes

polystyrene by rapid neutrorns up to 1018 neutron/cm
were revealed in the dielectirlc loss factor within the limits of
measuring error. The most signlficant change in characteristics
is nyted in polytetrafluoroethylene, especially at frequencies of
1 x 103 and 3 x 103 MHz. At a dose of 1.3 x 101% neutron/em? the
dielectric loss factor exceeds by five times the initial value.
The dielectric loss factor of irradiated polyethylene at these
same frequencies and an irradiation dose of 5 x 1018 neutron/cm
approximately doubles; at a frequency of 8.5 x 103 MHz changes
are not detected. Since irradiation in the reactor was conducted
in air a certalin increase in the dlelectric loss factor can be
connected with radiation oxidation. It is possible that during
the transition into the'range of lower frequencies change in the
dielectric loss factor will be expressed more sharply. The
analogous dependences, obtained during the irradiation of

samples on a y-source of Cobo, are shown in Fig. 39. 1In this
case, as also during irradiation in a reactor by rapid neturons,
in polystyrene no substantial change is noted in the dielectric
loss factor -~ in contrast to polytetrafluorcethylene and
irradiated polyethylene.! At an integral flux of 7.5 x 108 rads
the dielectric loss factor for polyethylene at frequencies of
0‘8°103, l°103, and 3'103 MHz is approximately identical in
absolute value, however, the nature of change during irradiation
up to this integral flux 1s somewhat different, whereupon at

the lowest frequency (0.8-103 MHz) this dependence traverses

the maxinmum. The increase in the dielectric loss factor of
rolytetrafluoroethylene up te doses on the order of 2'108 rads

is insignificant, however, already at doses of 5°10 rads it

2

'Radiation oxidation during the irradiation on a y-source
naturally should be expressed to even a greater degree than during
irradiation in a reactor, due to the considerably lower dose rate.
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Fig. 38. The dependen:e of the
dielectric loss factor on the
integral flux of irradiation by
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exceeds by two~-four the initial values. The greatest increase
is noted a frequency of 3'103 MHz, the least - at a frequency of
0.8'103 MHz; thls dependence can pass through the maximum.

Figure U40 shows the dependence of the relationship of mag-
nitudes of dielectric loss factors of irradiated and non-~
irradiated samples on frequency for polyethylene and polytetra-
fluoroethylene, irradiated in a reactor and on a y-source. It is
evident that at a frequency less than 40 MHz the values of the
dielectric loss factors of irradiated and nonirradiated materials
are practically the same; over the range of frequehcies of
50 to 10,000 MHz this dependence for both materials traverses the
maximum, whereupon for polytetrafluoroethylene the relative
increase reaches seven, whereas for polyethylene 1t is approximately
three. It should be noted that the maximum for both materials
lies in the range of 1000-3000 MHz. The data obtained for neutron
and y-radiatlion colncide adequately.

tgd 1rr.
tgd nonirr,

© 0

’ 1 ' om0
Frequency, MHz
Fig. 40. The dependence of the relationship of the

magnitude of dielectric loss factors on frequency:
1 -~ polyethylene, irradlation in a reactor up to

5'1018 neutroﬁ/éma; 2 - polyethylene, irradiation
on a y~source ug to 5°10° rads; 3 - polyetrafluoroethylene,

irradiation in a reacter up to 1.3-101 neutron/cmz;

4 - the same, irradiation on a y-source up to
5‘108 rads.
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Cables with insulation made from irradiated thermostabilized
polyethylene (wiring leads) were tected for radiation stability
in the channel of a nuclear reactor at thermal neutron fluxes
of 5 x 1012 neutron/(cmz-s) and accompanying y-radiation with an
intensity of 50 Mrad/h up to an integral flux of 1.15 x 1038
neu‘cron/cm2 In an atmosphere of argon at a temperature of 160°C.
During testing under operating conditicns insulation resistance
was determined,its electrical strength was checked with a voltage
of 500 V direct current. At the indicated integral flux of
lrradiation by mixed (n, v)-flux (physical dose comprised
3500 Mrad) a noticeable detesrioration in the electrical
characteristics of cables was not révealed.

The dependenc¢e of RHB of a wire with polyethylene insulation
and sublayer of fiberglass on integral neutron dose at room
temperature is shown in Fig. 41. It is evident that the insula-
tion resistance decreases linearly with an increase in the
integral flux of irradiation, whereupon for the values obtained
in the absence of flow (measurements fulfilled right after the
trip-out of power) an analogous regularity is observed; after
holding for an hour the insulation resistance is restored to the
initial (prior tc irradiation) va.ues.

= Fig. 41. Dependence of RMa of a shielded

%a

o~
v “\\\ wire with insulation made from polyethylene
N2 \\\\‘ and sublayer made from fiberglass on
Wl \\‘\\\ integral flux: 1 - a. zero power; 2 -
\ during irradiation.
¥

} wﬂ' m?l * mﬂ mt
Integral dose, mat.n:ron/cm2

Figure 42 shows the dependence of RHs of wireé with insulation

made from radiation cross-linked polyethylene n the intensity of

neutron flux. The results obtalined 1n a semiicgarithmic scale
set satisfactorily on a straight line, whereupon the expcnent in

WK bR LR

Sl bR R

A AR



the index 1s equal to 0.75, which coincides well with the
theoretical value of this coefficient for polyethylene [365].

LN \\. Fig. U42. Dependence of R,; of a shielded
2 - wire with insulation made from radiztion
gt \\5 cross-1linked polyethylene on the intensity
\ =
5\\ of neutron flux. z
() \\\\ . 2
2 X N )
oF . N
¢ ”“ mﬁ mv

Plow, neutron/(emé-s’.

For these samples of wires the dependence of insulation
resistance on integral flux, obtained at a temperature of 160°C,
is shown in Fig. 43. Up to the doses of a order of 3'1017
neutron/cm2 R.43 increases somewhat and then is stablilized and

remains at the same level up to doses of 2'1018 neutrcn/cmz.

R0

”" — =

/|

”' / ’ ‘
- 507 r9¥

0
Irradiation dose, neutron/cm? .

Fig. 43. Dependence of R, , of shielded wire with

insulation made from radiation cross-linked
polyethylene on integral flux.

The data given above show that cable products with irradiated
polyethylene insulation possess a high radiation stabllity. When
irradiated thermostabllized polyethylene, contalning some antirad
additives along with antixoidants, is used in cables, during
prolonged irradiating at elevated temperatures in air not only
are the electrical properties of the insulation retained, but also




its elas*lcity. High radiation stability in conjunction with high
heat resistance at high electrophysical characteristics make 1t
possible to consider this material as one of the most promising
for utilization as a covering for wires and control cables and
protection of installations, the operation of which is connected
with the presence of the nuclear (icnizing) radiations of high
intensity.
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CHAPTER V

SOURCES OF IONIZING RADIATIONS AHD ' ; . Lo
THE TECHNOLOGY OF RADIAVION MUDIFICATION :

t

SOURCES OF IONIZING RADIA'TIONS : '

The sources of  ionizing radiations based on principle of
generation are subdivided intc th;ee groups: %) nuclear rgactbrs;*
2) isotope sources; 3) charged-particle acceleratoqﬁ.

For the radintion modificathon of polymers it 1s possible
to use any sources of tne 1onizing radiatiqns however,‘the
technical expediency and the economic effectiveness of éhe use
~f one or another radiation source are determined by the )
peculiarities of the;part}cular radiochemical process. ’

Below the operating /rinciples and basic parameter= of various
sources of the ionizing raniations are presented and also the
principles, on the basis of whith the source for 'a specific
radiation process 1s seliccted are given. Yo ‘

Nuclear Reactors i '
* H

The description of the ﬁrinciples of'caiculation, construction
of nuclear reactors, and also exéloitation are covered in a lérge
number of works [491-498].
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A nuclear reactor 33 an installation in which under specific
contrclled conditions a chain (self-sustaining) fissicn reaction
of the nucleil of heavy elements ocecurs, for pxample U235, Pu“39
‘ h‘33. and others. The process of fission ieads to the formation
of fission products which as a rule are radicactive and transfora
into a stable state by means of a series of successive radiocactive

tﬁansformations with the emission of 8- and y-radiation; these
proceéses are also accompanied by the emission of neutrons and
Yrquanta. Below is given the fission reaction of the U235 nicleus
leading to the formaticn of fission products which, having
undergone a chain of successive transformations, are converted
1nt2 stable isotopes:

22U (n, 2n) 4 Ze¥ 4 o TeW
YA -‘-‘-nh‘b"
\ ANt 3 Mew
wTen & pa
al® 2 Xew
o swXew & com
wCo & gy

The sum =f the iiasses of end products of fission is less
than the mass of the initial nucleus by a magnitude equivalent to
the binding energy (the mass defect). Therefore the process of

isgion i1s acccmpanied by the generation of energy on an order
of 195 MeV for every act of fission. About 95% of this energy
i1s freed instantly, and the remainder liberated during the
radioactive decay of the fission products. Neutrons and y-quanta,
enitted by the inltlal nucleus, are called 1nstantaneoun, and
' those ‘emitted by the fission products - delayed.

' The fission energy, MeV, is distributed in the following

manner [493]:
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Fissiocn neutrons 6
Fission prcducts 182
Instantaneous y-ridiation 6
vy-quanta of decay 5
Delayed y-quanta 5
Neutrino 11

Total 195

Figure 44 shows the arrangement of the chain reaction

relative ta U232 [491].

{12}
) (1)
(15" @) - Jnemenm denesun (U2) - ?at

Fig. U4. The emergence of radiation in a reactor.

KEY: (1) 2 fissionuble fragments; (2) Instantaneous

y-radiation; (3) 2.5 fast neutrons; (4) Weutrons of

decay, 0.2-1 MeV; (5) Radioactive nucleus; (6) Moderator

or scatterer of energy; (7) Slow neutrons; (8) vy-

quanta of nonelastic scattering; (9) y-quanta of decay; .
(10) X~rays and y-quanta of slowing down; (11)

Annihilation of € and positron; (12) 8-particles;

(13) Berillium or deuteruim; (14) Photoneutrons; (15)

Element of division (UL23%),
The radiation field of a nuclear reactor. Let us examine

briefly the contribution of individual components of reactor
radiation during the irrsdiation of materlials in the reactor core

section.

The energy of neutrons obtained in fission reactions lles
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basically in the area from 0 to 2 MeV, however, there are high-
energy neutrons right up to 20 MeV [494, u4565]. The energy dis-
tribution spectrum of neutrons is one of the most important
factors during the irvradiation of materials in a reactor because
tne energy of neutrons uniquily determines the probability of the
reaction during their interaction with the material of the target
(the object being irradiated).

¢ “n the examination of radiochemical effects with the participa-
tion of neutrons during the irradiation of materials in a nuclear
reactor the radiation capture and absorption with the emission

. of charged particles are significant. Specifically, durirg the
irradiation of hydrogenous ma*erials by neutrons radiation

i capture in the reaction H]‘u, )H makes a noticeable coantribution '

to an increase in the flux of y-quanta, and during the irradiation,

for example of nitrogen-containing materials the emission of

charged particle in the reaction ? (n, p)C ﬂ also leads to an

increase in the share of absorbed energy.

s AL, SRR

i
2
4

i

R L A

The fission products nave atomic numbers of approximately
kG and 52 and mass of 97 and 137 respectively. Low speed and
large mass limit the penetrating power of the fission products
up to several micron in solids and liquids. The kinetic energy
of the fission products (~80% of all the fission energy) is

!
i

converted into heat energy.

The rate cf emission of electrons by fission products during
s radioactive decay 1s approximately equal to

ROy L R TR LT AT

i

A:=32.10-6.02, (122)

where A - the rate of emission, electron/s per act of fission; t -
time after division, days.

A A
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The main fraction of emitted electrons has an energy of
~0.4 MeV. A large part of emitted electrons is absorbed in the
material of the nuclear fuel and 1t does not make a substantial
coﬁtribution during the irradiation of materiais in the field of
a nuclear reactor.

The absorbed dose in the material being irradlated in the
field of a nuclear reactor is conditioned basically by y-radiation-
instantaneous and deliayed. The spectrum of y-fadiation of
various reactors is examined in work T4ss].

Radiation modification with ine utilization of reactors. The
vtilization of a significant fraction of fission energy which is
carried off by y-quanta and neutrons which are not participating
in the chain reaction is very tempting, however, the practical
utilization of this energy for the reallization of industrial
radiochemical processes, for example the modification of polymers,
thus far ruﬁs into obstacles which are difficult to surmount
(the appearance of induced radioactivity in the irradiated sub-
stance, significant temperatures within the 1limits of the core,
and otners).

~ The greatest part of fission energy 1s converted into the
kinetic energy of fragments, therefore both in the USSR and abroad
possibilities of the utilization of this energy are béing
investigated intensively. In connection with the very small
ranges the use of fission products for the modification of polymeric
materials has not been successful, however, realization of
chemical reactions (synthesis for example) 1s possible with the
help of the direct contaet of the reaction mixture and the
nuclear fuel. The realization of this so-called "chemonuclear
synthesis" in industrial scales is a promising trend of the
utilization of nuclear radiation in radiochemical processss;
however, this path is also connected with certain difficulties
(specifically the products of chemonuclear synthesis, which

286

AR

A T A A A oAb SR e e sl

it

i

i

R LR T



;
|
e

coutain partially the products of fission, are radioactive and
must be purified thoroughly).

Tie irradiation of materials and products directly in the
reactor core is not tne only path for the utilization of fission
energy. Today at least two additional possibilities exist.

The first of them consists of the utilization of the fuel
elements of the reactcr [tvel] (vs83n) which have exhausted the
run as the radiation sources. Fuel elements irradiated in a
reactor possess high radloactivity both as a result ¢f the neutron
activatlion and due to the accumulation in them of radioactive
fissicn products. Prior to technical treatment for the purpose
of regeneration of unused nuclear fuel the fuel elements are =tored
in order to lower thelir activity as a result of radioactive decay
and during this period they can be used as sources of y-radiacvion
for radiochemical processes. The average energy of y-radiation of
fuel ¢lements is 0.7 MeV, and theilr activity drops quite rapidly
with time. Therefore the utilization of .uel elements in installa-
tions for irradlation stipulates a quilte frequent overloading
which is coupled with certain inconveniences [497-500].

As the basls for the second possibility lies the original
idea of the "yield" of rauiation from the reactor core by means
of the creation of a circulation circult, the working substand
in which are liquid-metal alloys made from elements with a large
neutron capture cross section and a small half-life (In-Ga-Sn, In-
Ga, ete.). The working substand, flowing between the core and
the reflector of the reactor, is activated due to the absorption
of neutron leakage and it makes 1t possible to create a source of
y-radiation of high effectiveness outside the limits of the
reactor.

Radiation circults have been constructed abroad and in the
USSR (Gruzinskaya and Latviyskaya AN SSR) and they are used for
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sclentific-research purposes an& foo conducting experiments which
model radiochemical processes [501-503].

Calculation shows that with a thermal neutron flux of
1-1012 neutron/(cmz's) the total power of the radiation circuit
15‘50 kW (~-S°1033 gram-equivalent of radium). The annual pro-
ductivity of the radiation circuit (Q t/yr) is equal to

P
Q==3%, (123)

where w - power of y-radiation, kW; n - efficiency of apparatus
on y-radiation, #; D - absorbed dose, Mrad.

In the modification of polyethylene (D = 100 Mrad, n = 25%
and operating time - 4500 h) the annual productivity of the
radiation circuit comprises approximately 200 t/yr.

Apparently such a process can compete with the irradiation

_of polyethylene on cobalt sources.

Radiation circuits have a series of substantial advantages
as compared with y~sources on the basis of long-lined isotopes
[504-505]: 1) the possibility of regulating the activity cver
a wide range of dose rates with the help of a change in the rate
of circulation of the working substance; 2) the ease of changing
the configuration of the irradiator relatlive to the specifices of
tne product being irradiated; 3) the rapid drop in activity with
termination of ecirculation of the working substance.

Furthermore the use of radiation circults considerably
raises the factor of utilization of reactor powver.

The advantages of radiation circuits noted above show the

promise of their utilization for the realizatlon of large-capacity
industrial radiochemical processes.
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Isotope Sources of Ionizing Radlations

Among the numerous 1sotope sources of lonlzing radiations
put out by nuclear industry, the one used most 1z the 1isotope 6060
[504-50T7], obtained in nuclear reactors from metallic chemically
pure cobalt:

2:C0% (1, )33 Coso,

With the subsequent radioactive decay of cobalt (the hal.-

life is 5.3 years) two vy-quanta with energies of 1.33 and 1.17 MeV
are emitted.

There 1s also a certain interest in sources from 05137
(energy of y-quanta 0.66 Mev, period of half-life - 33 years).

Soviet industry produces standard cobalt sources with an
activity of 5-3000 g-equiv of radium. Cobalt sources have been

ampulated into airtight aluminum or steel (from stainless steel)
casings.

From the standard sources irradiators of different configura-
tion relative to conerete radiochemlcal processes are collected.
Most widely used are irradiators assembled in the form of a hollow
cylinder ("squirrel wheel") cr plane. The first type of irradiators
make it possitle “o obtain a high dose rate in the inner cavity
of the irradiator; it is advantageous tc use flat irradiators

during the conveyer transport of materiszls through the radiation
zone,

The constructional fulfillment of i1sotope instsllations is
very diversz [504, 506-509]. They are distinguished by the type
of biological shielding in the case of an 1dle sourecr (concrete,
water, and others), the methods of converting the source {rom

idle to working (electromagnetic, pneumatic, mechanical), and
nthers.
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Despite the significant diversity of isotope installations
(based on the configuration of irradiator, the type of shielding,
and others), the principle of their constructional fulfillment is
sufficiently simple and, as a rule, is determined by the features
of the radiochemical technology relative to which they have been
developed.

As an example let us examine the construction of the K-20,000
installation (sourse activivy - 20,000 g-equiv of radium),
ereated at the NIFKhI imeni L. Ya. Karpev [NIFKhI-Physicochem-
ical Sci-Res. Institute] [504-505]1. In this installation a
variant of "dry" shielding has been accepted. In the storage
posltion the source is located in a special lead container; in
the working position, when source has been withdrawn from the
container, shielding 1s accomplished by concrete walls and a
labyrinth entrance. The irradiator of the installation 1s a
hollow cylinder with a height of 190 cm and outside diameter of
140 mm, and it contains 56 standard cylindrical preparations
of Coso. The average dose rate in the center of the irradiator

is ~1100 r/s.

Given below are the technlcal data for isotope gamma-installa-
tions at the NIFKhI imenl L. Ya. Karpov which are utilized for
conducting radiochemical processes of large scales.

Characteristics of irradiator Type of installation.

K~200 KP-140 KSv-500
Activity, g~equiv of radium 200,000 190,000 530,000
Number of preparations, pes. 160 4o 220
Kaximum specifie activity of preparation,
g-equiv o radium 35 70 90
Maxives dose rate, /s 350 2,000 400

Nethod of mcvemeat of souvoe Electromsgnetic Pneumatic Mechanical

<s
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The utilization of isotope y-sources of ionizing radiations
is advantageous during the irradiation of massive objects of
complex shape, in which the creation of a uniform filed of
absorbed doses in the case of corpuscular emission is hindered
in practice or generally unattainable.

However, in a number of cases, for examrle during the
irradiation of cable products with poliolefin insulation, the
use of isotope gamma-installations is combined with some
diffieculties of a technical order due to the low dose rates of
irradiation! (in this case irradiation has tu be connected in an

. inert atmosphere or a vacuum for the preventlion of oxidation during
irradiation); at the'required absorbed doses of ~100 Mrad the
time for processing is v=>y considerable; furthermore, the
effectiveness of the utilization of radiation at an optimal ;
geometry of irradiators is fairly low (20-30%).

S——

Acceleratcrs of Charged Particles

The charged-particle accelerators make 1t possible in

principle to obtain high-energy bundles of any charged particles,
% - however, when selecting the type of corpuscular emission for the
radiation modification of the polymers the gulding factors are
the penetrating power of the particles of a given form in the
material being irradiated. Therefore fast -..ectrons due to i
their high penetrating power are the oniy industrially utilized
type of radiation.

The maximum depth of penetration of electrons into a material
with an unitary density, expressed in centimeters, is equal
approximately to half of the energy expresned in megaelectronvolts,
i.e., electrons with an energy of 4 MeV can penetrate in water

il et s S AR e ot
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The creation of high dose rates in a large volume is possible
in prineiple even when using y-sources, bu;s thi: is combined
with significant technical difficulties.
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to a distance of approximately 2 cm (the run of heavy charged
particles - protons, a-particles, and other ions - with this same
energy is sewveral microns).

The fast electrons generated by accelerators can be used to
obtain X-rays, but the maximum effectiveness of conversion at
energies up to 3~4 MeV does not exceed 10% and the radiation
Intensity correspondingly drops.

There are many tyves of high-energy electron accelerstors

Accelerators divided into two groups: accelerators of direct
and indirect action.

The direct action accelerators are those, in which the
accelerated particle acquires total energy during a single
passage of the high-voltage interval. The energy of the electron
in such an ‘accelerator, expressed in megaelectronvolts, 1s
numericaliy equal.to the potential difference of the accelerating
tube in megavolts. The maximum value of electrical voltage
(and correspondingly the energy of electrons) which can be
obtained on a direct action accelerator is determined by the
electrical strength of the accelerator tube  and other structural
elements. The direct actlon accelerators include the electro-

dynamitron, ard others.

The accelerators of indirect action are those in which the
accelerated particle traverses the accelerating gaps many times,
gradually accumulating small quanta of energy.® Depending on the

¥n this case the complete energy of the accelerated particle
18 determined not only by the magnitude of voltage applied on
the acceleration interval, but also by the number of passages
through the interval.
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which are distingulshed by operational and constructional features.

static generator (Van de Graaf accelerator), resonance transformer,
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trajectory of the accelerated particle this group of accelerators
is divided into cyclic (spiral or circular path) and linear
{straight path) accelerators. Acceleratrs of indirect actlion
inelude the cyclotron, betatror., synchrotron, linesr accelerator,
and others.

For the reallzation of industrial radiochemical yrocesses
the greatest interest liss in three types of accelerators -
2lectrostatic generator, resonance transformer, and linear
accelerator.

The descriptions of accelerators of various types are
covered in a large number of works and monographs [510-516].

Electrostatic generator. The electrostatic generator, which
was propesed in 1931 by Van de Graaf, is the mest widespread
Qirect action accelerator. It is used extensively both 1n
physical experiments and in clinical therapy, industrial
radiography, and also for radiochemical investigations, the
fundamental range of energy of this type of accelerator is
0.5-5 MeV. According to works [517, 518] the distribution of
electrostatic generators according to use in 1962 was the
followiag:

Nuclear rasearch 249

Clinical therapy o]
Industrial radiography 20
Radiation investigations 75

Altogether 375

The principle of operati:a of electrostatic generator (Fig.
45) is sufficiently simple: a belt conveyor, insulated from
the earth, transfers an electric charge from a charging device
to a high~voltage electrode. Near the lower pulley onto the
surface cf the sransporter belt a charge from a high-veoltage
source will be applied. Its magnitude is doubled with the help
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of a recharging device; the upper pulley is lccated under a
high-voltage dome - the conductor - and it is found under the total
voltage developed by the generatcr. The high-voltage acceleration
tube, which consists of the electroi. source (the cathode) and

an electron-optical system for beam focussing, is usually arranged
vertically, next to the conveyor belt; the whole system 1s placed
into a metallic tank filled with a mixture of 002 and N2 or SF6
under a pressure up to 30 kgf/cm2 for suppression of corona
discharge. '

Fig. U45. The arrangement of a electrostatic
generator: 1 - charging comb; -2 --power
pack; 3 ~ lower pulley; U4 - belt made from
insulated maserial; 5 - upper pulley; 6 -
metallic hemisphere; 7 - metal casting;

8 - power pack of the filament; 9 - filament;
10 ~ potential divider; 11 -~ evacuated
accelerator tube; 12 - scanning coll; 13 -
window for output of electrons.

The monochromatic electrons obtained on the electrostatic
generator are focussed into bundle with an area of ~1 cm2 with
a Gausslan distribution of intensity along the diameter of bundle
and are lead out from the vacuum high-voltage tube into atmosphere
through an aluminum or titanium foll with a thickness of several
tens of microns. 1In this case occurs the certain power loss of
accelerated ele;trons.

In electrostatic generators the maximum current depends on
the width and the speed of the conveyer belt. Usually this
type of accelerator has a current on the order of 1 milliampere,
although it 1s possible to achlieve high currents. Thevefore
industrially produced accelerators of this type on an energy of
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electrons up to 5 MeV have a.power less than 5 kW.
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) Coviet industry produces electrostatic generators of different
[ . energy serially. The EG-2.5 electrostatic accelerator [316] has
the following characteristics: operating voltage 1-2.5 MeV,
current in a bundle ~250 pyA. During pulsing it is possible to

o
At

-
i ey

obtain considerably high currents.

E Abroad the HVEC firm produces electrostatic generators
intended especially for radiochemical Iinvestigatlions and processes

[yl

: [491]:
é Energy, MeV Current, in A
1.5 1.67
3.0 1.0
4,0 1.0
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Electrostatic generators because of their mechanlcal features
possess the following significant advantages: 1) the possibility

of changing the accelerating voltage over a wide range; 2) the
high stability of accelerating voltage and therefore energy
homogeneity of the electron stream; 3) the possibility of
utilization of the generator not only in a static, but also in

Nhnrsn

o

Y

a pulsed operation; 4) the possibility of changing the parameters

« of pulsed coperation by using high-voltage electrodes of various
“ geometric dimensions (change in the capacity of the system).

i B i

The peculiarities of electrostatic generators noted above

il

condition the prospect of thelr use in industrial radiation pro-
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Distortion transformer. 1In this type of accelerators the
high-voltage éenerator is a low-frequency (50-180 Hz) transformer,
% : into which a high-voltage accelerator tube 1s mounted coaxlally.
The transformer and the tube are placed into a metalllic tank with
compressed gas (freon, elegaz [Translator's note: Possibly -

TR
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sulur hexafluoride] and others). Initjally the resonance trans-~
former was used ior obtalning X-rays for therapugic purpeses,

and subsequently it began to be used as‘a source of elecdtrons [519]. |

Figure 46 showsia cross section of a resqnance transformer SR
[515]. The latter consists of the, primary and seéondary winding,
between which a magnetic circuit is arranged. The aécelerator
tube, arranged along the axis of transformér, is conrected
with-the disks of the magnetic circuit. ; The electrdn injettor
has a control electrode: The power supply of the inJector, the

control electrode, and the cathode filament is accomplished by the
application of voltage Jrom part of the secondary winding. The _
capacitance divider is the sensor of the circuit for,the automatic .
control of voltage. .

' 1

! s i
s i

The constance of accelerating voltage 1s attaired by current
regulation in the tube with the help of a change in pofential bn
the control electrode of the injector: the vcltage drop cn
the accelerator tube is deducted from the voltage applied to the ;
tube of the secondary winding and under a! specifiic law for a change_

in current thrcugh the tube constancy of accelerating voltage !

is ensured. !

H
¥
1

H } 1 : :
A mechanical, analog of the resonance transformer is the rock-

ing pendulum or the mechanical system, in which the -mass vihrates

into résonance with an elastic support. In suchia mechanical. : A
system a small force with' frequency equal to, the natural frequency
of the system at a relatively small power can malntain a large ‘
amplitude of oscillation: !

' t . ' 4

The natural frequency of the bigh-voxtage circuit of 4d

resonance transformer is selected ejual to ‘the frequenc of : '
power-supplying voltage.
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Fig. 46. Constructional layout of a resonance transfcrmer
(E1T-1.5); 1 - primary winding of transformer; 2 - section
of secondary winding; 3 - magnetic eircuit disk; 4 - high-
voltage part of magnetic circuit {head); 5, 6, 1l - parts
of the magnetic circuit; 7 - coii of head; 8 - accelerator
tube; 9 ~ control electrode; 10 -~ injector; 11 -~ power
system for injectcr; 12 - capacitor bank; 13 - capacltance
pickup of head; 15 - boiler; 16 - base of magnetic circuit;
17 - vacuum pump; 18 - turning magnet; 19 -~ funnel with
delivery port; 20 - Rogovskiy belt; 21 - tester; 22 - copper
rings; 23 - bearing cylinders; 24 - elastic contacts of

.accelerator tube; 25 -~ screen of primary winding; 26 -

screens of sectlons of the secondary winding; 27 - protective
gaps; 28 - ohmic divider; 29 - magnetic lens; 30 - radiation
sereens; 31 - electrodes for the accelerator tube; 32 -~ ball
bearing for the tube; 33 - packing for the tube; 34 - radiation
shielding; 35 - radiator for cooling; 36 - ventilator.
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In the [E1T-1.5] (3aT~1.5) accelerator, developed at the
Institute of Nuclear Physics of the Siberian Department of the
Academy of Sciences USSR, the natural frequency of the resonance
transformer is equal to 50 Hz, and the power supply of the primary
winding is accomplished directly f{rom the network. In American
installations [319, 3207 they use a frequency of 180 Hz which is
developed by a synchronous dynamotor. In this case the high
frequency stabllity at assigned level is attalned; thus for a
generator on a voltage of 1 MV  the frequency fluctuations 1le
within the limits of 180 + 0.9 Hz, and for a generator on 2 MV -
180 + 0.5 Hz.

The significant excess of pulsed power over average in
resonance transformers does not reduce the possibilities of their
use for radiochemical processes, because in the procedures developed
for the irradiation of materials and products the required
absorbed dose is collected additively from the large number of
pulses.

E1T-1.5 installations {515] have the following parameters:

Supply voltage of primary winding,

frequency 220/380 V, 50 Hz

Maximum voltage on the secondary

winding in the mode of 1dling 1.7 MV

Range of change in accelerating

voltage . 0.4-1.5 MV .
Average power of eliectron beam

(V=1.5 MV) 25 kW

Pulsed power of electron beam 150 kW

Average current under basic conditions 17 mA

Resonance transformers are produced by many foreign firms:
Max Plank Institute (FRG) - an accelerator on 2 MeV, Toyo Rayon
Co., Osaka (Japan) - an accelerator on 1 MeV, General Electric Co.,
(USA) - an accelerator on 1 MeV, and others.
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As compared with direct action accelerators of other types
the resonance transformer has the following advantages: 1) the
automatic control of accelerating voltag: and current in the beam;
2) high efficiency; 3) the possibility of obtalning an electron
stream of high power; 4) the absence of moving parts.

Linear accelerators. The use of the method of direct
acceleration of electrons on an energy higher than 5 MeV runs
into ever increasing difficulties connected with providing for
the insulation of the high-voltage parts of the accelerator, which
in particular leads to an increase in dimensions which is not
proportional to energy. As a result of this for industrial use
accelerators of direct action on an energy greater than
5 MeV are not made, although unique samples for physical
investigations exist in a number of countries.

Therefore electron beams with an energy higher than 5 MeV are
obtained with the help of accelerators of indirect action -
the so-called "linear resorance accelerators" [515, 521-523]. In
a linear accelerator a high~frequency electric fileld is used which
is applied to the linear periodic system of electrodes, the
frequency of which is constant and it is found in resonance with
the movement of particles. One and the same particle passes all
the accelerating gaps at the same phase of electric fileld and is
accelerated in every interval. The layout of a linear accelerator!®
is shown in Fie. 47.

Already at a comparatively low energy - 2 MeV - the speed of
the electrons approaches the speed of light (~0.92 S) [S - speed of
light]l, which makes it possible to make the distance between
electrodes - adjacent accelerating gaps - identical. 1In linear
accelerators usually waveguides with a running or standing wave
are used.

!The principle of cperation of linear accelerators is descriied
in detail in work [513].
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Fig. 47. The layout of a linear
accelerator: 1 - input of
nigh-frequency power; 2 - load; !
3 -~ feedback; 4 - the shift of
phase unit; 5 - the window for
output of electrons; 6 ~ focusing
colls; - the area of energy
storage by electrons; 8 - the
area of beam shaping; 9 -

wave guide; 10 - electron gun; ;
11 -~ power supply of wave :
guide.
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In such a wave guide (right angled or circular section) the

2
wave velocity of the running wave is equal to the speed of the %
electrons. The phase velocity of wave is equal to %

o = ¢ (124) 3
¥ - —'—-;' %‘?
Vi-(5) g

3

E
wher= A - the wavelength of the high-frequency field during its §
dissemination outside the wave guide; a - the maximum size of a %

E
section of the wave gulde. -

i

A )

As can be seen from expression (124), tae phase velocity cr
the wave proves to be greater than the speed of light. In order to

R

lower this velocity to the speed of the electrons the wave guide
is loaded with concentrated distributed reactive loads (usually
ring diaphragms).

Minimal sizes and maximum quality of a wave guide can be
obtained only at a sufficiently high frequency of electromagnetic
vibrations, therefore as the source of high-“requency power a
magnetron or klystron is used. The pulsed power of contemporary
high-frequency generators reaches tens of tnousands of kilowatts
with a frequency of 3000 MHz and a puls2 width of several micro-
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seconds.
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The fundamental characteristics of linear accelerators of
electrons produced in the USSR and abroad are noted below.

Source of
) Average high-frequency
Enérgy. MeV power kv power Producing firm
8 0.
3_ Magnetron Metropsliten Vickers Electrical
14 0.45 Magnetron Co.. Ltd
L 0.4 Magnetron o )
2~-10 1. K1
2-15 5 (3] Kli:::: Millard Research Laboratories,
25 30.0 Kiystron Associated Electrical Industries, Ltd.
1.4-2 0.4 Magnetron. Applied Radiation Corporation, Varian

Associated Electrical Industries, MIPFI,
USSR [MIFI - Moscow Engineering Physics
Institute].

Linear accelerators of electrons can be used in industrial
radiochemical processes when 1t 1s necessary to irradiate massive
obJects up to éignificant absorbed doses. Furtnermore these
installations are of interest also as sources of hard x-radlation,
since the conversion coefficlent at energies of several tens of
megaelectronvolts is already sufficlently great and at a power of
bundle of tens of kilowatts such a transformation is technicaliy

and economically justified.

The brief description given above for the sources of ionlzing
rgdiations shows that today there 1s already a sufficlient diversity
of them bnth based on the form of radiation and on power. The
fundamental technical-engineering problems in the creation of
powerful radiation sources for industrial purposes have been
solved tc a considerable degree and work in this field continues
to be developed intensively relative to the demands of developing
radiochemical technclogy. The questions coniected with the
selection of one or another type of source for a specific
radiochemical process taking into account all the specific features
of technology and economy are examined below.

+
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THE TECHNOLOGY OF KADIATION MODIFICATION

The principles of selection of the source$ of ionizing
radiation. The radiation source for an industrial radiochemical
process 1s selected taking into account many factors, the main
of which are the following: 1) theé necessary irradiation dose;
2) the productivity of the process; 3) economic effectiveness of
irradiation. »

The first two fdctors determine the power of the radiation
source. Since in most cases it is not possible to use radiant
energy completély, during the determination of source intensity
it is neceéssary to introduce the radiation utillzation factor.
The radiant encvgy does not enter into this examination because
it 1s selected or the strength of the penetrating power of
radiation of the given form taking into account the providing of
optimal distribution of dose field in the bulk of the irradiated
object.

The economic effectiveness of the utilization of ionizing
radiations for the conducting of radiochemical processes depends
on the following factors [546-548]: 1) radiochemical reaction
yield; 2) the cost 1 kWh of radiant energy; 3) the radiation
utilization factor; 4) the volume of production.

As already mentionéd, a necessary requirement for the
technology of the radiation processing of materials in genéral,
and cable polymeric insulation especially, is the homogeneity of
thé modified material in its entire volume, which it is possible
to achieve only under the condition of evenness of the field of
absorbed doses.

The radiation précessing of polymers for the achievement of
the neceéssary operating characteristics can be carried out on
finistied products because thé polymeric materials subject to
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irradiation lose their manufacturability, they cannot be reworked
into products by the methods of extrusion, molding, miliing,
ete.

T

At the same time the irradiation or cable products in
finished form (or semi-finished goods) for the purpose cf the §
radlation modification of polymeric_(for instance, polyethylene) g
insulation presents significant difficulties Lecause cable pro- %

ducts are typical heterogeneous systems. ’

Furthermore a very substantial requirement in the creation
of an economically advantageous radiation prosess is the achieve-
ment of the maximum effectiveness of the utilization of radiant
energy.

Apart from these general requirements, the use of one or ;
another type of radiation source taking into account its power ?
and other characteristics gives rise to the necessity for the
solution of a number of accompanying probiems - the selection of
the medium for irradiation, the providing of heat withdrawal, etc.

Independent ‘off the form of radiation source used in the

organization of an industrial radlochemical process some general
requirements should be fulfilled: the building of a special
installation for the accomodation of the radiation sources and
industrial equipment: the ensuring of the radlation safety of
service personnel; the rellability of the system of signaling and
blocking, etc. These problems are reflected sufficientliy fully in
2 number of investigations [524;7 525].

All this naturally considerably limits the constructive
formation of the procedure of radiation processing of cable and
electrical insulation products.
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At the same time for various types of ionizing radiation -
y-radiation and electron - the technology of radiatlon modification
is substantially different from one another, therefore they will
be presented separately.

Let us examine briefly the fundumental parameters and the
positive solutions realized on industrial and research-and-
development installations for the radiation modificaticn of

. wires and cables with polymerdc coverings and some other electrical

insulating products.

The Technology of Radiation Modification
on Isotope Sources

Intensively conducted investigations for the purpose of
realization on industrial scales of a number of radiochemical
processes on isotope installations (the cross-linking of
polyethylene, the vulecanization of rubbers, the modification of
wood, and others) led to the working out of general physilcal
engineering methods of calculation of the fundamental parameters
of radiochemical apparatuses [526-5301 and made it possible to
determine the influence of various geometric parameters of an
installation on the effectiveness of utilization of radiation

[531=541].

Furthermore relative to specific radiochemical processes
optimal parameters have been proposed for isotope installations

[542-545].

On the installations described in l1llterature for the conduct-
ing of radiochemical processes on enlarged and industrial scales
with the help of y-radiation baslically irradiators from prepara-
tions of Co6Q or waste fuel elements are used. '

Por the irradlation of wires and cables with polyethylene
insulation the authros of work [545] used a cobalt irradiator
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assembled in the form of two concentric arcs with radii of 100
and 105 cm. The radiochemical apparatus for irradlation was

an annular cylindrical vessel (average radius 105 cm), into which
a coil with a cable (wire) wound on it was inserted. This vessel
was hermetically sealed and after vacuuming filled with an iaert
gas~(he11um), For the creation of an uniform field of absorbed
doses the thickness of the cable winding was selected taking into
account the absorption of the polymer - copper system, and the
apparatus was roétated around a vertical axis. At an activity of
irradiators of 50,000 g-equiv of radium and an utilized height of
26 cm the average power of absorbed dose comprised 52 rad/s with
a nonuniformity of irradiation of *10%; at an irradiation dose

of 100 Mrad the productivity of the apparatus reached 0.1 kg/h and
efficiency (the utilization of radiation) ~3.5%.

For increasing the coefficlent of radiation utilization and
productivity of the installation a method of sectional lrradiation
was developed which was realized on a KSV-500 isotope gamma-
installation with an activity of 500,000 g-equiv of radiuh
(Fig. 48). 1Into this installation into the cylindrical irradiator
an apparatus was placed and concentric coils with the cable (three
series) were loaded into it. In this case it was possible with
the help of the special apportionment of the preparations of
Cobalt to use 85% of the height of the irradiators for irradiation.
The sectional method gives rise to a different exposure time for
every coil, however, within the limits of one coil with the
appropriate selection of the thicknesslof winding the field of
the s&absorbed doses has a scattering of no more than *10%, and
the coefficient of utilization and productivity of the apparatus
increases considerably (n = 12%, Q = 1.2 kg/h), despite the
necessity for manifold overloading with subsequent sealing and

vacuuming.
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Fig. 48. The layout of an apparatus for the radiation
cross~-linking of cable products: 1 - working tablej
2 - bearings; 3 - piston-push rod; 4 - channel for
irradiator; 5 - sources; 6 - apparatus; T - coil;

8 - cable; 9 - vacuum manometer; 10 - drive.

Both the positlve solutions described possess the shortcoming
that the dimensions of the drum on which the cable (wire) is
wound are limited by the configuration of the irradiator, which
glves rise to the necegsity for the irradiation of cables in
comparatively small structural lengths (for instance, on the first
apparatus the'capacity,of the drum for a cable with a diameter of
6 mm does not exceed 800 m). This deficiency was overcome to
a conslderable extent by the construction of an apparatus of a
KP-200 installation. The stepped disposition of sources in the
irradlator made it possible to increase its helght up to ~150 cm.
The equalization of the field of absorbed doses on the perimeter
of the apparatus was accomplishea by means of the partial
screenling of the middle part of the sources by lead filters, by
the alignment of the disposition of the irradliators, and with the
help of rotation of the apparatus around the vertical axis. The
average power of absorbed dose comprised; ~63 rad/s, n = 13%, and
Q = 0.9 kg/h at an irradiation dose of 100 Mrad.

- Despite the individual constructionai differences, which
substantially influence the technical-economical characteristics
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of the process, all three described installations unite the
following general features (with the vertical orientation of the
axis of the apparatus): 1) the use of cylindrical irradiators;

2) the achievement of uniformity in the field of absorbed doses
with the help of the appropriate selection of winding thicknegs,
two-sided irradiation (horizontal uniformity), and by a special
choice, by the partial screening of the irradiators, and also

by the rotation of the apparatus around the vertical axis (vertical
uniformity).

It is necessary to note that the described solutions for the
technology of irradiation of cable products are not uniquely
possible, Thus there is interest in the utilization of sector
flat irradiators which, apparently, in certain cases more suitable
for the irradiation of cables and wires.

60 y

The irradiation of polymeric tubes nd films by Co
radiation is less difficult (homogeneous system) and can be
conducted on the described installations with a considerabiy
greater coefficient of utilization of radlation and productivity.

The Technology of Radiation Modification
on Accelerators of Charged Particles

The speciflcs of beam of accelerated electrons applies
deflinite reguirements also on the technology of radiation modifi-
cation.

As was noted above, the focused electron beam after exit
from the discharge port of the accelerator has a circular cross
section with a Gaussian distribution of intensity of radiation
(and respectively the dose in the irradiated object) along the
-dlameter. With removal from the port the scattering of the
electron beam in the air occurs, which gives rise to a decrease
in energy and a change in the distribution of intensity (Fig. 49)
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Fig. 49. The scattering of electron stream in
air depending on distance (shown on curves)
from the discharge port.

in a cross section of the beam. The utilization of the area of
an immobile beam in the case of providing a uniformity of dose
field in the irradiated material within the limits of #20% is
very low - no more than 50% (Fig. 50a). Furthermore at the very
high dose rates which are created by contemporary accelerators
the energy concentration or a small area creates considerable
difficulties in providing for heat withdrawal both from the material
of the discharge port and from the irradiated object itself. At
a dose rate of L Mrad/s the amount of required energy comprises
10 W/g, or 24 Cal/(g*s), which for many plastics gives rise to
an increase in temperature by 5-6°C in 1 s.
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For increasing the utilization factor of the electron flux
and dispersal of the absorbed energy the electron beam is rolled
out (scanned) with the help of a magretic or electrical field into
two mutually perpendicular directicis analogous to frame scanning
in a television set. The scanning frequency is selected depending
on the structural features of the accelerator, but no lower
than hundreds of oscillations per second. Therefore for practical
purposes the scanned electron flux can be considered as a certain
average flow on the entire area of scan.

With this the utlilization factor of the beam area can be
increasec to 90% (Fig. 50b), and heat transfer is simplified.

The penetrating power of electrons in a material is
approximately directly proportional to the energy of the electrons
(above 1 MeV) and inversely proportional to the density of the
material. Figure 51 shows the dependence of relative absorbed
dose for a monoenergetic electron stream on the depth of penetra-
tion referred to the energy of electrons (in the range cf energy
of electrons 0.5-10 MeV), and in Fig. 52 - the dependencg of
relative ionization on the thickness of the layer of water for
electrons of different energies.

Felative intensity, &

o W 23 4] 87 63 4
Penetration into material with
unitary density, cm.

Fig. 51. The distribution of intensity of fliow
in the depth of material: 1 - two-sided
irradiation, 1 MeV; 2 - two-sided irradiation,
2 MeV; 3 - one~sided irradiation, 2 MeV; 4 -
one-sided irradiation, 1 MeV.
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It is evident from the gfven depeﬁdences thatgthe‘absorbéd
dose is extremely unhomogesneous in the depth of the material.
Furthermore the complexity of irradiaﬁ;on by electron flow of
fine, for example film, materials becomes obvious because the i
maximum of ionization usually corresponds to one third of the
maximum depth of penetration of electrons of a given ‘enerxgy.
The utilization factor of radiation in depth at the optimal
energy of electrons for enéuring the uniformfty of frradiation dése
within the limits of $20% does;:not:exceed 60-70% with one-sided
irradiation and can reach 80% during two-sided irradiation of
a flat object of uniform +hickness (Fig. 53).
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W - Fig. 53. Distribution of ioniza-
e . tion in the thickness of material
av during one-sided a) and two-

@ g '‘sided ' b) irradiation.
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of current-carrying core (Fig. 54).
irradiation of the core (for the elimination of screening) does
: not eliminate the nonuniformity of the field of absorbed doses
. " even with the appropriate selection of the energy of electrons
_(Table 42) [546].

Electron beam

. . 'n . ¢ . >
g} 1
Nomirod afhisknessn

The summary utilization factor of the energy of an electron
_beam will be equal to the product of the utilization factor of
~ the béam area by the utilization factovr of the beam in depth.

The irradiation of objects of a complex shape or unhomogeneous
. by high-energy electrons is combined with significant difficulties.
! Thus, during the irradiation of an lnsulated current-carrying core
: it is necessary to take into account both the diverse thickness of
the insulation layer for the electron flux and the screening effect

Therefore the two-sided

Fig. 54. Diagram of the cross sec-
tlon of a wire coated with plastic
which shows the maximum depth of
insulation (X) which must be taken
into account when establishing the
irradiation dose utilized if the
wire is not rotated. The nominal
thickness of insulation 1is equal to

D 5 4. mhe greatest thickness of

insulation /p(p2-g2), where D - the
diameter of the wire with insulation;

d - without insulation.

Tne optimal distuibution of the fleld of absorbed dcses ecan
be achieved by the two-sided irradiation of a cable product by
two beams of accelerated electrons arranged at an angle of 90°
' to one another [461].
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Table 42. The limitations on the energy of an electron
flux and the dimensions of wire for two-sided

irradiation.
]
Thickness of

{ Energy inswation, mm. Cimensions of conducter

! B0~75 kevV 0.635 0.66~2.44 mm or from 22 to 11 caliber
150-300 keV 1.27 1.27-4.83 mm or from 16 to 5 caliber
;0.75-1 MeV , 2.54 4.07-7.62 mm or from 6 to 1 caliber
§1.5-2 MeV 3.81 4.57-8.13 mm or from 5 to O caliber

! 3-3.5 MeV 5.08 : 8.1-11.2 mm or from 0 to 000 caliber

Note. Energy depends to a high degree both on the thickness of
insulation and on the dimensions of the conductor. Every threshold of
energy encompasses a group of insulated wire with the approximate relation-
ship of the thickness or insulation to the dimensions of the conductor from
1:1 to 1:3.

In order to ensure the two-sided irradiation of cable pro-~
ducts, they are passed many times under a scanned beam, each
time changiﬁg their orientation with respect to the beam by 180°
with the help of a special attachment. A method has been pro-
posed for the rotation of the wire under the beam which is
combined with some technical difficulties, but considerably raises
the utilization factor of the radiation [491].

A certain increases in the effectiveness of utilization of
radiation during the irradiation of cables and wires can be
achieved by the sloping disposition of parts in respect to the
beam (an increase in the effective thickness of insulation) [546].

The technology of irradiation of polymeric electrical insulat-
ing tubes (both f«r raising their heating stability and for
gaining the properties of thermal setting) is nct substantially
different from the irradiation of cables and wires because also
in this case the diverse thickness of the objJect is retained.

True the screening effect created in wires and catles of the
current-carrying core is absent.
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It is possible to irradiate film material by two technical
methods - by winding (by reeling) the film on a drum under the
beam or uninterrupted transporting during multiple traversal
under the heam. Both methods lead to a sufficient uniformity
of the filed of absorption of doses and high effectiveness in the
utilization of radiant energy [546].

Although fundamental approach to the solution of the problem
of industrial irradiation of wires and cables with polymeric
insulation, as also a number of auxiliary materlials, wus discussed
widely and is sufiicziently clear at the present time, and in a
number of countries the process of radiation modification of
polymers is already accomplished on multiton industrial scales, in
the literature the description of the industrial processes realized
is absent, which is apparently coniected with situation considera-
tions. Therefore, unfortunately ir the literature such substantial
questions of radiation technology of the modification of polymers
as heat transfer from the irradiated product, the industrial use

of methods of sensitization of the process, and others have not
been illuminated.

The Comparison of Various Types of
the Sources of Ionlzing Radlations
and Some Technical-Economical Evaluations

On the bas.s of the above examination of the fundamental
features of the characteristices of radiation sources of various
types it 1s possible tc compare them from the point of view of
the worthwhileness bf use for some concrete process.

Today experience in the utilization of nuclear reactors for
the modification of polymers is practically absent. At the same
time both in the USSR and abroad already a certain experience
has been accumulated in the use on laboratory and enlarged scales
of isotope sources of y-radiation and electron accelerators of
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various types in the radlation chemistry of polymers, and this
makes 1t possible to draw some geneyal concljusions,

As a result of the analysis of the specific features of the
fleld pattern of radiation, the penetrating power of radiation,

the realizable dose rates, and other factors, including simplicity

and the ease of handling, the necessary qualification of
personnel, ete., 1t is possible to make the conclusion that from
general consideration preference cannot be given to sources of
lonizing radiation of any specific type.

Really both the sources of y-radiation and electron ac clerators

have their inherent pros and cons. Let us examine some of them.

As advantages for installations with sources of y-radiation
the follcwing can be attributed: 1) the possibility of obtaining

an uniform field of absorbed doses in a large volume of homogeneous

material; 2) the possibillty of the lrradiation of objects of
conmplex shape with acceptable nonuniformity based on the absorbed
dose; 3) the comparative simplicity of coastruction; 4) high
reliability; 5) relatively low requiremenrts for the qualification
of maintenance personnel; 6) the relative simplicity of lr—-adia-
tion of products in the required atmosphere.

Their shortcomings are: 1) the difficulty of obtaining a
high dose rate in a sufficiently large volume; 2) the necessity
for the periodic making up of the natural decrease of activity of
the y-source as a result of radioactive decay; 3) the compara-
tively low utilization factor of radiation; 4) the presence of
radiation hazards outside of the dependence on whether or not the
source is used and the possibility of radiocactive contamination.

The advantages of installations with electron acceleratcors

include: 1) the possibility of obtaining a high dose rate; 29
a high radiation utilization factor; 3) the absence of radiation
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‘hazards (with a nonworking installation) and radiation contamina-

tions; U4) the simplicity of control of the parameters of the
radiation field.

The shortcomings of installations with accelerators are: 1)
the difficulty of providing a uniformity of the field of absorbed
doses in the irradiated object; 2) significant heat liberation
in the irradiated object and the necessity for solving the problem
of heat transfer; 3) the significant complexity in the arrange-
ment of the accelerator itself; U) relatively less reliability

during exploitation; &) the necessity for the highly skilled
maintenance personnel.

Such a comparison of advantages and shortcomings in the
radiation sources of various types still does not give a complete
presentation about the expediency of using one of them. Let us
compare the pros and cons of sources of these types relative to

the process of radiation modification of polymeric ins lation in
cable products.

Cable products as objects for irradiation are characterized
by a pumber of specific features: 1) they are a typically
neterogeneous system (current-carrying core and insulation) with
a low polymer - metal ratio; 2) large lengths with small outside

diameters; 3) capacity for oxidation upon heating and irradiation
in the air.

Furthermore, because of the unique gccometry of cable products

it is advantagecus to carry out all technological processes with
rewinding (which is also generally accepted in conventional
technology).

cable

Since the average 1irradiation dose for polymeric insulation
of cable products which 1is necessary for modification is sufficiently
sufficiently great and comprises 50-100 Mrad, for obtaining an
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acceptable productivity of the installation a high dose rate is
required.

The impossibility of the realization of this requirement
in a large volume on an isotope source leads not only to low
productivity of the installation, but also to the necessity for
carrying out the process in hermetically sealed vessel filled with
an inert medium (for the prevention of radiochemical oxidation),
i.e., to a basically r~riodic process and limited lengths of
cable products being processed.

In this respect an installation with an electron accelerator
corresponds more to the specifics of cable technology. The high
dose rates in an electron beam make it possible to conduct the
Yadlation processing of the polymeric insulation of cable pro-
ducts directly ﬁuring its passing through the radiation zone.

In connection with the short duration of stay of the cable product
under the beam the influence of the process of radiation oxidation
of insulation diminishes. At the same time the presence of a

high dose rate in conjunction with the low thermal conductivity of
the polymeric insulation advances to the foreground the problem of
heat extraction from the irradiated product.

Even such a brief review shows that a rational procedure
should be constructed taking into account many factors which
consider the features both of the radiation source and the
product being 1rradiated, and the radiation sourcé has to be
selected on the basis of an analysis not only of engineering
problems, but also the technical-economical effectiveness of the
process.

The comparatively little expzrience in the utilization of
1'adiation installations in technologlcal processes did not make
it possible to accumulate a sufficient quantity of data for a
detailed economic analysis. At the same time in the literature
‘there are some results of cost estimates of irradiation on various
installations.
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Tae data present in the literature [546~560] which
characterize the cost of 1 kWh of energy of ionizing radiation
of various radiation sources are'sufficiently contradictory, and
since they relate to sources of various types of radiations
which differ strongly in power, energy, etc., they should be
treated with a certain caution. In Table 43 some data are given
on the cost of 1 kWh of energy of radiation.

Table 43. Cost of 1 kWh of radiant energy

Cost,
Source of ionizing Activity, 1 k¥h {
radiation Power, kW MCu. dollar Literature
Electrostatic geanerator 5-25 - 1 [55(\]
Linear accelerator 3 - 5.2 [551]
Resonance transformer 10 - 5 [552]
Electrostatic generator 3 - 0.5 [552]
60
o 3 0.2 8.7 [552. s54]
60 ) ;
o 3 0.2 6.09 [5553
60
co 3 0.2 9 [s56]

It is necessary to emphasize that the comparison of the cost
of radiation of y-sources and accelerators is sufficiently con-
diticnal because the selling price of radioactive preparations
(0060, 83137, fuel elements) is not determined at all from
commercizl consideration.

More admissible is a comparison of the cost of radiant
energy within the framework of one and the same type of radiation
source ~ isotope sources and accelerators of charged particles.

The cost of any type of radiation installation is made up
of the cost of the bullding, the radiation source itself, and
industrial equipment. However, the relationship between these
values for various types of sources are different, and within

317

I o B B S st

MR s e

A it

i

o

Mmmw R s A B M A e B S A ot e e A Rttt bty A



‘the framework of one and the same type depends on the power
-of the installation and other factors.

Thus, according to work [506] for cobalt isotope installa-
tions with a source activity of an order of 106 g-equiv of radium
the expenditures for the structure make up more than half the
outlay for the installation. For more powerful installations
(source -.ctivity of 107 g-equiv of radium and higher) the
fundamental contribution to the major expenditures is conditioned
by the ccst of the sources. A substantial component of the cost
of 3rr ~dlation on cobalt installations are expenditures for the
yearly making up of the decrease of the source activity because
of natural radicactive decay, because otherwise the productivity
of the installation will continuously diminish.

For direet action accelerators - electrostatic generator
and resonance transformer - with an increase in the energy of
electrons there is a sharp increase in capital expenses for the
i basic equipment. An analysis of the dependence of capital
3 5 outlays for basic equipment on the energy of the beam [591] shows

more slowly than capital outlays.

on a resonance transformer based on materials of work [557].

However, even for one and the same type of accelerator the cost
of the radiation process depends on the concrete parameters of
the latter, and for one and the same process - on the power of
accelerator; in this case with an increase in the power of the
accelerator the cost of radiation processing can both increase

and decrease {Table 45) [558-5601].

Let us evaluate tentatively by how much the cost of a cable
product with polyolefin insulation will increase because of the
introduction of radiation modification.
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that as a rule the output of an installation increases considerably

e

In Table 44 a rough estimate is given of the cost of radiation
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Table 44. The calculation of the cost of a radiation process
with the use cf a resonance transformer of 2 MeV, 10 kW.

Article of expense

Cost

General, dollar

Specific*, dollar/h

Accelerater tube
Regexrve parts, ete.
Servicing

capacity 50 kwj.
Gain

Accelerator {resonance transformer)
Construction {#0% of cost of machine)
mmdustrial equipment {154 of cost)

Electric energy**** (installed

Altogether

120,000
48,000
18,000
13,000

4,000

5. 0%
1.2%%

0.5%
2.75

0.25
4.19

0. 4588
3,050

15.59

#Calculated on 8000 h/yr operation.

**0alculated on a S5-year amortization.
#s#03lculated on 4000 h of work (guarantee 1000 h).
sas#Calculated at a cost of 0.5 cents for 1 kwh.

Table 45. The cost of radiation processes with the use
of linear accelerators.

4 Mev, 0.6 kW 4 MeV, 5 kW
P Dose, | utilization {magnetron) {klystron)
rocess rads tactor, % Produc~ |Cost of Produc- |Cost of.
tivity |[Processing] tivity |[processing

Protection of potatoes 108 0 il un 90 1/6

from germination t/h $/t t/h $/t

Sterilization of food- 5:10 45 4,32 172 16 8/6
stutfs ] 1b/n $/1v t/n $/1b

] 5108 s a® ap 3500 12

1b/h $/1b 1v/n $/1b

Vulcanization of rubbers | $-108 80 '3 1/8 640 212
cantzakion ¢ (¥1thous w/m | $/1 wh | &

packing)

25 24 51 200 8

{in products) t/n $/1b 1b/h $/1b

Processing of plastics 25-108 25 5 25 40 I3
(in products) ib/h $/1b iv/h $/1b
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As can be seen from Table 44, the cost of irradiation an a
resonance transformer with an energy of 2 MeV and power of 17 kW
is ~15.6 dol/h. It is known that during irradiation up tc¢ a dose

of 100 Mrad with a 100% utilization of a radiant energy the
productivity based on polyethylene comprises 3.6 kg/h [546].
Therefore in one hour on such an accelerator it 1s possible to
irradiate 36 kg of polyetiylene and the cost of irradiation will
comprise lﬁgﬁ = 0.5 dol/hr. Let us assume that the coefficient
of utilization of radiation comprises 70%, then the cost of
irradiation will be 0.7 dol/kg. On the strength of the existing
rate of exchange (1 dol = 90 kopecks) the cost of irradiation of

1 kg of polyethylene will be equal to 50 kopecks. This shows
that as a result of irradiation the cost of polyethylene is ‘
doubled. If one considers that in the total cost of cable pro-

duct the cost. of the insulation is low, then radiation modification

does not substantially raise the price of the part. Even in

the case of wire leads (average expenditure of polyethylene

1 kg/km, cost 6 rubles/km) the increase in price will not exceed

10%.

However one ought to note that the radiation modification
of polyethylene insulation in cablé products adds to them
essentially completely new qualities and makes it possible to
use them under those operating conditions under which the
nonirradiated polymer cannot be used, and therefore the comparison
of the cost of irradiated and nonirradiated polymer is unequal. R

Therefore the economic advantage of the use of methods of
radiation modification in most cases must be dstermined, taking
into account serviceability and the life of the equipment and .
devices in which these products are used, and also the possibility
to solve the technical problems which are solved in different
ways with large expenditures and inronveniences, or they are not
folved at all.

320

S w01




A R e e i ¢ Ty s R B e Y e R

Lot

CONCLUSION

The radiation chemistry of polymers as an independent branch
science has been in existence about two decades, but, despite
such a short life serious results have already been achieved in
this area. Along with the development of theoretical presenta- 3
tions about the regularities of primary transformations and the j E
investigation of the reaction mechanisms which proceed under

the action of lonizing high-energy radiation, the bases for
radiochemical technology have been laid.

it [ G

. The realization of methods of the directed changing of the :
properties of polymeric materials both in the initial state and é 3
directly in the finished product opens wide possibilities not
only for the chemlical Industry, but also for all branches of the

national economy whic.a use polymeric materials in the production
of products.

The assortment of synthetic polymerlc materials is con-
tinuously belng expanded, however, the demands of intensively
developing brauches of new technology outstrip the present
possibilities and in this connection radiation modification proves
to be a very convenient and promising instrument for imparting

a new complex of properties to materials which have already been
. mastered by the chemical industry.

It is not accidental that many foreign firms are actively
assimilating radlochemical processes for the modification of
N polymers, which is testiflied to by the constantly growing voiume

of production and the assortment of products from irradiated
polyolefins [564, 565].

v ol

The problems examined above were limited basically to the
electrotechnical applicaticn of irradiated polymeric materials.
At the same time it is evident that the use of products from
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- ' these -materials is very promising even in many other areas of
§' ~ industry, and also in the national égonumy,as a whole.
& Th? fundanental problem today consists in the practical
% maﬂteripg of the accumulated scientific informatiorn, l.e., the
‘wrrking out and ir. orporation of radiation procedures into
industry. . ’

There is no doubt that the successful solution to this

problem will facilitate further technical progress to a considerable
extent,
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APPENDIX

1. FUNDAMENTAL RADIOMETRIC AND
DOSIMETRIC UNITS

In the examination of problems connected with radiation
materials management there 1s fundamental importance in units
for “he measurement of the energy content of radiation abscrbed

in the irradiated system, or for the characteristic of radiation
fields.

The concept of "radiation dose" [561, 562] is introduced for
the characteristics of the radiation fields created by some
radiation sources., The radiation dose is the measure of radiation
based on the capacity of the latter to lonize the medium. The
unit of radiation dose is acceptcd as the roentgen (r) - that
dese of X-ray or y-radiation in the air, at which conjugating
corpuscular emission per 0.001293 grams of air! conducts in the
air ions which are carrylng a charge in one electrostatic unit of
the quantity of electricity of each sign. ‘

iThe number 0.00125_ represents & mass of 1 cm3 of atr.aspheric
air at a temperature of 0°C and pressure of 760 mm Hg.
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Today the unit of absorbed dose 1is used - l rad! = iOO erg/g.
Thus a dose of 1.x 10b rads, or 1 Mrad,-corresponds to an energy .
absorption of lO8 erg/g = 2.4 Cal/g. Therefore,’ 1 Mradeg is
simply equal to 10 joule of absorbed energy of radlaticn, and
one and the same radiation in different materlals will create
various doses expressed in rads. The radiation 'which imparts to .,
water a dose of 1 rad imparts to air a dose of about O 9 rads.
Many organic materials i1 their absorbing capacity are ;e !

sufficiently close to water and flor them this difference can
be neglected. ' v : g

Rad - the mobt convenient unit for the combarison of the
energy efficlency of the radiation source with the radiochemical
changes produced by it in the irradiated system. Absorbed
energy, in order to produce a chemical change which requires

r megarad, in m grams of substance is equal to r-m-lo8 erg, or
10r-m joules.

A .| ¥ i !

One ought to emphasize:that the roentgen and rad are units
of the integral dose of radiation and complete quantity of
energy absorbed in the system. !

: i : !

The dose rate is:.the radiation dose created by it in an unit
of time at a given poiat.of space. The unit of dose rate is

usually roentgen per sevound {(r/s)[561, 562] or megarad per
second (Mrad/s). ) : L :

H
Another important r.diometric characteristic is tne intensity
of radiation. The intensity of y-radiat;crxf]is'depermined'by
the energy content passing in an’unit of time through a unit of
surface norrmal to the incident direction of the rays. If through

1 cm2 in 1 s n y-quanta with an energy hv (MeV)}pass, then the

17he name of the unit is formed from the first letters of
the term radiation absorbed dose (English).

H
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iintensity of radiation will be [Mev/(cmz-s)]

=z v, :

it

R SR ST A

_ ! ' The dose rate P (r/s) is connected with intensity by the
; following relationship:

P - nhy _'_G.m_i ~ 1,45 < 10-5 nhvs,,

"where 0.11 - the energy equivalent of roentgen in air, erg/cm3-r;

: ' 6, -, the linear coefficient of électron conversion in air (cm'l),
showing which fraction of the total intensity of y-quanta
' ) transf‘orms into secondary electrons during passage through a
e layer of air with a thickness of 1 cm. The values of ¢ and
its dependence on the energy of the y-quanta are given in literature ;

(see, for example, [5631]). ;

The determination of the integral flux of mixed radiation,
_ fbr example rezactor (neutrons of a wide energy spectrum and
;, ! corresponding y-radiation) presents definite difficulties
conditioned by the dependence of thé absorbed dose of neutron

SO ——

radiation on the neutron energy; and also on the chemical com-
position of the irradiated medium.

Fast neutrons lose their energy, primarily as a result of

¢ollisions with the atoms of hydrogen since the masses of both

‘ particles are close and during every collision maximum energy
. 9 can be-transmitted. 1In a sample containing a large gquantity of
atoms of hydrogen the fast neutrons beat out the nucleil of
hydrogen and therefore ceause the appearance of high-energy protons
gen=srating ionization of high denslty inside the sample. The
sontribution of fast neutrons to the absorbed dose of neutron
radiation depends basically on hydrogen concentration in the
irradiated sample. For instance, for polyethylene (- CH CH2 )
1rradiation in a reactor up to an integral dose of 1017 neutron/cm
Af ! is equivalent to the action of a dose of 45 Mrad of pure y-
f r%diation, whereas for polytetrafluoroethylene (-CF2-CF2-)n, which

2

7 rwdei
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does not contain atoms of hydrogen, the effect is less and
corresponds to only 30 Mrad of y-radiation [14].

h 2 08 A b T A s e

y-radiaticn can interact directly with atomic nuclel only i
at a very high energy. In a nuclear reactor the main effect of §
y-radiation is manifested 1n the formation of fast electrons with %
a Compton effect (the contributions of the processes of photo- :
electric abvsorption and pair formation are very small). The
number of Compton electrons depends only on the number of
electrons in a gram of substance; for many elements this number
is proportional to the ratio of atomic number to atomic weight
(Z/A). For the majority of the elements which are present in
polyaers (besides nydrogen) Z/A is close to 0.5. An insignificant P
Gifference in energy release occurs due to the difference in the :
hydrogen content which changes the electron density from
3.4 x 1023 g1 in polyethylene to 2.89 x 1023 g% 1n
polytetrafluoroethylene.

Neutron abscrption leads to the onset of the so-called
capture y-radlation and to the formation of induced activity.
In hydrogen, for example, slow neutrons can be absorbed, forming
deuterium; in this case y-quanta with an energy of 2.17 MeV are
emitted. The effective cross section of this process is small,
the energy absorption of y-radiation is also small, therefore
for small samples containing only hydrogen, carbon, and oxygen
fhe contribution of the slow-neutron fiux tc integral dose 1s .
insignificant.

For such elements as chlorine, which have a large cross
section of capture, the contribution of slow neutrons tc the v
total energy release can be significant as a result of the course
of nuclear reactions of the type 0135(n, P)S35, in which €13° -
an isotope, which was contained to the extent of 75% in natural
chlorine, absorbs slow neutrons and emlits protons, coverting
into 335. The protons emitted caase the intensive local lonization,
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which strongly increases the total energy release in such samples.
Below radiation doses (in Mrad) are noted which are equivalent

to an integral flux of neutrons of 1018 neutron/em2 for polymers
of different chemical structure [369].

Polymer Dose, Mrad

Natural rubber, butyl rubber,
butadiene-styrene rubber. 600

Polystyrene, polyvinyl carbazole,
polymethyl methaciyiate, ceilulose

acetate 700
Polybutadiene 800
Folyethylene, polytetrafluoroethylene,
nyicn, polyethylene terephthalate. 1000
Meoprene, Hypalon, polyvinyl chloride,
polyvinyl chloride~acetate. 2500

For the conversion of various units used in the study of
radiation materials 1t 1is couvenient to use the following

T T

relationships:
1ev = 1.602 x 10712 erg
1lerg = 6.24 x 1071 ey
1 cal = 4.18% x 107 erg
1W = 6.24 x 1013 ev/s

1 Cal/mole = 0.0433 eV/molecule
1 eV/molecule = 23.1 Cal/mole.

TR

ot lm‘“‘m“' ks e

The energy of a quantum (in keV) = 12.4CX (A - the wave
~ length in A) ~ ;
3
=
5
2

il
B A A i




100 erg (absorbed energy)/g of substance
.24 x 1013 erg

1.14 r (in dry air)

1.83 x 1012 pairs of ions/g of air

1x 1072 Wes/g

1.73 x 10”7 Wenh/g

1,16 x 10720 w-2un/g

2.39 x 10 Cal/g

1 x 1078 Mrad

l Rad =

Below some useful, although very approximate, evaluations
of relatinoships between various unlits of measures of dose are

gliven.
' 4

Form of Radiation Unit used Equivalent, rad
6

Any Mrad 10

X-ray and ¥ -radiation Roentgen 2 0.929

Neutrons Thermal neutron per 1 cm 10

Neutrons Fast neutron (2 MeV) per 1 en? 0.3 x 10-8

¥-radiation Y-quantum (2 MeV) per 1 cm? 0.7 x 10~9

Electrons Electron (1 MeV) per 1 cm2 0.4 x 10°7

2. The Basic Characteristics of Soviet
Wires and Cables with Insulation Made
From Irradiated Polyolefins

, 1. Wiring leads, heat resistant with insulation made from
irradiated polyethylene (TU 017-34-63). N

§ The wires are intended for service under the variable

: influence of temperatures from -60 to 100°C and relative humidity
up to 95 + 3% at 40°C. Overheating to 200°C for 5 min with a
total duration of no more than 30 min is allowed.
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Based on design features the wires are separated into the
following brands:

[MPO] (iiN0) ~ a wire irradiated with insulation made 1'rom
polyethylene:

[MPOE] (#MD3) - the same, screened.

The wires are made with a flexible stranded core with the
following sections: 0.12; 0.2; 0.35; 0.5; 0.75; 1; 1.5; 2.5;

4; and 6 mme .

The resistance of insulation after a tliree-hour stay of the
wire in water at a temperature of 20°C is no less than 50,000 MQem,

and after a two-hour heating at a temperature of 100°C no less
than 1000 MQem.

Operating voltage of up to 220 V alternating current with
a frequency of up to 2000 Hz.

2. Wiring lead, thermoradiation resistant with insalation
made from irradiated heat stabilized polyethyleme (TU 017-96-65).

The wires are intended for service under the variable
influence of temperatures from -60 to 150°C and relative humidity
up to 95 *+ 3% at U40°C, and also in radiation fields. Service
life at a temperature of 150°C is no less than 1000 h. Overheating
up to 200°C for a limited time is permitted.

Based on deslgn features the wlres are separated into the
following brands:

MSTP - wiring leads with insulation made from glass fiber
and termostabilized polyethylene, irradiated; MSTPE - the same,
screened; MSTPS - the same, in covering made from glass fiber;
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MSTPL - the same, in covering made from dacron; MLTP - wiring
lead with insulation made from dacron and thermostabilized
polyethylene, irradiated; MLTPL - the same, in a covering made
from dacron. The wires are prepared with a bending stranded core
with the following sections: 0.12; 0.2; 0.35; (.53 0.75; 1; 1.5
2.5; 4 and 6 mm® .

i
Al -v'~u"gq-ﬁr'm'wmﬂd’(-m, i b e AR e

g Lyl b

The insulation resistance after a three-hour stay of the
wire in waier at a temperature of 20°C is no less than 50,000 MQ-m,
the insulation resistance measured 2t a température of 150°C g
after a two-hour stay at that tempe-ature, no less than 5000 MQe+m
and after a 48-hour stay under conditions of relative humidity
of 98% at a temperature of 40°C no less than 1000 MQem.
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Operating voltage of up to 220 V alternating current with-a
frequency of up to 1000 Hz.
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3. Cable, thermoradiation resistant with insulation and
jacket made of irradiated thermostabilized polyethylene.

1t ety o

The cable is intended for service at an ambient temperature
of from -60 to 150°C and relative humidity up to 98% at a

T o G
PRI Y ki : }ﬂ Y th (e AT

dn i ol il s

i3

temperature of 40°C.

The service life at a temperature of 150°C is no less than
1000 h. Ovevheating up to 200°C with a total duration of not more N
than 3 h is permitted. The cable can be wused in neutron fluxes

of up to 1 x 1012 neutron/(cma's).

The cable has been awarded the brand KTR (cable thermoradla- -
tion resistant), it is made with a bending stranded core with a
section of 0.5 mma, above the insulation of the current- 3
conducting core a screening covering and protective jJacket are ;

N .wmmwmmmm?n‘mmmm.m.mmmmm«\mmmn&mmmmmmmmmmﬁmﬂwH.s' e

applied.
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The insulation resistance after a three-hour stay of the ; %

cable in water at a temperature of 20°C is no less than 50,000 m
50,000 MQ+m; the insulation resistance. measured at a temperature
of 150°C afte: a twWwo-hour stay at that temperature is no less
than 5000 MR-m, and after a 48-h stay under conditions of
relative humidity of 98% at a temperatuve of U40°C is no 1less
than 10C0 MQem.

© Operating voltage 1s 500 V direct cr rrent.
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