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FOREWORD

Within the framework of the Agency's coordinated research programme
on "Radiation Damage to Organic Materials in Nuclear Reactors and
Radiation Environments" during the period 1986-1989, two research
coordination meetings were held: Rome, Italy (1987) and Takasaki, Japan
(1989).

At the Takasaki meeting the participants of the coordinated research
programme reviewed the work done throughout the duration of the
programme. The present publication compiles presentations made at the
meeting.

The coordinated research programme was initiated with the main
objective of promoting studies and exchange of information in the
development of reliable methodology for accelerated aging testing in
order to predict long-term behaviour of plastics and organic materials in
radiation field.

Right research groups from Australia, F.R. Germany, France, Italy,
Japan, Switzerland, UK and USA participated in this programme.

It is believed that this publication will provide a useful source of
information on radiation stability of different materials under different
environmental and stress conditions, and provide useful guidelines for
development of standard procedures in national and international
standards.
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INTRODUCTION

V. MARKOVIC
Industrial Applications and Chemistry Section
Division of Physical and Chemical Sciences

International Atomic Energy Agency
Vienna

I. BACKGROUND

A large variety of organic materials, such as PE, XLPE, CSP (Hypalon),
PVC, epoxy resins, silicon resins, etc., are used in nuclear radiation
environments. They are used for fabrication of different components like
cables, seals, magnet coils, optical fibre coatings, vessels, pipes, etc., and
are installed in nuclear reactors, high energy particle accelerators, fusion
reactors, and waste treatment and reprocessing facilities. During exposure to
radiation fields, it is often found that polymers undergo degradation. Most
often organic polymers are a "weak link" as compared with other materials
(metals, ceramics etc.). As a result it is often the degradation of organic
materials which can cause the failure of components or the system in which
they are used. An important question for the use of organic materials under
irradiation conditions centres on the need to be able to predict in advance
the degradation behaviour and degradation rates for specific materials and
environments.

Unfortunately, the implementation of accelerated aging tests to make such
predictions can be extremely difficult. For instance, in a number of cases
the radiation damage to a material at low dose rates characteristic of
application environments is found to be much greater (as much as two orders of
magnitude) compared to damage which results from exposure to an identical
absorbed dose using a high dose rate accelerated aging test. The reason for
such occurrences is the fact that the degradation mechanism can change at
different stress levels, and to be influenced by several other factors
(temperature, atmosphere, etc.).

Radiation degradation of organic materials is one of the aspects of safety
in nuclear and radiation installations. Research work in this field is being
carried out in several laboratories with main emphasis on accumulation of data
and development of methodologies for testing and prediction of long-term
stability under actual, in-service conditions. The Agency has initiated a
coordinated research programme (CRP) on this subject in 1985, as follow-up of
a série of consultants' meetings in which scientists from seven countries
participated.

The coordination of research efforts by the various laboratories working
in the field of radiation degradation of polymers and on predicting the long-
term behaviour was considered to be of considerable benefit for the progress
of work in this area.

II. OBJECTIVES OF THE COORDINATED RESEARCH PROGRAMME

The overall objective of the coordinated research programme was the
accumulation of knowledge and experimental as well as practical information
leading to the development of a more reliable methodology for accelerated
aging testing and predictability of long-term behaviour of different basic
materials at long exposures to radiation under different environmental and
stress conditions.



The research coordination meetings were foreseen as forum for exchange of
information on current developments.

The specific objectives of the CRP were:

(1) To promote and coordinate research leading to development of
reliable methodology for accelerated aging testing and prediction of
long-term, in-service, behaviour of different materials at long time
exposure to radiation under different environmental and stress
conditions;

(2) To promote studies undertaken for better understanding of radiation
degradation mechanism and influence of different factors;

(3) Compilation of data;

(4) Development of methodology of testing;

(5) Development of techniques and criteria for assessment of radiation
induced damage.

III. PROGRAMME ACHIEVEMENTS

The progress of the CRP was reviewed at the two research coordination
meetings held in Rome, Italy, 21-24 September 1987 and in Takasaki, Japan,
17-20 July 1989. The Takasaki meeting was also the final RCM and,
consequently, the whole programme was reviewed in detail.

It was concludes that the main objectives of the CRP were achieved to a
large extent. In particular, referring to the objectives above, the following
achievements were indicated at the Takasaki RCM:
(1) Significant progress has been made in development (and experimental

demonstration) of accelerated aging methodology for radiation induced
degradation. These involve:
(a) identifying heterogeneous oxidation due to oxygen diffusion effect;
(b) eliminating oxygen diffusion effects by using sufficiently low

experimental dose rates or oxygen overpressure;
(c) development of superposition models for superposing accelerated

aging data.

The Table I summarizes the evaluation of accelerated aging test
techniques over the period of the last ten years. The items 3-5 were
developed in the last few years within the scope of the present CRP.
They constitute significant improvement over the earlier methodologies
(items 1-2 in the Table). The inclusion of these advancements into
standard testing procedures are in progress (IEC-International
Electrotechnical Commission, Insulating Material/Endurance
Tests/Radiation-TC15/SC15B/WG2).



Table I: Historical Evolution of Accelerated Aging Test Techniques Used for
Radiation Applications

IEEE 323, 383: 1 experiment simulation high dose rate
(approx. 10 KGy/h), with "margin".

DIN, TEC: 2 experiment simulations, high and intermediate
dose rate (approx. 100 Gy/h).

Verifiable elimination of U£ diffusion effects; simulation:
02 overpressure, or else progressively lower dose rate. Verify
elimination of diffusion effects by profiling.
Multiple experiments at different dose rates, for graphical
extrapolation to application conditions (used with #3).

Multiple experiments at different dose rates and temperatures.
Time-temperature dose rate superposition using computational
activation-energy methodology based on chemical oxidation processes.
Derive DED curve through application conditions. (used with #3)

(2) Dose rate effect machanisms have been elucidated and studied in depth.
It was shown that the two primary mechanisms comprise:

oxygen diffusion effects, and
chemical effects involving rate limiting steps (peroxides, rapped
radicals, etc.).

Synergistic effects, involving elevated temperature with irradiation as
well as post-irradiation effects, are mechanistically similar to dose
rate effects (all are different manifestations of time/temperature
phenomena).
The subject of radiation damage induced by neutrons, protons and heavy
ions is more controversial and obviously further work is called for.
The difficulty of comparing the "same dose" effect with low LET
radiations (gamma, EB), as well as comparison of data among different
workers, would require improvement of reliability of dosimetry and
understanding the influence of other factors, such as local overheating,
charge number, high density excitation, etc.

(3) Data from radiation degradation under oxidizing conditions have been
generated in substantial quality and published in numerous reports. The
overall results have been the subject of several review articles by
members of the CRP. A table comparing radiation resistance of polymers
under inert atmosphere conditions, and under one set of oxidizing
conditions, has been prepared as a starting guide for materials
selection, and an extensive compilation of aging data under oxidizing
conditions is prepared for publication (CERN).



These data may be compared, in the future, with the forthcoming
publication of compiled data on yields of scission and crosslinking of
polymers by irradiation (Polymer Handbook).

(4) Aging models have been applied to extensive sets of recently generated
accelerated aging data on major cable and seals materials. Results were
compared with real-time, ambient-aged samples from nuclear facilities in
several cases.
New developments include the testing of materials aged under the stress
(constant strain). This phenomena has relevance to the practical use of
polymer materials and as a possible method for accelerated aging test.

LOCA tests run in the presence and absence of 02 have demonstrated
large oxidation effects underscoring the importance of including 02 in
such simulations. Similarly, the dose rate effect was found to be an
important variable.

(5) New analytical methods have been developed as criteria for evaluating
radiation aging. Two new profiling techniques which have been
successfully applied to yield detailed spacial mapping of heterogeneous
oxidation are: X-ray microanalysis and modulus profiling. C-13 NMR has
been employed to gain detailed information on radiation induced
structural changes (scission, crosslinking).

These achievements are discussed in more details by individual
scientific groups, participants of the CRP, in this TECDOC, as well as in
other related publications referenced throughout the TECDOC.
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RADIATION-OXIDATION OF POLYMERS

R.L. CLOUGH, K.T. GILLEN
Sandia National Laboratories,
Albuquerque, New Mexico,
United States of America

Abstract

Radiation effects on polymers in the presence of air are characterized by
complicated phenomena such as dose-rate effects and post-irradiation
degradation. Most applications of polymeric materials in radiation
environments involve air atmospheres. Taking account of oxidation effects and
time-dependent phenomena is a necessity for understanding materials changes
which occur during aging, and for dealing with issues of materials lifetime
prediction, aging monitoring, materials selection, and material stabilization.
Time-dependent radiation-degradation effects can be understood mechanistically
in terms of: 1) features of the free radical chain-reaction chemistry
underlying the oxidation, and 2) oxygen diffusion effects. A profiling
technique has been developed to study heterogeneous degradation resulting from
oxygen diffusion, and kinetic schemes have been developed to allow long-term
aging predictions from short-term high-dose-rate experiments. These
methodologies have been successfully applied for predicting degradation rates
of a number of different materials under ambient nuclear environments. Low
molecular weight additives which act either as free-radical scavengers or else
as energy-scavengers are effective as stabilizers in radiation-oxidation
environments. Non-radical oxidation mechanisms, involving species such as
ozone, can also be important in the radiation-oxidation of polymers.

1. INTRODUCTION

The effects of ionizing radiation (i.e., gamma, x-ray, electron beam, etc.)
are of growing interest because of an increasing number of applications
involving the use of polymers in long-term radiation environments. An area of
particular current- concern is the use of polymeric materials in safety-related
systems in the containment buildings of nuclear power plants. A current issue
concerns materials aging with respect to licensing requirements for extending
the life of power plants beyond their originally expected 40-year time frame.
Another application of growing importance is the increasing use of ionizing
radiation for materials processing; an example is ongoing development of
radiation sterilization procedures for disposable medical equipment. Many of
the important applications of polymers involve air-atmosphere environments.
During the 1950's and I960's, polymer radiation effects were most extensively
studied in the absence of the "complicating effect" of oxygen. A number of
important results came out of these studies [1-3], including: 1) tables of
structure/property relationships cataloging various polymers as to whether
they undergo primarily crosslinking or scission upon exposure to ionizing
radiation, 2) tables showing relative radiation-dose tolerances of different
polymers to ionizing radiation, and 3) evidence that equal dose gives rise to
equal damage, regardless of the dose rate.
In the presence of oxygen, polymer radiation effects often differ
significantly compared with inert-atmosphere irradiation, and can exhibit very
complicated phenomena. Radiation damage at an equivalent dose may be far more
extensive when oxygen is present. The scission/crosslinking classifications
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no longer apply; scission is often more highly favored under oxidative
conditions. Furthermore, both the extent and the nature of the radiation-
induced material changes often exhibit strongly time-dependent behaviors,
including dose-rate effects and post-irradiation effects. These behaviors
make it extremely difficult in air-containing environments to anticipate the
nature of long-term radiation-induced changes in materials, or to predict
useful material lifetimes. Our work has been aimed at obtaining detailed
understanding of mechanisms underlying radiation-induced effects on polymers
in oxidizing environments, and applying this information to solving materials
degradation problems [4-10].

2. RESULTS AND DISCUSSION

Figures 1, 2 and 3 are examples of radiation-induced mechanical property
changes in polymeric materials obtained in our laboratories, illustrating: 1)
inert atmosphere versus air atmosphere irradiation, 2) dose rate effects, and
3} post-irradiation degradation [4], Many other dramatic examples of time-
dependent effects in air irradiations have been reported by other workers.

DOSE, x10' Gy
Fig. 1. Relative elongation of 7-irradiated samples (0.28 mm-thick) of
poly(ethylene-co-tetrafluoroethylene) [Tefzel], comparing samples irradiated
at 70°C with and without the presence of oxygen. Q - irradiation in air at
5.8 x 1Q3 Gy/h, Q - irradiation under vacuum at 7.7 x 103 Gy/h.

20 40 60
DOSE, Mrad

Fig. 2. Relative elongation of a PVC material irradiated at 60°C in air at a
series of different dose rates. X - 9.4 x 103 Gy/h, + - 3.6 x 103 Gy/h, A
- 7.1 x 102 Gy/h, Q - 1.8 x 102 Gy/h, Q - 3-5 x 1Ql
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Fig. 3. Relative elongation of a PVC material showing post-irradiation
degradation of samples held at three different temperatures. Q - 90°C, A
- 78°C, D - 70°C. The samples had been pre-irradiated to a dose of 6 x
Gy at 44 Gy/h in air at 25°C, which resulted in an immediate lowering of the
elongation to 86% of the initial value.

Time-dependent effects can be understood in terms of two mechanisms which
affect the radiation-induced oxidation: "physical" effects (caused by oxygen
diffusion as a rate-limiting step in the oxidation chemistry) and "chemical"
effects (which can occur, for instance, whenever the inverse of the rate for
an intermediate chemical reaction step is comparable to the experimental time-
frame).

2.1 Profiling Heterogeneous Oxidation

Oxygen diffusion effects arise very frequently for polymeric materials
irradiated in the presence of air. This effect is controlled by the oxygen
permeation coefficient of the polymer, the dose rate, the inherent radiation-
oxidation yield of the polymer, and the material thickness. Oxygen diffusion
can become rate limiting whenever dissolved oxygen in the material is consumed
by reaction with free radicals (generated by the radiation) faster than oxygen
can be replenished from the surrounding atmosphere by diffusion through the
material. When diffusion effects are important, the result is heterogeneous
degradation, such that extensive oxidation occurs in the regions near the
sample surfaces, and a lower degree of oxidation (or no oxidation) occurs in
the sample interior. In high dose-rate experiments, oxidation frequently
occurs only in regions near the sample surfaces [5,7]. Irradiation of samples
at a lower dose rate results in oxidation deeper into the sample interior; at
a sufficiently low dose rate, homogeneous oxidation throughout the sample will
occur. Because of the large differences in radiation effects involving
oxidizing versus non-oxidizing conditions (as discussed above), the extent of
oxidative penetration often has a very large effect on macroscopic radiation-
induced material changes. This gives rise to the observation of a dose-rate
effect, most typically involving a degree of molecular change (damage) per
equivalent absorbed dose which is larger at lower dose rate.
A number of means have been developed to identify the occurrence of
heterogeneous degradation, and we have summarized these in a recent review
article [11]. Most of the techniques involve slicing the sample into many
small pieces (proceeding inward from the air-exposed surface) and performing a
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separate analysis on each piece using infrared analysis, chemiluminescence,
density, gel permeation chromatography, or other technique. We have developed
a convenient technique for rapid and quantitative profiling of heterogeneous
oxidative degradation on intact samples, which we call modulus profiling
[7,10,5]. By this technique, a sample is cut in cross-section and held in a
tiny vise. The depth of indentation into the material of a tiny, weighted
probe is determined as a function of position on the cross-sectional surface.
A schematic diagram of this instrument [7] is provided in figure 4. By this
method, we are readily able to obtain detailed profiles of heterogeneous
degradation for samples as thin as 1 mm or less. Figure 5 illustrates
heterogeneous profiles obtained by modulus profiling of ethylene-propylene
rubber (EPR) materials as a function of material thickness. Note the
transition from degradation which is strongly heterogeneous for the thickest
samples, to degradation which is homogeneous throughout the sample interior at
lower sample thickness. Figure 6 provides a set of modulus profiles, obtained
[10] on a 1.7 mm-thick Viton rubber irradiated at three different dose rates.
In this example, for specimens irradiated at high dose rate (5.5 x 10̂  Gy/h),
material in regions near the surface undergoes a progressive decrease in
modulus with irradiation. In contrast, increases in modulus occur for
material in the interior regions. At a lower dose rate (9.0 x 1Q2 Gy/h), the
oxidation proceeds more deeply into the interior of the sample. At the lowest
dose rate (1.4 x 10̂  Gy/h), homogeneous oxidation occurs throughout the
samples. Flat modulus profiles result, exhibiting progressive decreases in
modulus. For this material, radiation-degradation in an air environment
results in strikingly different macroscopic degradation trends at different
dose rates. Samples irradiated at high dose rate are found, upon visual
examination, to become stiffer and eventually brittle with progressive
degradation. Samples irradiated at the lowest dose rate appear progressively
softer, weaker, and more easily stretchable with progressive degradation.

SIUCONE OIL
WEIGHT TRAY

FLOAT
SUSPENSION

Fig. 4. Schematic diagram of modulus profiling apparatus. A mass, M, is
weighted into the sample. The indentation distance of the probe is measured
using a linearly variable differential transducer (LVDT) from a Perkin-Elmer
thermomechanical analyzer. Three identical polymer samples (S) are held in a
sandwich arrangement, and a profile is obtained across the exposed (cross -
sectional) surface of the central sample. The samples are held together
between opposing metal plates (P).
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Fig. 5. Edge-to-edge modulus profiles of ethylene-propylene rubber of three
different thicknesses following 7-irradiation at 6.7 x 10̂  Gy/h at 70° in air
for the time-periods indicated. The dashed line represents the flat profile
of unaged material. P denotes the percentage of the distance from one air-
exposed surface to the opposite air-exposed surface. Sample thicknesses were:
A - 2.7 mm, B - 1.7 mm, C - 0.7 mm.

1.7 MM VITON AT 5.49 kGy/h 1.7 MM VITON AT 0.9 kGy/h 1.7 MM VITON AT 0.14 kGy/h
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D 0.23 MGy
O Û.47 MGy
V 0.74 MGy
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Fig. 6. Modulus profiles of 1.7 mm-thick Viton samples following 7-
irradiation to the indicated doses. A) Dose rate - 5.5 x 103 Gy/h. B) Dose
rate - 9.0 x 102 Gy/h. C) Dose rate - 1.4 x 102 Gy/h.

Solvent swelling measurements on degraded Viton samples show that under high
dose-rate conditions, where the interior degrades anaerobically due to
diffusion effects, the radiation-aging is dominated by crosslinking [5].
Under low-dose-rate oxidizing conditions, chain scission processes dominate
the degradation pathways. Note that the modulus profiling technique is
sufficiently sensitive to detect the onset of heterogeneous degradation at a
very low extent of degradation (corresponding to low absorbed dose: -4 x 10
Gy).
2.2 "Chemical" Time-Temperature Effects

The second type of effect underlying time-dependent degradation behaviors,
which may be referred to as a chemical effect, involves the time/temperature
dependent rate of oxidative chemical reaction of a reactive organic species.
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The species most often responsible for this phenomenon are trapped radicals or
peroxides [4,12], The principal radical reactions underlying radiation-
oxidative degradation are presented in Figure 7. Post-irradiation oxidation
occurs when radicals formed by the irradiation, which are of low reactivity,
continue to react with oxygen during subsequent storage of the samples in air.

RADIATION
INITIATION

PROPAGATION

R. + 02——————•" RÛ2 '

R-, RO'.ROg«- ', RO«, ROg*

SCISSION
}• DEGRADATION

CROSSLINKING
DISPROPORTIONAT1ON

ANTIOXIDANT_____ NONRADICAL
—————————————*" PRODUCTS

TERMINATION

ROOH l VARIOUS f , ,ROOH | DECOMPOSITION | RO • OH | R-H__ I THERMAL
K* r REINITIATIONROOH-t-'X' MECHANISMS RO2«

Fig. 7. Outline of the primary free radical reactions underlying the
radiation-induced oxidation of polymers.

For example, if the radicals are formed in a crystalline region of the
material, they will slowly migrate out to amorphous regions and come into
contact with oxygen, at which time the radical propagation steps can then
proceed. In addition, peroxides formed during the course of the irradiation
can undergo thermal decomposition, providing a chain branching step which
yields free radicals that can then participate [4] In oxidation-propagation
steps. Dose-rate effects can similarly arise from slow reaction of peroxides
or radicals [4,6,12]. These time-dependent chemical processes may make small
or negligible contributions for the time-scales of high-dose rate experiments
(which may last days), but can make extremely large contributions to the
oxidation occurring for low dose rate exposures (which may last months or
years).

2.3 Predictive Aging Experiments

The ability to make reliable predictions of long-term aging rates of materials
is essential for assessing the relative performance of materials or
formulations being developed for optimized radiation resistance. It is also a
requisite for stipulating a material lifetime for a particular application
environment of interest. Keeping in mind the mechanisms underlying time-
dependent effects in radiation-oxidative degradation, It is possible to devise
meaningful experimental techniques for long-term aging predictions. Two
separate situations will be discussed in turn: 1) predictions for materials
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placed in use or in storage for long time periods following an initial short-
term radiation exposure, and 2) predictions for materials used in applications
having long-term radiation exposure. The first of these two situations
requires the ability to make predictions for materials having post-irradiation
effects. The second situation, which is much more difficult and is the area
in which we have expended the most effort, requires the ability to make
predictions for materials having strong dose-rate effects.
A useful approach for predicting post-irradiation degradation rates is
entirely analogous to the standard Arrhenius methodology which is widely used
for accelerated thermal aging experiments for polymers. The Arrhenius
approach assumes that the time-dependency of a thermal aging process can be
understood in terms of an "apparent" activation energy underlying the relevant
rate-limiting steps. Aging experiments are performed at a series of different
temperatures chosen to be higher than ambient, and the change in some property
of interest is followed as a function of time. A plot is made of the log of
the time required to reach an arbitrary amount of damage, versus the
reciprocal temperature (in °K). For experimental aging plots which yield
straight-line (i.e., "Arrhenius") behavior, an extrapolation may be attempted
to a selected temperature corresponding to a longer-time-period experiment.
In the case of post-irradiation degradation, the same experimental treatment
can be carried out, except that the thermal aging is performed on samples
which have been pre-irradiated using the same irradiation parameters
(including dose, dose rate and radiation type) as will be used in the actual
application. When post-irradiation effects significantly larger than thermal
degradation rates for unirradiated samples are found, these can be associated
with oxidation chemistry involving reactive species previously formed by
irradiation, such as long-lived radicals or peroxides. As with the standard
Arrhenius approach for thermal aging, confidence in predictions is strongly
enhanced by using data from as many different temperatures as is reasonably
possible for the extrapolation. Furthermore, the lowest-temperature aging
simulation should be as near to the desired ambient environmental temperature
as possible given the experimental time frame available. Other Arrhenius-
method considerations also apply. For instance, extrapolations through a
physical transition temperature of the material (e.g., Tg or Tm) are
potentially dangerous. Experiments at temperatures high enough to cause rate-
limiting processes (such as oxygen diffusion effects), which are different
from those important at the application temperature, must be avoided.
A much more difficult problem arises in making predictions of material
lifetimes under long-term, low-level radiation environments, where significant
dose-rate effects can arise. The degradation of polymeric materials in
nuclear plants is one example of this problem. We have developed an approach
which considers the underlying mechanisms of these effects [6,8]. By this
approach, a series of accelerated aging experiments is carried out under a
variety of different combinations of dose rate and elevated temperature. Some
chosen material parameter of interest is monitored as a function of absorbed
dose. (Frequently, elongation at break is a convenient parameter used for
studying degradation of mechanical integrity of materials.) The analysis
begins by using the raw data to generate a plot showing the dose required to
cause an equivalent amount of damage, as a function of experimental dose rate
and temperature conditions. For instance, the dose required to reduce the
elongation at break to 25% of the initial (unaged) value might be chosen as
the damage criterion of interest. Figure 8 illustrates a plot of dose-to-
equivalent- damage (DED) versus dose rate for hypothetical data corresponding
to experiments run at various dose rate and temperature combinations. In
order to proceed, data corresponding to samples which experienced
heterogeneous oxidation (triangles) must first be eliminated from
consideration, since no meaningful extrapolation based on heterogeneous data
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Fig. 8. Hypothetical data used to illustrate the time-temperature-dose rate
shifting procedure. Each open triangle or circle represents a data point from
one accelerated aging experiment run at a particular combination of dose rate
and elevated temperature conditions, and shows the dose required to produce an
equivalent amount of damage. Data from experiments which gave rise to
heterogeneous oxidation (determined by profiling the samples) are indicated by
triangles; they are eliminated from further consideration. Data from
homogeneously-oxidized samples (open circles) are shifted horizontally to a
chosen reference temperature, using a shift factor calculated with an
activation energy which is the same for all points. The shifted points (solid
circles) coalesce to define a curve, which predicts the dose-rate-dependent
aging behavior (at the reference temperature) over a low dose rate range.

is generally possible. These data can be identified by direct profiling of
the samples, or by calculation [8] using the oxygen permeation constant and
radiation-oxidation yield for the material (if the latter data are available).
For the remaining homogeneous data (circles), we then assume that an Arrhenius
activation energy will be applicable for the time/temperature dependence of
that part of the dose rate effect which arises due to slow oxidation chemistry
involving reactive species produced by the irradiation (peroxides or
radicals). This allows us to horizontally shift the homogeneous data to a
selected reference temperature using various trial activation energies,
looking for an empirical activation energy that results in reasonable
superposition of the shifted data. This shifting is illustrated by the arrows
in the Figure. Note that if this approach is applicable to the material of
interest, a single value of Ea will result in coalescence of all data (from
homogeneously-oxidized samples) into a single curve at any chosen reference
temperature. The shape of the curve predicts the nature of dose-rate effects
over a wide range of dose rates. By shifting elevated-temperature data to a
lower temperature, predictions corresponding to a very low dose-rate range
(and long time periods) are obtained. Again, like the standard Arrhenius
approach for thermal aging, extrapolations through temperatures at which
physical transitions occur may be dangerous. As discussed elsewhere [8], the
empirically-derived activation energy can often be quantitatively rationalized
from the kinetics underlying the degradation, and may be obtainable in
indep endent exp e r iment s.

Figure 9 shows a DED plot of the dose required to reduce elongation to 60% of
initial for the PVC jacketing material of Figure 2. Five points taken from
the degradation curves of Figure 2 (the 60°C points) are plotted, together
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Fig. 9. Radiation dose required for the elongation of PVC to decay to 40% of
its unaged value at various dose rates and temperatures. The dashed line
divides the data into heterogeneously- and homogeneously-oxidized materials

with data points from numerous other accelerated aging experiments performed
at different temperature/dose-rate combinations. Figure 10 shows the result
of time-temperature-dose rate shifting of all points from homogeneously-aged
samples to a selected reference temperature of 43°C. (Note that the Ea which
gives coalescence, 23 kcal/mol, is equivalent to the Ea obtained for an
Arrhenius plot of the data in Figure 3 for the post-irradiation degradation of
this same PVC material.) Figure 10 shows excellent superposition of the PVC
data from the accelerated radiation/elevated-temperature experiments.
Furthermore, this approach has been verified by obtaining a prediction for
low-dose-rate degradation of this PVC material under nuclear plant conditions
and comparing it to an ambient-aged sample of this same material removed from
an operating nuclear plant. The sample removed from the plant had been in
place for 12 years at an average temperature of 43°C and at an average dose
rate of 25 rads per hour (giving a total dose of 2.5 Mrad), at which time the
elongation was reduced to 57% of initial. From our modelling of the
accelerated PVC data [6,8], this amount of damage would be predicted to occur
after -15 years. Further examples of the successful application of this
accelerated aging methodology to other polymer types, including Hypalon
(chlorosulfonated polyethylene), Neoprene (polychloroprene), and polyethylene
are presented in a recent publication [8].
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Fig. 10. PVC predictions for the dose required for the elongation to drop to
40% of initial versus dose rate at 43°C. The homogeneous data of Figure 9
were time-temperature-dose rate shifted according to the methodology using a
23kcal/mol activation energy.
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2.4 Stabilizers For Radiation-Oxidation Degradation Environments

There are extensive ongoing efforts directed toward identifying effective
stabilizer additives for use in environments of ionizing radiation. The
primary events in the interaction of high-energy radiation with organic
materials involve: 1) ionization followed by electron-cation recombination to
yield highly excited electronic states of the molecules, followed by 2)
dissociation of a portion of the excited states to yield reactive species,
most importantly free radicals. Most of the work on stabilization in
radiation-oxidation environments has centered on the use of antioxidant
molecules which are known to be effective stabilizers against thermo-oxidative
degradation, and which operate by scavenging radicals. A number of such
radical scavengers have been found to offer significant protection, both in
cases of post-irradiation oxidation and in cases of long-term, low-level
irradiation. In a number of the studies, however, oxygen diffusion effects
were not considered, so that it is not clear whether the data obtained pertain
to primarily oxidizing or non-oxidizing conditions. An excellent example of
post-irradiation oxidation stabilization was provided by Carlsson, Wiles and
co-workers [13]. They found that polypropylene films irradiated to 2 Mrad and
subsequently held at 60°C in air underwent extensive oxidation (as seen by IR
spectroscopy) over the course of two days, during which time the elongation at
break decreased to essentially 0%. However, in similarly-irradiated samples
containing any of three different types of antioxidant additives, only minimal
post-irradiation oxidation, accompanied by a reduction in elongation to no
more than 50% of initial, occurred after one month at 60°C in air.

Figure 11 provides a detailed example from our own laboratories on the effect
of certain additives on a polychloroprene material under conditions of
continuous irradiation under low-dose-rate (oxidizing) conditions in the
presence of air (2.0 x 1Q2 Gy/h at 45°C). By means of our modulus profiling
apparatus, we were able to establish that homogeneous oxidation indeed
occurred in this experiment. The study included samples of the
polychloroprene prepared with no additive and with 1.7% by weight of the
hindered phenol antioxidant 2,2-methylene bis(4-methyl-6-t-butylphenol).

30 45
DOSE, x104Gy

60

Fig. 11. Relative tensile elongation for polychloroprene material as a
function of dose. Samples were 7-irradiated at 2.0 x 10̂  Gy/h at 45°C in air.
— material containing no stabilizer additive, Q - material containing 1.7%
of the antioxidant 2,2-methylenebis(4-methyl-6-t-butylphenol) , ^ -
material containing 1.7% pyrene, Q - material containing 1.7% each of
pyrene and 2,2-methylenebis(4-methyl-6-t-butylphenol).
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Another class of additives, which has been extensively studied with respect to
enhancing radiation resistance under inert-atmosphere conditions, comprises
molecules which are effective scavengers of excited state energy. We expected
that such molecules should also exert a significant effect under radiation-
oxidation conditions, by deactivating some of the initially-formed excited
states back to the ground state and thereby reducing the total number of
radicals subsequently formed in the system. To investigate the magnitude of
this stabilization mechanism under oxidizing conditions both in the presence
and absence of the usual type of radical scavenger stabilizer, we prepared
polychloroprene samples containing 1.7% by weight of the readily-available
polycyclic aromatic hydrocarbon, pyrene. As indicated in Figure 11, the rate
of deterioration in tensile elongation is significantly reduced in materials
containing either the radical scavenger or the energy scavenger. Also, the
energy-scavenger additive is seen to result in significant improvement,
whether used alone or in the presence of a radical scavenger. Figure 12
presents data on the reactive loss of the radical scavenger additive, and
provides insight on the dose at which this molecule is consumed by radiation-
induced radical chemistry. These data were obtained by exhaustive solvent
extraction of degraded samples followed by gas Chromatographie analysis. The
percent of recovered phenolic antioxidant is seen to be reduced by an order of
magnitude following 2 x 10̂  Gy exposure under oxidizing conditions. Note that
these data provide evidence that an energy scavenger additive in low
concentration functions not only to protect the polymer directly, but also
acts to protect the antioxidant stabilizer. For example, the amount of
hindered phenol remaining following 2 x 10̂  Gy is approximately two times
higher in samples containing pyrene. Stabilization by the mechanism discussed
above (trapping excited-state energy), should be a non-destructive process for
the pyrene molecule, in contrast to the radical scavenging mechanism.
Extraction data for the pyrene (also shown in Fig. 12) indicate that it indeed
survives in the polymer to much higher doses compared with the antioxidant.
For example, at 3 x 10̂  Gy, more than 90% of the initial pyrene concentration
is still present both in the presence and absence of the antioxidant.

10 20 30
DOSE, xlO* Gy

Fig. 12. Weight fraction of additive recovered from irradiated
polychloroprene samples described in Figure 11. \^ — 2,2-methylenebis(4-
methyl-6-t-butylphenol) recovered from samples not containing pyrene, Q ~
2,2-methylenebis(4-methyl-6-t-butylphenol) recovered from samples which also
contained pyrene, /\ - pyrene recovered from samples, either in the
presence or absence of the antioxidant.
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2.5 Non-Radical Radiation Oxidation Mechanisms

As discussed above, the most important and extensively studied mechanism of
radiation-induced oxidation chemistry is that mediated by free radicals formed
within the polymer matrix under the influence of the radiation exposure.
However, we have recently obtained evidence of a non-radical chemical
mechanism playing an important role in the radiation-degradation of certain
materials [9]. Relevant data are summarized in Figure 13, which presents
modulus profiles for styrène-butadiene copolymer samples subjected to gamma
radiation (8.4 x 105 Gy at 5 x 103 Gy/h and 25°C). The solid circles indicate
the flat profile of an unaged sample. The solid squares show an interesting
"W" shaped profile for a sample irradiated in the presence of air. We were
readily able to assign the broad, internal profile to the usual oxygen
diffusion effects pertaining to the standard free radical oxidation mechanism.
Note that the diamond-shaped symbols pertain to a sample irradiated under
vacuum. As would be expected, the modulus value of the flat profile obtained
in the absence of oxygen corresponds closely to the modulus value at the
interior (oxygen-starved) region of the air-irradiated sample. We
hypothesized that the strong degradation effect seen in the surface regions of
the sample (solid squares) arose due to attack by reactive gaseous species
generated by the action of the radiation on the air atmosphere surrounding the
sample. Ionizing radiation can indeed produce virtually every imaginable
molecular species from the atoms available in a given mixture (whether
gaseous, liquid or solid). For example, products identified as arising from
the radiolysis of air include NO, NÛ2, 03, ̂ 05, and others [14]. The
question to be addressed is whether any such species can be competitive with
the highly-effective radical oxidation mechanism in causing radiation
oxidation of polymers.

Fig. 13. Edge-to-edge modulus profile through the cross-section of 1.9-mra
thick poly(butadiene-co-styrene) following -y-irradiation at 5 x 103 Gy/h to a
dose of 8.4 x 105 Gy at ambient temperature (25°C). $ - unirradiated
material, R| ~ irradiated in air, Q - irradiated in air, while
surrounded with a 0.5-mm thick glass wool cocoon impregnated with KI, ̂
— irradiated under vacuum.
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We have been able to show [9] that the strong degradation effect in the
surface regions of the styrène-butadiene material was due to the radiolysis
product, ozone. Two key pieces of experimental evidence are summarized below.
First, irradiation of a sample of the material under an atmosphere containing
20% 02 and 80% argon resulted in a profile nearly the same as that produced
upon air irradiation. This indicates that if the surface-region effect indeed
results from attack by a gaseous species, that species is derived from oxygen
alone. Secondly, we impregnated glass wool with a specific chemical trap for
ozone (potassium iodide), and wrapped a cocoon of this material around a
sample of the styrène-butadiene material prior to irradiation. Our
expectation was that if the surface-region degradation were indeed due to
attack by ozone, the impregnated glass wool should act as a selective filter
which would minimize the surface region degradation, while leaving the broad
interior profile (due to oxygen diffusion) unchanged. This was exactly the
result obtained, as indicated by the profile represented by the open squares
in Figure 13. We also found that the modulus profile obtained after
irradiating a sample surrounded by a cocoon of unimpregnated glass wool
exhibited the strong edge-region effect found with samples irradiated without
any cocoon, indicating that the glass wool impregnated with potassium iodide
really acted as a specific chemical trap rather than just providing a high-
surface-area filter.
Note that ozone-mediated degradation (which has been extensively studied in
urban atmospheres and other environments not involving ionizing radiation) is
usually associated with samples under mechanical stress; however, the strong
degradation effect which we have identified in these studies occurred in the
absence of any applied mechanical stress. Based on experiments using ozone
from a laboratory ozone generator, we obtained evidence that the ozone and
simultaneously-applied radiation can be strongly synergistic in their effect
on the polymeric material [9], We have also obtained evidence that the ozone
mechanism may be generally important in polymers having double bonds along the
chain, as is the case with the styrène-butadiene material discussed above.
For example, we have found a strong "W" shaped degradation curve for Buna-N
rubber (a copolymer based on acrylonitrile and butadiene). This conclusion is
consistent with the high reactivity known for ozone towards double bonds.
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Abstract

Radiation chemical yields, G values, for scission and crosslinking
in a variety of polymers have been determined indirectly from measurements
of soluble fractions using a gel permeation chromatography technique and
directly from solid-state 13C NMR spectra. Similar G values have been
obtained by both methods for amorphous ethylene-propylene copolymers,
indicating random spatial distributions for scission and crosslinking, whereas
much greater crosslinking yields have been obtained by NMR in polydiene
rubbers and attributed to clustering of crosslinks. Greatly enhanced
degradation indicated by increased creep rate and decreased time to failure
has been found for irradiation of amorphous thermoplastic polymers, including
high-performance polyarylene sulfones, below their glass transition
temperatures, Tg, while subjected to tensile stress; this has significant
implications for the use of polymer materials in structural applications in
radiation environments.

1. INTRODUCTION

High energy irradiation, including gamma rays, electrons, protons, and
heavier ions produces substantial changes in the properties of polymer
materials [1,2J. In some circumstances, very large doses of radiation may be
accumulated, whereas in other radiation environments quite small dose rates
over long periods of time may cause significant effects on the properties of
the polymers. Laboratory experiments can be carried out at medium to high
dose rates, so that moderate to large doses can be given to samples during
short periods.

For irradiation in vacuum or inert gas environments, it is usually
assumed that there is no dose-rate effect on the changes on the properties of
the polymers. This will not be true if the rate of energy absorption is
greater than the rate of dissipation of the energy and causes significant
increases in the temperature of the sample. At higher temperatures, the rates
of chemical reactions will be faster, but also in polymers substantial changes
in rates and, indeed, in mechanisms, can occur when the heating causes the
polymer to undergo changes in molecular mobility associated with the melting
or glass transitions. Many examples of apparent dose rate dependence of
radiation induced changes in polymers can be attributed to an increase in
temperature. However, dose rate effects can be expected when the spatial
distribution of the excitation and ionization changes from isolated events to
overlapping clusters.

* Present address: T.J. Watson Research Center, IBM, Yorktown Heights, New York, United States
of America.
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The effects of radiation on the mechanical properties of polymer
materials are primarily due to the chemical reactions occurring in the polymer
molecules. Irradiations in environments of reactive gases, especially those
such as air containing oxygen, usually show dose rate dependence, except at
very low doses and for very thin samples. The dose rate effect under these
conditions is due to the depletion of oxygen within the polymer material,
resulting from a greater rate of chemical reaction of the polymer with oxygen,
compared with the rate of diffusion of oxygen into the sample.

The chemical effects of radiation on polymer molecules can be classified
into:
(1) Scission and crosslinking
(2) Formation of volatile products
(3) Structural changes in the molecules
(4) Formation of radical intermediates

The radicals react mainly to produce changes 1-3 above, but may also
be trapped in the polymer and cause long term degradation.

We have studied a variety of radiation effects on many different classes
of polymer materials. These include high density polyethylene, low density
polyethylene and linear low density polyethylene, ethylene-propylene
copolymer rubbers, polybutadienes of different microstructures, polyisoprene,
polystyrene, polyarylene sulfones and copolymers, polymethyl methacrylate, and
styrene-acrylate and styrene-methacrylate copolymers.

A variety of techniques have been used to study the radiation induced
changes in these polymers. High resolution 1H and 13C nuclear magnetic
resonance, NMR, spectroscopy has been used in solution, and solid-state,
magic angle spinning NMR has been utilized to study insoluble crosslinked
polymers after irradiation. Molecular weights determined by gel permeation
chromatography, viscometry, osmometry, light scattering, and sedimentation
equilibrium and velocity have been used to derive radiation chemical yields, G
values, for scission and crosslinking. For polymers in which crosslinking is
predominant, G(scission) and G(crosslinking) have been determined from
measurements of the soluble fractions after a series of radiation doses beyond
the gel dose, Dg.

The normal extraction techniques using a soxhlet extractor or stainless-
steel mesh bags and drying with heating under vacuum have been largely
replaced in our work by a gel permeation chromatography method in which the
area of the polymer peak due to the soluble polymer obtained from a known
amount of irradiated polymer is compared with a calibration curve obtained
with unirradiated polymer. Chemical changes in irradiated polymers have also
been determined by infrared spectroscopy. The use of the near infrared
region has proved particularly valuable for determination of double bond
content in the polymers. Transmission infrared spectra are usually much
better resolved than attenuated total reflection spectra, but are subject to
distortion by interference bands. This problem has been overcome by using a
modified reflection technique. Differential scanning calorimetry, DSC, has been
utilized to measure changes in the melting characteristics and glass
transitions of polymers, particularly polyolefins, during irradiation, and
correlated with the chemical changes.

We have had a major involvement in the use of electron spin resonance,
ESR, spectroscopy in observing and measuring the concentrations of trapped
radicals in polymers after irradiation. Procedures have been developed for
distinguishing between neutral radicals and radical ions by photobleaching at
low temperatures, and the significant role of radical anions in aromatic
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systems particularly has been demonstrated. Yields of radicals have been
measured aftqer irradiation at low temperature, and at ambient temperatures:
comparison with yields of radiolysis products has enabled the relationship
between radical and ionic reactions and the radiation induced chemical
changes in the polymers to be established. Radical-molecule interactions and
radical decays have been followed during progressive warming from 77K to
above ambient temperatures.

Some aspects of this extensive program of research into the effects of
high energy radiation on polymers are considered in this paper. The
increasing sophistication and sensitivity of instrumentation for observing
chemical changes resulting from irradiation, and also the increasing
application of computing techniques for quantitative evaluation of the
observed changes, is leading to Improved knowledge of the radiation chemistry
of polymers.

2. DETERMINATION OF SCISSION AND CROSSLINKING BY SOLUBLE FRACTION
ANALYSIS

The traditional technique for determination of the insoluble gel fraction
in an irradiated polymer has been by soxhlet extraction. Soluble polymer is
dissolved at elevated temperatures, followed by drying and weighing of the
residual gel fraction, and the procedure is repeated several times. Dole [3]
suggested that the irradiated polymer should be placed in a stainless steel
mesh bag and then immersed in a flask of boiling solvent: antioxidants could
be added to prevent thermo-oxidative degradation. Both of these procedures
have the disadvantages that large samples are required. Powders cannot be
used since the gel can escape through the mesh and weak gel (formed near
Dg) can break up during repeated drying and extraction, thus reducing the
measured gel fraction. The repeated drying and extraction procedures have
been found necessary to extract all the soluble polymer, especially in samples
with large dimensions.

We have overcome these difficulties previously (4 j , by centrifuging the
extracted sample and removing the supernatant liquid. The soluble and gel
fractions could be determined independently by evaporation of solvent from
both phases. Only 10 mg of irradiated polymer was necessary, and the method
was suitable for powders. Recently, Hellman et al. [6J described a technique
in which gel permeation chromatography (GPC) was used to measure the
amount of soluble polymer in an irradiated sample. We have modified this
technique, tested it with irradiated polystyrene samples, and used it to
measure soluble fractions of various polymers, including polyarylene sulfones.

A small sample of polymer, e.g. 20-50 mg, can be used, and is dissolved
in solvent, e.g. in a 10 ml volumetric flask, with agitation for a time
sufficient to completely extract the soluble polymer. This period was found to
vary from 1-40 hours, depending on the form of the sample. Powdered
polymer is preferable to pellets or sheet, as the extraction time is greatly
reduced. Phase separation occurs on standing, with the gel either sinking to
the bottom of the flask or rising to the top, depending on the density of the
polymer and the solvent.

An aliquot of the soluble phase is taken in a syringe and filtered
through a microporous filter, and a constant volume, typically 80 microlitres,
injected into the GPC. A differential refractive index detector is appropriate
for measurement of the soluble fraction, since this detector is not affected by
changes in the optical properties of the polymer. The area of the
chromatogram is converted into a concentration of soluble polymer by
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versus composition for statistical copolymers of styrène and acrylonitrile:
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Nguyen et al. [7].

comparison with a calibration plot of peak area vs. polymer concentration,
established by injecting known concentrations of unirradiated polymer.
Excellent agreement was obtained between experimental results for polystyrene
using this technique, and data in the literature determined by other methods,
which suggests that there is no significant solubility difference between the
two phases for this polymer/solvent system.

This procedure for measurement of the soluble fraction after irradiation
was extended to an approximately equimolar, statistical copolymer of styrène
and acrylonitrile to derive values for G(scission) and G(crosslink), which were
compared with measurements for the two homopolymers and also with values
for copolymers of similar composition reported by Burlant and Taylor [6] and
by Nguyen et al. [7], as shown in Fig. 1. The results are consistent and
confirm the validity of the GPC method, which combined with its simplicity,
makes it very attractive for routine use.

3. DETERMINATION OF SCISSION AND CROSSLINKING BY SOLID-STATE NMR

There is evidence to suggest that crosslinking in polyolefins occurs
preferentially, or even exclusively, in the amorphous regions, since the yields
of crosslinks increase with increasing amorphous content. Furthermore, ESR
studies have shown that the rate of decay of alkyl radicals (to form
crosslinks) is accelerated in the presence of hydrogen gas [3]. Since H2 is
soluble only in the amorphous regions, it was concluded that crosslinking
reactions occurred in amorphous material. The different roles of amorphous
and crystalline regions in the crosslinking process for irradiated polyolefins
would suggest that there should be a non-uniform spatial distribution of the
crosslinks. This should have a significant effect on the correspondence

28



between the actual number of chemical crosslinks formed and the apparent
number of crosslinks determined by methods based on changes in mechanical
properties or solubility.

We have studied the radiation chemistry of ethylene-propylene
copolymers containing 23% and 36% of propylene units, which and are almost
completely amorphous [81. The radiation chemistry of these copolymers should
be simplified compared to that of the corresponding semi-crystalline
homopolymers. The role of crystalline regions could then be determined by
comparison of the G values of the copolymers with the homopolymers.

When crosslinking predominates, the molecular weight of the polymer will
increase up to the gel dose, and for higher doses only a decreasing portion of
the polymer will remain soluble after irradiation. High-resolution NMR spectra
can be obtained from solutions of polymer both below and above the gel dose.
However, the spectra will only be of the soluble polymer and some swollen
segments of the molecular chains for doses above the gel dose. Even below
Dg the crosslink regions will have reduced molecular flexibility and mobility,
and the intensity of their resonances in the NMR spectra will be decreased.

Solid-state NMR spectra obtained with magic-angle spinning, cross-
polarization and high-power dipolar decoupling does enable complete spectra
to be obtained from crosslinked polymers after irradiation. The spectra have
broad peaks compared to solution spectra, and consequently have poorer
resolution, but they can be extremely informative about the chemical changes
that have taken place during irradiation.

We have observed two significant differences between the experimental
13C NMR spectrum of ethylene-propylene copolymers above the gel point and
the spectrum simulated from the solution spectrum of the unirradiated
copolymer with an increased line width. These differences are a broad
resonance around 40-46 ppm assigned to crosslink structures and a small peak
at 15 ppm assigned to methyl groups at new chain ends formed by main-chain
scission. The experimental solid-state 13C NMR spectrum of a copolymer
containing 23% propylene after irradiation to 10 MGy is shown in Fig. 2 and
compared with a theoretical simulated spectrum based on the peak positions
and relative intensities observed in the solution spectrum of the unirradiated
polymer, but with the line width increased to 100 Hz. The predicted
positions of the crosslinked structures expected from the radical assignments
resulting from analysis of ESR spectra are shown in Fig. 2 and are in
agreement with the positions of the new broad peak.

We have extended the solid-state NMR procedure to radiation-induced
crosslinking of diene rubbers, where the decrease in C=C bonds corresponds to
the formation of a broad resonance around 40-50 ppm attributed to crosslinks.

4. MECHANISM OF CROSSLINKING: H-LINKS AND Y-LINKS

The normal structure of a crosslink in an irradiated polymer is
considered to be a covalent bond between two chains. Free radical and ionic
mechanisms have been proposed for the formation of these crosslinks which
are known as H-links. Thus, two main-chain radicals may recombine to form
a dimer. Chain scission is considered to occur as a separate event and there
is no relationship between G(scission) and G(crosslinking).

Crosslinking of polymer chains may also occur through the formation of
end-links, where the end of one polymer chain becomes attached to the
backbone of another polymer molecule. Two mechanisms have been proposed
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Fig. 2. Solid-state 13C NMR spectrum of ethylene-propylene copolyraer
containing 23% propylene after Y irradiation in vacuum at 25 «C to 10 MGy
and simulated spectrum (dotted line) for the unirradiated copolymer.

for the formation of end-links, depending on whether chain scission is
involved. In one mechanism, a radical on the backbone of one molecule reacts
with a double bond at the end of another molecule to form an end-link, or Y-
link as it is frequently called. This mechanism has been proposed by Randali
et al. [9] as the predominant crosslinking reaction in polyethylene for low
doses. An alternative end-linking mechanism is main-chain scission to give
one or two reactive chain ends which then attach to the backbone of a
second molecule to form the end-link [10]. This mechanism requires
unsaturation in the main-chain, i.e C=C, or phenyl rings, or the less probable
reaction with free radicals on the backbone chain. The chemical reactions
proposed for formation of the two types of crosslinks are shown in Fig. 3.

On average the molecular weight will increase by a factor of 1.5 for
every end-link formed, giving a different effect on the molecular weight
distribution than H-links, and thus the equations relating molecular weight to
G(scission) and G(crosslinking) will be dependent on the mechanism of
crosslinking. The possibility of end-linking in the radiation degradation of
polyarylene sulfone has been considered, and circumstantial evidence obtained
in its favour from several techniques, including determination of G(scission)
and G(crosslinking) below the gel dose from molecular weights, above the gel
dose from soluble fractions, and by observation of structural changes using
NMR.

5. IRRADIATION UNDER AN APPLIED STRESS

When bisphenol-A polyarylene sulfone was irradiated with an electron
beam from a Van de Graaff accelerator while simultaneously subjected to a
tensile stress the creep rate was greatly accelerated even at stresses much
lower than the normal yield stress. Consequently, the service lifetime of the

30



- CH2 - CHR - CH2 - -̂ V*1 - CH2 - CHR

A chain-end radical

-s*\f-* - CH2 -CR - CHZ -
B backbone radical

- CH2 - CR - CH2 - - CH2 - CR - CH2 -

CIÎ2 CIi2
+ || ———> | Y-link

CH CH

- CH2 - CR - CH2 - - CH2 - CR - CH2
CHR CHR

CH-2 CH.2
I I Y-link

- CH2 - CR - CH2 - - CH2 - CR - CH2 - H-link

Fig. 3. Mechanisms proposed for the formation of H-links and Y-links in
the irradiation of polyolefins.

polysulfone is greatly reduced by the synergistic effect of these two
parameters. Similar behaviour was observed for a variety of amorphous
polymers with both aliphatic and aromatic molecular structures below their
glass transition temperatures.

Films of bisphenol-A polyarylene sulfone were cast from solution and
thoroughly dried with heating to remove solvent. Specimens (100 mm x 5
mm) were mounted on an aluminium plate inside a cylindrical irradiation
vessel, which was attached to the end of the accelerator flight tube. This
irradiation vessel contained inlet and outlet ports to enable a continuous flow
of an environmental gas which could be cooled or heated, or used to maintain
a pumping vacuum on the sample. The dose rate could be varied by
adjusting the position of the sample from the window of the accelerator as the
beam dispersed with an angle of 45°. A constant stress was maintained on
the specimen by suspending weights outside the irradiation vessel. The
strain of the specimen was monitored continuously be a resistance
extensometer.

The elongation of the specimen with time is shown in Fig. 4. The
stress was applied to the specimen at point A, resulting in a rapid extension,
followed by a slow rate of creep, B-C. On commencement of irradiation, the
creep rate increased markedly (C-D) and the sample failed by fracture at D.
The creep rate could be determined from the slope C-D, the elongation to
failure from the projection of C-D on the Y axis and the dose to failure from
the projection of C-D on the X axis.
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Pig. 5. Log(time to failure) versus applied stress for bisphenol-A
polyarylene sulfone. (•) irradiation at 20 °C. (©) without irradiation.

The effect of simultaneous stress and irradiation on reducing the service
lifetime of the polymer is shown in Fig. 5, where the logarithm of the time (or
dose) to failure is plotted against the applied stress. The line I-J
represents the behaviour without irradiation and F-G-H is the behaviour with
irradiation. It can be seen that the relative acceleration of degradation and
reduction in lifetime of the specimen is greatest at low stresses. The slope
of the line F-G and the intercept at zero stress are quantitative indicators of
the enhancement of degradation during irradiation by simultaneous application
of a tensile stress.
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The effect of irradiation temperature on the degradation of the polymer during
irradiation under an applied stress was to enhance the rate of creep. There
is a substantial decrease in lifetime with increasing temperature.

We have shown that the effect of stress is not confined to bisphenol-A
polyarylene sulfone by studying a variety of polymers in the amorphous glassy
state. Similar enhancement of the degradation, i.e. reduction in service
lifetime, is shown in Fig. 6 for polydnethyl methacrylate), polystyrene, poly
arylene ether sulfone and poly(ethylene terephthalate). It is evident that
this is a general phenomenon. This type of behaviour was reported in an
early series of papers for both ionizing and UV irradiation, mainly with silk
and nylon, but also including some other polymers [11,12).

Several explanations have been proposed for the accelerated creep rates
under irradiation and simultaneous stress, but it has not been possible to
distinguish between them. The suggested possibilities are:

(1) Local heating at the site of energy absorption, particularly at the end of
electron tracks where there is a high LET, i.e. energy deposition. However,
similar enhancement of creep rates is observed with UV irradiation of polymers
where the energy deposited is much less.

(2) Embrittlement of the glassy polymer by the formation of gaseous products
from the irradiation. It is known that the gases evolved during the
irradiation of polymers may be trapped in the glassy state and cause
substantial internal pressures to develop in the sample, which leads to
crazing and cracking. However, some of the polymers produce only very
small amounts of volatile products - mainly hydrogen - which may be
expected to diffuse through the polymer.

200

Fig. 6. Log(time to failure) versus applied stress for various polymers
irradiated at 20 «C. PET - poly(ethylene terephthalate}; PSO -
bisphenol-A polyarylene sulfone; PESO - polyarylene ether sulfone; PS -
polystyrene; PMMA - polydnethyl methacrylate).
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(3) Macroscopic stresses on polymer materials are not uniformly distributed
and some extended, or tie, molecules carry a disproportionate amount of
stress. This pre-stressing may provide a significant proportion of the
activation energy required for bond cleavage, and will also result in
disruption of solid-state structure, i.e. developments of micro-cracks, leading
to failure. This would suggest that the applied stress would not result in
any increase in the average degradation of the polymer, i.e. to changes in
molecular weight, soluble fractions, or gaseous products.

6. CONCLUSIONS

The GPC technique is very convenient for measurement of the soluble
fractions of irradiated polymers and is applicable to small samples of powdered
polymers, unlike most other methods, thus enabling determination of values for
G(scission) and G(crosslink) above the gel dose.

Solid-state, 13C NMR spectroscopy has been shown to be a powerful
technique to observe and measure directly new molecular structures resulting
from scission and crosslinking in irradiated polymers.

Comparisons of scission and crosslinking yields obtained from a variety
of techniques, especially directly from solid-state 13C NMR spectra and
indirectly from molecular weights below the gel dose and soluble fractions
above the gel dose enable the uniformity of the spatial distribution of these
events to be tested.

We have shown that the service lifetimes of a variety of amorphous
thermoplastic polymers below their glass transition temperatures in a radiation
environment are greatly reduced if the sample is subjected to a simultaneous
stress. The normal thermal creep rate is greatly enhanced and brittle failure
occurs at the normal ultimate elongation. The occurrence of this phenomenon
in a variety of polymers indicates that it has serious implications for
irradiation of polymer materials in load-bearing applications, and particularly
where there are regions of stress concentration.
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LINEAR ENERGY TRANSFER EFFECTS IN POLYMERS

W. SCHNABEL, S. KLAUMÜNZER
Hahn-Meitner-Institut Berlin GmbH,
Berlin

Abstract

Polymethacrylonitrile (PMCN) and polystyrene (PSt) were
irradiated in the absence of 0„ with heavy particle radiations: 275
MeV ?~Ne7+ ions, 6.5 MeV ̂ Ar2+ions and 180 MeV 4QAr8+ions. In theiu lo lo
case of PMCN the 100 eV-yield of main-chain scission was found to
decrease with increasing LET, (-dE/dx in MeV/pm): G(S) = 3.3-3.6 at
-dE/dx = 2xlO~4 (6°Co-7-rays), G(S) = 0.5 at -dE/dx = 0.43 (Ne?+

giions) and G(S) = 0.4 at -dE/dx = 2.5 (Ar ions). In the case of PSt
the 100 eV-yield of crosslinks was found to be independent of LET
within the error limit of the measurements: G(X) = 0.05 at -dE/dx =
2xlO~4 (6°Co-7-rays), G(X) = 0.05 at -dE/dx = 0.37 (Ne7+ions), G(X)
= 0.04 at -dE/dx = 2.2 (Ar2+ions) and G(X) = 0.04 at -dE/dx = 2.3

PI
(Ar ions). These results are critically discussed with respect to
up to 100-times higher G(X) values reported by other researchers for
irradiation of PSt with high LET radiations. The dependence of G(S)
on -dE/dx observed with PMCN, and also with polymethylmethacrylate,
is explained in terms of an increasing probability of
radical-radical reactions and an increasing probability of
ionizations and excitations occurring in neighboring repeating units
with increasing LET of the radiation. The independence of G(X) found
for PSt is explained in terms of crossslinking being a free radical
process, the occurrence of which does not become less likely with
increasing LET because of the extremely low free radical yield in
this polymer. Therefore, radical-radical reactions do not become
more probable with increasing LET in this case. -
Poly-2-chloroethylmethacrylate (PMCMA) turned out to be a probe
material for evidencing pronounced temperature increases in the
polymer sample during irradiation at high LET: PMCMA was crosslinked
to an insoluble gel, if not cooled carefully during irradiation. It
underwent predominant main-chain scission, however, if sufficiently
cooled.
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1 . I N T R O D U C T I O N

Whereas radiation chemical research on polymers concentrated
for several decades on the utilization of radiations of low linear
energy transfer (LET) such as y-rays and electron beam radiation, at
present, interest in effects caused by high LET radiation such as
ion beam radiation is growing [1-14], This is due to the fact that
ion beam radiation can be applied in surface modification and
microlithography, techniques used in the production of wave guides
and microelectronic devices, respectively. The recent interest in
practical applications also initiated various activities concerning
the fundamentals of radiation effects caused by high LET radiation.
Research work following this line was also carried out at the
Hahn-Meitner-Institute, and in this paper we report on results
obtained in irradiating several polymers with ion beam radiation
generated by the accelerator VICKSI (van de Graaff Isochron
Cyclotron Kombination für schwere Ionen) in Berlin. The data will be
compared with those obtained by colleagues in other laboratories.

Some time ago it was demonstrated that »-particle-induced
main-chain scission in polymethylmethacrylate occurs at random
provided the polymer specimen is irradiated homogeneously [2]. In
order to meet this condition a stack of thin foils was exposed to a
beam of 45 MeV ff-particles. The thickness of the foils was chosen so
that the total range of the particles was subdivided into more than
10 sections. Molar mass determinations (via GPC) of the single foils
subsequent to irradiation revealed that the molar mass distribution
remained random over the whole range of absorbed dose. It was,
therefore, concluded that main-chain scission occurred at random not
only at low but also at high LET, -dE/dx (frequently also denoted as
"stopping power"). In that work it turned out, moreover, that the
radiation chemical yield of main-chain scission, G(S)j was (within
the error limit) independent of the particle path length x as far as
losses of up to 80 % of the initial particle energy are concerned.
Upon increasing -dE/dx by a factor of about 3000, G(S) decreased
only by a factor of about 5. For the relatively small changes in
-dE/dx applying to very thin foils, i.e. foils possesssing a
thickness equal to only a small fraction of the the total particle
range, changes in G(S) with x were not detectable. These results
encouraged us to extent our investigations also to other polymers
with the aim to obtain accurate G values of crosslinking, G(X), and
main-chain scission, G(S). Employing similar experimental conditions
as in the studies described in the earlier paper [2] the influence
of LET on crosslinking of polystyrene (PSt) and on main-chain
cleavage of pölymethacrylonitrile, PMCN, was studied.

It may be emphasized that experimental results obtained with
samples extending in size the particle path length can readily lead
to the conclusion that main-chain cleavage or crosslinking do not
occur at random. However, results which seem to indicate "non-ran-
domness" in these cases, should rather be interpretated in terms of
inhomogeneous energy deposition. Difficulties of this kind were
overcome in the present work by employing irradiation conditions
which guarantee homogeneous energy deposition.
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2 . G E N E R A L A S P E C T S C O N C E R N I N G T H E
A C T I O N O F D I F F E R E N T R A D I A T I O N S

O N P O L Y M E R S

Differences in the action of different radiations on polymers
can be characterized in terms of the dependence of radiation
chemical yields, such as G(S) or G(X) on the stopping power, -dE/dx,
the particle energy E (correctly speaking: the velocity of the
particle) and the absorbed dose rate, Dr , . With respect to
main-chain scission these dependencies can be formulated by eq.(l):

G(S) = f(-dE/dx, E, (1)
As far as ion beam radiations are concerned the dependence of
radiation chemical yields on -dE/dx has been investigated to some
extent. Notably, very little is known, however, on the dependence of
G values on the particle energy and on the absorbed dose rate.

Regarding the dependence of G on E it has to be considered that
the structure of the tracks depends on E. In this connection it is
interesting to refer to theoretical work of Chatterjee [14]
according to which track structures can be characterized in terms of
r and r , the radii of core and penumbra. As can be seen from Fig.lc p
the two radii depend quite differently on the particle energy E,
which is here expressed in units of MeV per nucléon. The drastic
increase of r relative to r implies that chemical effects inducedp c
by 0 rays should become more and more important as the particle
energy increases. In Fig.2 the stopping power of polystyrene against
argon ions is plotted vs. the particle energy. It is seen that, for
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Fig.l. Penumbra radius r and core radius r vs. the particle energy.

(After Chatterjee [14]).
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Fig.2. Dependence of the stopping power of polystyrene against ?nAr18
ions on the particle energy. (Calculated with the aid of the
computer code TRIM [15]).

E > 10 eV, -dE/dx passes through a maximum, and notably argon ions
of quite different energy are dissipating energy in the polymer with
the same -dE/dx. For example, about equal -dE/dx values apply for
particle energies E = 2 MeV and E = 300 MeV. Since the track
structure should differ significantly in these cases, the question
arises as to whether these differences are connected with
differences in G values. In other words, the influence of track
structure effects on radiation chemical yields can be principally
investigated by carefully measuring the dependence of G(S) or G(X)
on the particle energy.

Another aspect of general importance refers to the fact that
heavy particles lose energy by various modes of interaction with the
absorbing material, the important modes for the relevant range of
particle energies being interaction with shell electrons referred to
as "electronic" loss and interaction , i.e. collisions, with nuclei
referred to as "nuclear" loss:

(-dE/dx)total = (-dE/dx)el (-dE/dx)nucl (2)

Collisions of heavy particles with nuclei might lead to chemical
alterations in the absorbing material differing qualitatively and
/or quantitatively from those resulting from interactions with shell
electrons. The loss fractions applying to nuclear and electronic
interaction can be calculated. Typical results of such caculations
obtained with the aid of the computer code TRIM [15] for argon ions
and polystyrene as stopping material are presented in Fig.2. It can
be seen that, at relatively low particle energies, energy loss by
nuclear collisions is predominant. At high particle energies, on the
other hand, the nuclear loss is relatively small and can be
neglected in discussions concerning possible differences in the mode
of action of ion beam radiations. Additional results are presented
in Table I and Fig.3. Table I contains data relevant to ion beams of
relatively low energy that were utilized for surface modifications
in several laboratories. It is recognized that in the cases of 0.2
MeV Ne and 0.4 MeV Ar ions, the nuclear loss fraction is
significantly high. Fig.3 presents data concerning ion beam
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Fig.3. Stopping power of methacrylonitrile against 20,, 7+ . ,_,..„Ne ions (E =

275 MeV) vs. the projected particle path length x. The total
particle range is 425 /im. The range on the abscissa applies
approximately to the thickness d of the polymer f i lm . Left
ordinate: electronic stopping power. Right ordinate: nuclear
stopping power.

7+radiation used in this work, namely the absorption of 275 MeV Ne
ions in polymethacrylonitrile. Here (-dE/dx) , and (-dE/dx) , are
plotted vs. the particle path length. In this case, the fraction of
energy loss due to nuclear collisions contributes only very little
to the total energy loss.

3. E X P E R I M E N T A L S E C T I O N

3.1. Polymers

The polymer samples used in this work are listed in Table II.
Poly-2-chloroethylmethacrylate (PMCMA) was synthesized by free
radical polymerization of 2-chloroethylmethacrylate at 60 C using
AIBN as initiator. The monomer was obtained by esterification of
methacrylic acid with 2-chloroethanol. The polymer was reprecipi-
tated several times from acetone solution with methanol.

Polymethacrylonitrile (PMCN) was synthesized by radical
polymerization of methacrylonitrile at 75 C using AIBN as initiator
as described elsewhere [16]. The polymer was reprecipitated several
times from acetone solution with methanol.

The polystyrene samples were standards purchased from Pressure
Chemical Co.
3.2. Determination of molar mass distribution

Molar mass distributions were determined by gel permeation
chromatography (GPC) using an apparatus from Knauer, Berlin. In the
cases of PMCMA and PMCN a set of three Shodex columns was used (one
A-800 P and two A-80 M, 8.0x500 mm columns). Acetone served as
eluent. In the case of PSt a set of three Ultropac columns was used
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Table I. Total stopping power of polystyrene and fractions of
electronic and nuclear energy loss as calculated with the aid
of the computer code TRIM [15] for He, Ne and Ar particles of
relatively low energy.

Particle Radiation

He
(EQ= 100 keV)

Ne
(E = 200 keV)

Ar
(E = 400 keV)

-(dE/dxW
(MeV/fim)

0.142

0.37

0.70

f .*>el
(%)

98.6

78

71

f **>nucl
(%)

1.4

22

29

(dE/dx)el/(dE/dx)total

(one TSK Guard H6 and two TSK 6500, HXL 5 /im, 7.8x300 mm columns).
The eluent was tetrahydrofurane. Calibration curves were available
only for PMCN and PSt.

3.3. Preparation of polymer films

The polymers were dissolved in appropriate solvents: PMCMA in
2-ethoxyethylacetate (35 % by weight), PMCN in cyclohexanone (30 %
by weight) and PSt in 2-ethoxyethylacetate (30 % by weight). The
solutions were cast on glass plates with the aid of a motorized
applicator (Erichson, model 509/1). After removal of the solvent by
heating in a vaccuum oven, at first at 150°C for 45 minutes and,
subsequently, at room temperature for several days, the polymer
films were detached from the supports and cut to appropriate size.

3.4. Irradiation of polymer films

Polymer films were placed in a vaccuum chamber (2x10 mbar),
at the beam line of the heavy ion accelerator VICKSI. Irradiations
were carried out with 275 MeV 6.5 MeV *gAr2+ and 180 MeV
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Table II. Polymers

Polymer

PMCMA-1

PMCMA-2

PMCN-1

PMCN-2

PSt-1

PSt-2
PSt-3

PSt-4
PSt-5

Mw

3.5xl05

c
2.3x10°

3.5xl06

1.4x10

5.3xl05
r

4.8x10
f.

1.6x10
r

2.7x10°
1.8xl06

Mn

2.5xl05

r
0.6x10

2.2xl06

7.6x10

S.lxlO5
r

4.4x10
r

1.3x10°
c

2.3x10
1.4xl06

P

(g/cm3)

1.33

1.19

1.04

.„ ions. For irradiations with Ar ions polymer films were either
coated with a 0.25 ftm gold layer on one side and placed in metal
frame holders or coated on copper supports. This way a significant
increase in temperature during irradiation was prevented. In the
case of neon ion irradiations, metal bars with tubular openings (d
0.6 cm) were used as sample holders. The beam current was kept low
(typically at 0.2 nA). To ensure homogeneous irradiation conditions
the particle beam was scanned over the polymer film with the aid of
a wobble magnet (horizontal frequency 700 Hz, vertical frequency 24
Hz).

3.5. Determination of the stopping power
The stopping power was calulated as described earlier [2] using the
computer code TRIM [15]. These calculations revealed that, in the
present case, energy loss was overwhelmingly due to "electronic"
processes. The portion of energy loss corresponding to nuclear
collisions was less than 0.1 %. A typical result of the calculations
is presented in Fig.l where "electronic" and "nuclear" energy loss
are plotted vs, particle length. Table III, referring to experiments
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Table III. Characteristics of particle irradiation of polymers:
r

Total stopping power, -dE/dx, and range, R, of 275 MeV Ne
and 180 MeV Armions.

N. Particle
\Radiation

Polymer N.

PMCMA
PMCN

PSt

Of) yj.J0Ne , EQ = 275 MeV

-dE/dx *)
(MeV/dx

0.37
0.43
0.37

R
(/im)

420
400

460

d**>
(/im)

35
20

20

40. 8+ E = 180 MeV
18Ar , o

*)-dE/dx '
(MeV/dx

2.4
2.5
2.3

R
(/im)

70
64
72

d**)
(/im)

35
20

20

*)
**)

average stopping power for the film thickness d
film thickness at experiment

7+ 8+carried out with 275 MeV Ne and 180 MeV Ar ions, shows values of
the average stopping power -dE/dx, the projected particle range R
and the thickness d of the films. It can be seen that, in all cases,
d was significantly smaller than R, From Fig.l it becomes obvious
that -dE/dx increases only very slightly when particles traversed
the polymer film, i.e. the energy deposition along the tracks was
rather uniform.

3.6. Determination of the exposure dose and the absorbed dose
2The exposure dose D , in particles/cm , was determined

according to eq.(3) (see also [2]):
o

D = 6.25x10exp
18 cup

1coll _

4.1 i ndt
tj coll

zF (3)

Here, t is the irradiation time, i is the current (in A) hitting
OU JL)

the Faraday cup which was placed in front of the film before and
after irradiation, i ,, is proportional to i . The collimator had
a rectangular aperture F that was located in front of the target and
the Faraday cup. z is the number of elementary charges per particle.

18The factor 6.25x10 designates the number of elementary charges
conforming to 1 As. The error in D was less than 10 %.0 exp
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The absorbed dose D , (in eV/g) was calculated according to
eq.(4):

dE
D , = —— Dabs p exp dx (4)

Here, p is the mass density of the polymer (see Table .II), D is
Jr

the exposure dose and -dE/dx denotes the average stopping power in
the sample.

3.7. Determination of G(S) and G(X)
In the case of PMCN, G(S) , the number of main-chain scissions

per 100 eV absorbed by the polymer was determined according to
eq.(5):

(5)

Here, M and M n denote the number average molar mass before and' n,o n,D °
after irradiation, respectively. N is Avogadro's number and D , is
the absorbed dose (in eV/g).

In the case of PSt, G(X), the number of crosslinks per 100 eV
absorbed by the polymer, was determined according to eq. (6):

100 NG<x> - ~

100 N
n f n \ ^*G ( S ) - D

r 1 1 -,
M M

n , D n , o

w,o gel
Here, M denotes the initial weight average molar mass of thew,o
polymer and D , is the gel dose in eV/g.gel

4. R E S U L T S
4.1. Polymethylmethacrylate
This polymer undergoes main-chain scission upon irradiation with
high energy radiation. Simultaneous crossl inking was not detected.
In Fig. 4 the 100 eV yield of main-chain scission, G(S), is- plotted
vs. the stopping power [2], [7]. G(S) decreases steadily with
increasing -dE/dx from G(S) «1.5 (7-rays) to G(S) « 0.3 (90 MeV

4.2. Polymethacrylonitrile
7+ 8+When PMCN films were irradiated with Ne or Ar ions the average

molar mass decreased. These results resembled findings obtained
earlier upon irradiation of this polymer with low LET radiation
(7-rays or X-rays) [17] , [18] , [19] . Results obtained in the case of
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Fig.4. Main-chain degradation of polymethylmethacrylate (PMMA). G(S)
vs. the stopping power of PMMA against different kinds of
radiation: from left to right: °Co-7-rays, 45 MeV ff-particles,
0.1 MeV protons, 210 MeV Ne ions, 90 MeV oxygen ions. The data
were taken from réf. [2], apart from (+) which was taken from
[7].

Ne ion irradiation are presented in Fig.5, where the reciprocal
number average molar mass is plotted vs. the absorbed dose. The
slope of the straight line corresponds to G(S) = 0.5. Irradiation of
PMCN with 180 MeV Ar ions yielded quite similar results. 1/M
increased on increasing the absorbed dose up to 4.5x10 eV/g. G(S) =
0.4 was found. It can be seen from Table IV that G(S) deceases with
increasing -dE/dx. Obviously, PMCN exhibits the same bevavior as
PMMA.

4.3. Poly-2-chloroethylmethacrylate
PMCMA also undergoes predominantly main-chain scission upon
irradiation with radiation of low stopping power such asfinCo-7-rays. In this case, the 100 eV-yields of main-chain scission
and crosslinking were determined : G(S) =6.7 and G(X) =1.1 [23].
Upon irradiation of PMCMA films with 275 MeV Ne7+ ions or 180 MeV
8+Ar ions the average molar mass decreased indicating predominant

main-chain scission. This was inferred from GPC measurements. Since
a calibration curve was not available for this polymer, G(S) could
not be calculated. However, the experiments with PMCMA led to
interesting conclusions regarding thermal effects accompanying the
absorption of heavy particle radiation in polymers: PMCMA films not
coated with gold became insoluble due to intermolecular crosslinking

8+when they were irradiated with 180 MeV Ar ions at absorbed doses
21exceeding 1.2x10 eV/g. Films coated on one side with gold, remained

soluble, on the other hand. Crosslinking of the uncoated films is
presumably caused by a drastic increase in temperature as a
consequence of insufficient heat transport. This assumption was
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Table IV. Main-chain scission of polymethacrylonitrile (PMCN) induced
by radiations of different LET in the absence of oxygen.

Radiation

finCo-y-rays

X-rays
(-1: ca. l nm)

20„ 7+
10Ne

40. 8+
18Ar

Eo
(MeV)

ca. l

ca.10"3

275

180

-dE/dx
(MeV//tm)

2xlO~4

2xlO~4

0.43

2.5

G(S)

3.3

3.6

0.5

0.4

References

[17], [18]

[19]

[1]

[1]

substantiated by thermal degradation experiments which showed that
PMCMA crosslinked readily upon heating in vacuo to temperatures
around 220°C. Since a one hour-heat treatment at 100°C did not
affect the molar mass of the polymer it is not possible, however, to
estimate on the extent of radiâtion-induced temperature rise since
it is probable that the combined action of radiation and heat lowers
the onset of crosslinking to a temperature significantly lower than
the onset temperature for pure thermal crosslinking. In conclusion,
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Fig.6. Irradiation of polystyrene with 275 MeV ?nNe7+ ions. Reciprocal
weight average molar mass vs. the absorbed dose, (a) PSt-1;
(b) PSt-3

it appears that PMCMA can serve as relatively sensitive probe for
sufficient heat transport during irradiation of polymers with heavy
particles.

4.4. Polystyrene
2+Polystyrene crosslinked upon irradiation with 6.5 MeV Ar ions, 180

8+ 7+MeV Ar ions or 275 MeV Ne ions. Typical results are presented in
Fig.6, which shows that the reciprocal weight average molar mass
decreased with increasing absorbed dose. At absorbed doses exceeding
the gel dose, D ,, the films became partially insoluble indicating
crosslinking. G(X) values calculated from the gel dose according to
eq.(6) are presented in Table V. Notably, the G(X) values obtained
for densely ionizing radiations are, within the error limit, equal
to G(X) = 0.05, i.e. equal to G(X) reported in the literature for

f\C\sparsely ionizing radiation, such as Co-7-rays [20],[21],[22].
Also in our laboratory, G(X) = 0.04 was obtained from D ,gel

findeternined for Co-7-irradiation of PSt in vacuo. It should be
noted that the evaluation of G(X) for heavy particle irradiations
was based on the assumption that main-chain scission is negligible
as in the case of sparsely ionizing radiation. Although this
assumption was not experimentally substantiated in this work, it can
be concluded that G(X) values calculated according to eq.{6) were
too high if G(S)> 0 had to be taken into account. In this case, G(X)
would decrease with increasing -dE/dx, in contrast to statements by
other researchers (Egusa et al.[24],Zverov et al. [25], Calcagno et
al. [11], Puglisi et al. [12], Aoki et al. [4]), who claimed that
G(X) increases with increasing -dE/dx. As is noticeable from Table
IV, G(X) does not depend on Eo (within the error limit). Thus, a
track structure effect cannot be inferred from our results.
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Table V. Crosslinking of polystyrene (PSt) induced by radiations of
different LET in the absence of oxygen

Radiation

Co-7-rays

20.. 7+
10Ne

40. 8+
18Ar

40. 2+
18Ar

Eo
(MeV)

ca. l

275

180

6.5

-dE/dx
MeV//im)

2xlO~4

0.37

2.3

2.2

Mw,o

1.6xl05

5.3xl05

4.8xl05

2.7xl05

l.SxlO6

Dgel
(1021eV/g)

3.6

1.1

2.0

2.3

0.4

G(X)

0.05 *)

0.052

0.051

0.03

0.049

0.043

*)réf. [20], [21] [22]

5. D I S C U S S I O N
5.1. Assessment of radiation chemical yields

A comparison of G values obtained in this work with those
reported by other researchers yields agreement in the case of PMMA
concerning both absolute values and the observed trend: a decrease
in G(S) with increasing stopping power. Our results obtained with
PSt, on the other hand, are at variance, both with respect to the
magnitude of G(X) and to the dependence of G(X) on -dE/dx. Our
results are presented in Table V, where it is shown that G(X) is
independent of the stopping power within the error limit of the
measurements. G(X) = 0.04 ± 0.01 measured in the case of ion beam60irradiations is equal to G(X) = 0.05 found for Co-y-irradiations
at much lower stopping power. Other authors reported an increase in
G(X) with increasing -dE/dx [4],[11],[12],[24][25]. According to
Calcagno et al.[113 G(X) = 0.3, i.e. about one order of magnitude
higher than our value. In this case PSt was irradiated with various
ion beams (0.1 MeV He, 0.2 MeV Ne and 0.4 MeV Ar ions). Notably, the
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same G(X) value was found for the the different radiations, although
the nuclear energy loss fraction varied significantly as can be seen
from Table I. On the basis of these results [11] it cannot be
concluded that the rather high G(X) value reflects an effect based
on the specific action of nuclear collisions. If such an effect
would exist, G(X) for 0.4 MeV Ar ions would probably be higher than
G(X) for 0.1 MeV He ions.

Regarding the discrepancies in results, also dose rate effects
must be considered. In the studies referred to above [11], [12],
e.g., the absorbed dose rate was very large, about 1000 W/g, i.e.
several orders of magnitude larger than in our experiments with Ar
or Ne ions (1.2 W/g, in the case of 180 MeV Ar8+ions, 0.055 W/g in

7+the case of 275 MeV Ne ions). Even, if radiation chemical dose rate
effects were negligible, thermal effects might give rise to an
increase in G(X) values, because the major fraction of the absorbed
energy is converted to heat. Thermal effects are expected if the
sample temperature exceeds the glass transition temperature (for
PSt: T Ä 105°C). At absorbed dose rates in the order of 1000 W/g an

O
increase in temperature to T>T is quite feasible.

0

Very large G(X) values, about two orders of magnitude larger
than our values, were recently reported by Aoki et al. [5], who+ + +irradiated PSt with H , He or N ions and investigated the
dependence of G(X) on E . G(X) =5.1 was found, e.g., for° +irradiation of PSt with 0.7 MeV He ions.

5.2. Considerations concerning the influence of stopping power on
G values
Concentrating on work carried out in our laboratory, the

important results apparently apply to the findings that in the cases
of polymethylmethacrylate and polymethacrylonitrile, the main-chain
scission yield G(S) decreases with increasing stopping power,
whereas in the case of polystyrene the yield of crosslinking G(X) is
independent of the stopping power. It seems that these results can
be explained on the basis that the action of different kinds of
radiation is qualitatively similar as long as the absorption of
radiation is overwhelmingly due to "electronic" energy loss. The
similarity concerns the formation of intermediates ( electronically
excited molecules, free ions and free radicals). Stopping power
effects concerning the nature of reaction products and product
yields are considered to be due to reaction probabilities that
strongly depend on the local concentration of intermediates.
Obviously, the intermediate concentration is very high in the tracks
of heavy particles. Hence, it is concluded, that the apparent
inefficiency of densely ionizing particles to reduce the molar mass
of PMMA and PMCN to the same extent as sparsely ionizing radiation
is not due to an inefficiency of the radiation to split bonds and
generate free radicals but rather to the following facts applying to
heavy particle tracks: (a) the combination of free radicals is
favored over other reactions and (b) neighboring repeating units are
almost simultaneously affected quite frequently. Small fragments,
thus formed, would not be detectable by molar mass determinations of
irradiated polymers. The question now arises as to whether in the
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case of PSt the independence of G(X) on -dE/dx conforms to this
concept. An answer to this question might be found by considering
crosslinking being a free radical process. A simple mechanism
regarding reactions of macroradicals concerns the competition of
reactions (7) and (8):

R' + R' ———— > R-R (crosslinking) (7)
R* or R'*

R' + X ———— > R'* ———————— > non-crosslinked (8)
product

(X: intact macromolecule, additive, impurity)
In order to make an estimate on the magnitude of the reaction

probability -p^ of reaction (7) it is assumed that tracks can be
treated as isolated systems. Accordingly, eq.(9) should hold for the
competition of reactions (7) and (8) in tracks:

p = —— :___ — _____ (9)
'

Therefore (Crosslinking should be favored over other reactions, such
as reaction (8), at high local concentrations of macroradicals
(k~[R']» k.[X]). However, if the initial radical concentration in
heavy particle tracks is very low, p~ will be affected only weakly
as compared with the case of the absorption of low LET radiation. It
is assumed that such a situation applies for polystyrene. In this
case, a possible faint dependence of G(X) on -dE/dx will be undetec-
table within the error limit of the measurements.

It should be pointed out that these considerations are based on
the assumption that, in the case of PSt, the free radical yield is
very low, not only when sparsely ionizing radiation is absorbed
(which is a well known fact) but also in the case of the absorption
of densely ionizing radiations. When sparsely ionizing radiations
are absorbed by PSt, a large fraction of the absorbed energy applies
to the formation of electronically excited states undergoing
nonchemical deactivation. This refers to deactivation processes not
leading to the formation of free radicals. A large fraction of the
absorbed energy appears also to apply to electronic excitations
being deactivated without inducing chemical reactions, when densely
ionizing radiation is absorbed by polystyrene. Following this line,
it seems that this fraction is independent of -dE/dx. Otherwise G(X)
should not be independent of -dE/dx.
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Abstract

Irradiation effects of n-paraffins and squalane as the model
compounds of polymers were investigated by products analysis.
Four n-paraffins of C_20H42J ^21H44' ^23^48' anc^ ^24H50» an<^squalaneCCoQU^n) were xrradiatea by gamma rays under vacuum in
crystalline and liquid or glassy state. The evolved gases were
analyzed by gas chromatograpy and the changes of molecular weight
were analyzed by liquid chromatograpy and mass spectroscopy. The
G-values of crosslinking of n-paraffins were 1.2 for crystalline
state and 1.7 for liquid state irradiation, and snowed no
difference among the odd and even carbons. The G-value of
squalane was 1.7 in liquid state and 1.3 in glassy state at low
temperature of -77°C. The double bonds were much accumulated in
the crosslinked products, especially in liquid phase irradiation.
The probability of chain scission was estimated negligible,
because the a small amount of chain scission products were only
observed by gas analysis, and the most of them were the
products of scission at chain end.

Introduction

Radia t ion e f f e c t s on polymers have been s tud ied by many
r e s e a r c h e r s and the n u m e r o u s r e p o r t s and r e v i e w ( l ) w e r e
published. The principal phenomena are understood to be cross-
l inking, chain sc iss ion, and unsa tu ra ted bonds fo rma t ion .
However, the several important aspects such as the absolute G-
values of cross- l inking and chain scission, their reaction
s i t e s , e f f e c t s o f p o l y m e r m o r p h o r o g y , seem to be r e m a i n e d
unclear. ,For the investigation of radiation effect of polymers,
paraffins had been studied as the model compounds of polymers,
and the radiation chemical yields such as radical formation,
chain scission products, and isomers of dimer were determined(2).
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Nevertheless, in a great many of these works on normal paraffins
and polyetylene, which were reviewed by Unger(3), the important
aspects mentioned above seem to be ambiguous even in paraffins.
For understanding the complete range of radiation effects, it is
necessary to combine the various data determined from the same
irradiated samples.

Due to recent developments in the technology of analytical
machines, the sensitivity to detect the radiation products had
been increased significantly, and the product analysis can be
made more precisely. Hence, it is expected that the unknown
aspects of the radiation effects of polymers and the model
compounds could be resolved, and in this light it is worth
reexaminning the radiation effects using a new analytical
technique.

In the present studies, normal paraffins and squalane were
selected as the model compound of polyethylene, and ethylene-
propylene copolymer, respectively. Their irradiation effects
were i n v e s t i g a t e d by p r o d u c t s analysis using gas
chromatography(GC), liquid chromâto-graphy(LC), and mass
spectrometry(MS). The samples are irradiated at various
temperatures to observe the phase effects of the crystalline,
glassy, and liquid states.

Experimental
Samples: Normal paraffins of n-^gH^» n~^21^44J n~^23H48'
n-C24H5Q, and branched-chain of squalaneCC^nrf^) shown in table I
were used. Each sample of l g was put in a glass ampoule, as
seen in Fig.l(a) and evacuated up to 1.0 x 10~° torr, then
sealed off.

Table I. Samples used in experiments

Sample

n-Eicosane
n-Heneicosane
n-Tricosane
n-Tetracosane
Squalane

Symbol Melt . temp. (°C)

n'c20H42 36'8
n-C21H44 40.5
n-C H 47 6

n-C24H50 51.0
C30H62 ~38

Crystalline
structure

Triclinic
Orthorhombic
Orthorhombic
Triclinic
Glassy

Irradiation: Irradiation were carried out by Co-60 gamma rays at
three different temperatures: 55°C, room temperature(25°C), and

The dose rate at sample position-77°C as shown in fig.l(b).
in the glass ampoule was lOkGy/h by measurement using
dosimeter(4).

alanine
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fray source

( a ) ( b )

Fig. l (a) Glass ampoul wi th sample(A) for i r radia t ion.
(b) Positioning of glass ampoules during irradiation at

25, 55, and -77°C.

Gas analysis: After irradiation the ampoule containing the sample
was connected to vacuum system which had a pressure gauge and
gas reservoir of GC. Initially, the total pressure of evolved
gases was measured , then the gases were analyzed by two GC
machines(GC-l,GC-2) at room temperature. GC-1 has a column of
molecular sieve 5A, which analyzes H2, C ^ j . C H , and GC-2 has a
column of Polapac-S, analyzes CoH2n6' C3H6> u ' an<^compounds. Helium was used as carrier gas "for "both GC. The
details of GC system and the measurements were described in
another paper(5).
LC analysis: After the measurement of evolved gas, the sample
was dissolved into tetrahydroflan (THF) with the concentration of
1.00%. The LC machine was Waters Associates ALC-201 with
refractive index(RI) detector and ultraviolet (UV) detector. The
column of LC was JASCO Megapac Gel 201(Japan Spectroscopic
Co.LTD), and can separate the molecular weight from 200 to 3,000
of the polystylene equivalent molecular weight. The flow rate of
THF was 3.00 ml/s. Temperature of the LC machine including
column and injection-port was maintained at 25°C. The RI and UV
(worked at 254 nm) detectors were operated parallel at the same
time and the both spectra were recorded in a same chart. The
detailes were described in another paper(6)
Mass Analysis: For mass analysis, ^'^20^^-2. and n~<-'24̂ 50 wereexamined(7). The mass spectrometer was Hitachi M-80B, which can
analyze the mass number(M/e) until about 4,000. The ionization
is carried out by field desorption method. The irradiated samples
were dissolved into toluene, and was attached to the emitter for
ionization. The ionization efficiency is dependent on the sample
amount and the geometry of the emitter, then the mass spectral
pattern was variable in each analysis for the same sample.

Results and Discussion
1. Gas analysis

Total gas evolution was
about 4 MGy of the maximum

nearly proportional to dose up to
dose in this experiment for all

samples at three different temperatures. The #2 was the main
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products and 93-99% of the total, and the others were CH^, C2Hg,C^H^, CßHo, and CoHg. The C^-compounds, such as C^HiQ or C^Ro,
and the higher molecular weight compounds were produced in
concentrations below the GC detection limit.
detected as shown in Tigs.2(a,b,c,and d) . The evolution of F̂
and CÜA is proportional to dose and their yields are higher at
55°C than at room temperature and -77°C. Another gas evolution
is more progressive in liquid than in solid(crystal) phase. The
evolution of C>2^-C> increases linearly with dose only in liquid at
55°C, but it is negligible small at lower doses in crystalline
state, and increases at higher doses. The C-^^b an<^ ^3^8 are
observed only in liquid phase, but are not d e t e c t e d in
crystalline state. For n-Co,/
are the same as those from n-C2Q
are also similar to the gases in

10

(a)

o
T̂'o

the species of evolved gases
and their evolution behavior

5.2.
E/

(b)

-10

I

1 2 3Dose(MGy) 2 3Dose(MGy)

(d)

2 3Dose(MGy) 1 2 3Dose(MGy)
Fig.2 Yields of Ho(a), CH4(b), C2Hg(c), and C2H4, C3Hg(d)dose for n-ConHAo by irradiation

at 55 ( D ), 25 t O ), and -77°C ( A ).
vs
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For n-C^H^ and n-C^H^g, the species of evolution gases
were the same as with n-C2QH42 and n-C?4H5p' The yie]-ds of CH4and C2Hg from n-C21H^ are plotted in Fig.~3(a and b) . The C2Hgevolution increases linearly with dose in crystalline state, and
is very different from that of even carbon paraffins of n-C20H^2
and n - C H i .

(a)

1 2 3Dose(MGy)

-20

-10

1 2 3
Dose(MGy)

Fig.3 Yields of CHA(a), and CoHfi(b) vs dose for n-Co-,H4i by
irradiation at 55 ( Q )7 25 ( O ). and -77°C C A )•

For branched-chain paraffin of squalane (CßQH^-;,), the yield
of CH^ is about 5% of the total and CoHg was easily detected and
increases linearly with dose at any temperature, but C2H(5 and
C2H^ yields are less than those from n-paraffins. The yield of
gases in liquid phase showed no difference between 25°C and 55°C
of irradiation temperature. In glassy state at -77°C, the yields
are less than those in liquid phase.

The G-values of gas evolution in five types of paraffins were
determined and listed in Table II. For the gases whose yields are
not always proportional to dose, their G-values are determined at
the zero dose extrapolation.

For five paraffins, G(H2) in the liquid phase is almost
independent of the molecular weight and.molecular structure, but
G(H2) in crystalline state is about 70% of that in liquid phase.The G(H2) in glassy phase of squalane at -77°C is higher than
that in crystalline state of n-paraffins, so it might be nearly
equal to G(H2) in liquid phase when the irradiation temperature
is not very different.

The G(CH^) tends to decrease with increase of molecular
weight at any temperature, and the ratio of G(CH^) / number of
methyl group at chain ends per sample weight is nearly constant
for n-paraffins, so CH^ is the product of methyl group scission
at the chain end. G(CHA) of squalane is about 5 times that of n-
paraffins in the liquid phase, and the number of methyl group per
sample weight is about 3 times that of n-Co^H^Q. Therefore, the
probability of the chain scission at the chain side methyl group
may be larger than that of chain end methyl group.
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Table II. G-values of gas evolution from n-paraffins and squalane

Sample Temp(°C) Phase G(H2) G(CHA) G(C2H6) G(C3Hg)

n"G20H42

n-C21H44

n-C23H48

n~C24H50

C30H62(Sq)

-77
25
55

-77
25
55

-77
25
55

-77
25
55

-77
25
55

Crystal
Crystal
Liquid
Crystal
Crystal
Liquid
Crystal
Crystal
Liquid
Crystal
Crystal
Liquid
Glass
Liquid
Liquid

2.14
2.26
3.32
2.16
2.38
3.22
2.25
2.45
3.28
2.16
2.52
3.22
2.79
3.27
3.26

0.022
0.025
0.034
0.0210.026
0.033
0.020
0.025
0.034
0.017
0.020
0.031
0.125
0.164
0.165

0.000
0.000
0.057
0.024
0.025
0.056
0.0160.019
0.053
0.000
0.000
0.045
0.003
0.005
0.005

0.00
0.00
0.040
0.00
0.00
0.045
0.00
0.00
0.040
0.00
0.00
0.034
0.035
0.045
0.045

0.00
0.00
0.01
0.00
0.00
0.02
0.00
0.00
0.015
0.00
0.00
0.01
0.01
0.007
0.007

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.008
0.028
0.029

The CoHg yield from n-paraffins in the liquid phase and CßHg
from squalane may be the chain scission products at the second
carbons from chain ends; then, their G-values are nearly
proportional to the number of chain ends per molecular weight. In
the crystalline state of n-paraffins, G(C2Hg) is very different
between even and odd carbons, where the even carbons belong to
triclinic structure and odd carbons to orthorhombic structure.
It is thought that the second carbons from chain ends are fixed
in the triclinic crystal and have no mobility, like the inner
carbons. However, by increasing the dose, the crystal surface
would become defective as in a glassy state, because the chemical
reactions such as crosslinking and dehydrogenation take place
mainly at the crystalline surface. Then, the second carbons could
gradually become mobile with increasing dose to proceed the
chain scission. For orthorhombic crystals, the second carbons
from the chain ends can mobile, like chain end methyl groups, so
the G-value is nearly the same with G(CH^). As C^Hg was not
produced in triclinic and orthorhombic crystalline states, the
third carbons from chain ends must be fixed in the crystallite
and have no mobility, so the scission could not proceed.
2. LC analysis

The LC spectra in RI detector of non-irradiated n-paraffins
and squalane showed a single peak and elution volume at the peak
is well separated by the number of carbons. In UV detector the
unirradiated paraffins showed no spectrum, which means that
these samples have no impurities for UV absorption(6).

The LC spectra observed by RI and UV detectors for n-C2QH^2
irradiated up to 2 MGy in crystalline state at 25°C are shown in
Fig.4. The UV absorption was clearly detected and the intensity
increased with dose. The several new peaks in the RI and UV
spectra were assigned to the crosslinked products as dimer and
trimer, and the broad one is to the more polymeric products as
indicated in the figure. The UV spectrum would reflect the
unsaturated products in monomer and in crosslinked products.
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Fig.4 LC spectra of irradiated n - C o n H A O by RI and UV
detectors. (a) 2MGy in crystalline at 25°C.
(b) Enlarged spectra of dimer of RI detector.
(c) 2MGy in liquid at 55°C

The RI spectrum of dimer enlarged as shown in Fig.4-b is composed
of two peaks, which become more pronounced when the injection
volume decreases. EV at the peaks of D( I ) and D(II) is higher
than EV at the peaks of n ~C^nHg2, which means that the products
are not the dimer cross l inkedat chain end carbons.

With increase of dose, the EV at each peak in the spectrum
was almost the same, but the relative intensity was changed and
the spectral resolution decreased gradual ly. At the monomer
peak, there were no apparent change of EV and also the tails of
both side after irradiation up to 4 MGy.
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When n-C2()HA2 ^-s irradiated in the liquid phase, the dimer
in RI spectrum in Fig.,4-c changes to a single peak which is
nearly same with D(II) peak in Fig.4-b, and trimer, tetramer and
pentamer have clear peaks in both of RI and UV spectrum. The UV
peak intensity increases more in the polymerized products.

The LC spectra of RI and UV from n-C24H^n irradiated in
crystalline state and in liquid phase were similar to Fig.4; RI
spectrum had two peaks at dimer in crystalline state and a single
peak in liquid phase, and UV spectrum had higher peaks at highly
crosslinked products, especially in the liquid phase.

For odd carbons of n-C2iH^^ and ̂ €23^0 irradiated in the
crystalline and liquid, the LC spectra were almost the same with
those from even carbons of n-C2QH^2 and n~C24^50 i-rradiated in
the respective phases.

When squalane is irradiated in liquid phase at 25°C, the LC
spectra of RI and UV are assigned to monomer, dimer, trimer, and
tetramer. The spectrum from glassy state irradiation was not so
different that from the liquid phase, but the spectral intensity
at polymeric products more than tetramer tends to increase in
liquid phase.

The yield of crosslinking products was determined from the RI
spectral intensity, because the integrated peak intensity was
found to be proportional to the concentration of solution and to
the LC injection volume. The spectrum was divided into 3 parts;
monomer(M), dimer(D), and polymer(P) which is the products more
than trimer. As the sensitivity of RI detector depends on the
molecular weight, the yield of crosslinked products was
calculated by assuming that the sensitivity of dimer or trimer
obeys the corresponding molecular weights of n-paraffins.

The yields of monomer(M), dimer(D), and polymer(P) were
calculated for all samples irradiated under various conditions,
and the summation of crosslinking products(D+P) and non-reacted
monomer(M) determined from the RI spectral intensity was found to
be nearly constant for each sample, that is, (M+D+P) was a
constant at any doses within 370. The small fluctuation would come
from the experimental errors as the injection volume and solution
concentration, so it may be reasonable that the total yield of
(M+D+P) in irradiated sample is equal to unirradiated monomer
yield(Mo). This result means that the yield of monomer
consumption is equivalent to the yield of cross-linking products.

The calculated yields of D and P in RI spectrum are plotted
against dose for n-ConH^o in Fig.5. The dimer yield increases
with dose, but gradually T.evels off, especially in liquid phase,
and the polymeric products(P) increase abruptly at higher dose.
The yields of polymeric products increase via the formation of
dimer, trimer, tetramer, and the more polymeric products as
following reactions;

M? + M? ———— M-M ( D ) (1)
M? + D? ---—— M-D ( T ) (2)
M" + T" ---___ M-T (Tetramer) (3)

Vc V\M"+ Origomer------- Polymeric Products (4)
-'~ V" Vc "nwhere, M", D", T , and Origomer are the active species as free

radicals produced by irradiation in monomer, dimer, trimer and
origomer, respectively.
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at 556C ( Q ).

The UV spect ra l intensit ies of M, D, and P in i r radiated
p a r a f f i n c o u l d be a s c r i b e d to u n s a t u r a t i o n f o r m e d in the
respective polymeric products. As the sensitivity of UV detector
on molecular weight was not corrected, so the spectral intensity
among M , D , and P might not show the exact concentration ratio
between the unsaturated crosslinked products, but reflects the
relat ive concentra t ion. The unsa tu ra t ion yield in monomer is
detected well in crystalline state, but is very small in liquid
phase. With increase of dose, the relative spectral intensity at
polymeric products increased grea t ly , which indicated that
monomer and dimer with unsaturation would react preferentially
w i t h o the r m o l e c u l e s to conver t in to the more p o l y m e r i z e d
products including the unsaturation, especially in liquid phase.

The G-value of crosslinking(G(x)) was determined from monomer
c o n s u m p t i o n c a l c u l a t e d in RI s p e c t r u m by the f o l l o w i n g
assumptions; one crosslinking consumes two monomer molecules,
t h e c o n s u m p t i o n r a t e p e r d o s e d e p e n d s o n t h e m o n o m e r
concentration, and the consumption by reaction with crosslinked
p r o d u c t s i s not a c c o u n t e d . The c a l c u l a t i o n me thods were
described in the paper(6) . The G(x) of all samples at different
i rradiat ion temperature are l isted in table III . The cross-
linking probability is almost the same among normal paraffins
from n-C£oH42 to n~c24H50» an<^ showed no difference between even
and odd numbered carbons. The G(x) of squalane in liquid phase
is nearly'equal to those of n-paraffins in liquid phase, but G(x)
in glassy phase is larger than that in crystalline state of n-
paraff ins .
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Table LU. G-values of crosslinking for n-paraffins and squalane

Sample Irradiation température

n"G20H42
n-C2LH44
n-C23H48
n"C24H50

Squalane
C30H62

-77°C

1.01 +
1.02
1.00
1.01

Glassy
1.3 + 0

25°C
Crystalline

0.05 1.15 + 0.05
1.15
1.14
1.15

Liquid
.1 1.6 + 0.1

55°C
Liquid

1.66 + 0.07
1.72
1.82
1.70

1.6 + 0.1

3. Mass spectra
The mass spectra of

crystalline state at 25°C,
corresponding to monomer
detected. The mass number

n~C20 I?42 irradiated up
are shown in Fig.6. The
dimer, and trimer of

of M/e 282 is the monomer*

to 4
mass

,
^

MGy in
numbers
HAO a r e

and M/e 283
and 284 are the monomer containing the isotopes of ̂ C and/or ^H.
The M/e 280 and 278 are the molecules detached of one and two
hydrogen molecules from the monomer, respectively, which are
monomer molecules with one and two unsaturation. The M/e 562 is
the saturated dimer, and the 560, 558, and 556 are the dimer with
one, two, and three unsaturation, respectively, 9 and the others
are the molecules with the isotopes of ^C and H. The M/e 842
is the trimer, and 840, 838, 836, and 834 are the trimer
components with unsaturation.
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The ions with the intermediate mass number between monomer
and dimer or less than monomer were the background level.

For n-C24H^Q irradiated up to 4 MGy in crystalline state at
25°C, the mass spectra were composed of ions of the monomer dimer
and trimer including unsaturation and isotopes as same with n-
ConHAo. The ions of intermediate carbon numbers between monomer
ana aimer are also background level(7).

When n-C2oH42 is irradiated up to 3.8 MGy at 55°C, the ions
from monomer, dimer, trimer, tetramer, and pentamer components
are observed as shown in Fig.7. The ions of unsaturated
molecules are much abundant in the polymeric molecules, and the
ions of saturated molecules in pentamer are negligible.

In n-C24H5Q irradiated up to 3.8 MGy at 55°C, the ions from
monomer, dimer, trimer, and tetramer are observed, and the ions
of unsaturated molecules are predominant in the polymeric
products. The spectrum from ions with intermediate numbers of
carbon between monomer and dimer and less than monomer were very
low intensity, and their total ion intensity was about few
percent of dimer ion intensity.
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Fig.7 Mass spectrum for n-C
liquid phase at 55°C.'

irradiated to 3.8 MGy in

In the mass spectra observed in this experiment, the products
induced by irradiation are the saturated and unsaturated parent
(monomer) molecules and its crosslinked molecules as dimer,
trimer, tetramer, and pentamer. The products with their
intermediate molecular weight (carbon number) between monomer and
dimer, trimer, and so on are very small, and their yields are
only few percent of crosslinked products even in a case of liquid
phase irradiation up to higher doses. Therefore, it is supposed
that the almost of molecules activated by irradiation should
react with other activated molecules without decomposition such
as the main chain scissions. A small amount of chain scission
products observed at higher doses are the chain scission product
at the chain end or branched chain of crosslinked products. The
counter products are methane, ethane, and propane as observed in
gas analysis, but their G-values were only few % of the G-value
of crosslinking.
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Conclusion
The polymeric products as dimer, trimer, tetramer, and

higher polymeric oligomers at crystalline, liquid, and glassy
state were clearly observed by LC and MS, and the G-values of
crosslinking can be determined for 5 types of paraffins as the
model compounds of polyethylene and ethylene-propylene copolymer.
However, a small amount of the chain scission products could be
detected by only MS analysis, and their yields were only few °L
of crosslinking yield. In the gas evolution, the chain scission
products of C H 4 , CpHg, and C 3 H g were detected, and their
G(scission) were O.Oz - 0.04 for all n-paraffins even in liquid
phase. Then, in the case of n-Co^HrQ, the counter products of
23' ^22' ^21 were expected to be 0. 570 of monomer after 4MGyirradition in liquid phase, but the observed values were less
than 0.1 70 of monomer. The most of gaseous products may come
from the decomposition at the branches of crosslinked molecules.

G-values of crosslinking of paraffins are just a half of G-
values of hydrogen yield for all samples at any conditions.
Therefore, 50 % of hydrogen are related to crosslinking formation
and the rest of 50 % unsaturation formation. The crosslinking
and chain scission behavior observed in n-paraffins and in
squalane would be similar to those in polyethylene(PE) and in
ethylene-propylene copolymer(EPR), respectively. The radiation
induced reactions in crystalline and in amorphous parts of PE may
be analogous to those in crystalline and liquid phases of n-
paraffins, and the reactions in amorphous EPR may be analogous to
those in liquid and glassy squalane. Therefore, G-values of
crosslinking of PE and EPR could be extrapolated from the values
in table 2, and the chain scission probability in PE and EPR
would be negligibly small.

Generally, a concept that chain scission should occur in any
polymer chains has been accepted, because radiation energy is too
high to comparing with bond energy of polymers and almost of
experiments indicate that chain scission probability does exist,
as far as sol-fraction measurements are applied for an analysis
using Charlesby-Pinner equation(8). However, there has been no
clear evidence that main chain scission occurs in linear
polyethylene by radiation. Our studies using the model compounds
of n-paraffins and of squalane are indicating that the main chain
scission both in polyethylene and ethylene-propylene copolymer is
negligible.
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RADIATION DEGRADATION OF
INSULATING MATERIALS UNDER STRESS
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Abstract

Effects of stress on the radiation degradation of insulating and
jacketing materials of electric wires were studied. Dumbbell-shaped
samples of four kinds of insulating and jacketing materials such as
chlorosulfonated polyethylene(CSM), ethylene-propylene rubber(EPR),
chloroprene(CR) and silicone rubber (SIR) were exposed to various
conditions of irradiation under stress. The irradiation was carried out
at room temperature and at dose rates ranging from 1 to 10kGy/h in air, and
at 4-5 kGy/h under oxygen pressure of 0.5 MPa up to dose of 2.0 MGy.
Stress were added by straining the samples from 0 to 100% of the initial
length. Tensile properties were measured by using Shimazu Autograph (type
DCS-500) with a cross head speed of 200 mm/min, and the breaking energy was
calculated from the stress-strain curves.

The tension set(permanent strain) was not seen without irradiation,
but observed to increase with the dose and initial strain for all materials
and not to depend on irradiation conditions. Those of EPR and SiR become
equal to the initial strain above 1.0 MGy. These tension sets are not
annealed by heating at 100-120°C for 24hours.

The elongation and strength at break decrease with the dose and
initial strain. And the influence of the initial strain on the degradation
is seen more clearly in the elongation for CSM and CR, and in the tensile
strength for EPR and SiR, respectively.

The influence of the initial strain was also examined by the value
5̂0% wki0*1 is defined as a dose at which the breaking energy calculated
from the stress-strain curve becomes to 50% of the unirradiated sample's
value. It is shown that DCQ^ decreases with the initial strain linearly
and that the irradiation at a low dose rate or in oxygen over pressure
gives lower values for CSM, and that DrQg for EPR does not depend on the
initial strain and irradiation conditions.

1. INTRODUCTION

Many kinds of organic polymer materials including electric cables and
wires are used in radiation environments such as nuclear power plants. The
integrity of safety-related electric cables(class 1E) during normal
operation of the nuclear power plants is evaluated by sequential methods,
that is, thermal aging followed by irradiation by Co-60 gamma rays. The
integrity at a LOCA is also evaluated by irradiation of the cables already
pre-conditioned by the above mentioned procedure up to further certain dose
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followed by steam/spray exposure for a specified period(l). In some cases,
these materials are used under stress in addition to radiation. It is an
important subject in the testing methodology study to assure the effect of
stress on radiation degradation of polymer materials. We have studied
degradation behavior of mechanical properties of some cable materials in
simultaneous environments of the radiation and stress.

In this paper, the degradation of mechanical properties of rubber
materials which are irradiated under a constant strain are discussed(2)
comparing with the degradation under no stress.

2. EXPERIMENTAL

[Materials] Dumbbell-shaped 1 mm thick samples of four kinds of insulating
and jacketing materials such as chlorosulfonated polyethylene(CSM) ,
ethylenepropylene rubber(EPR), chloroprene(CR), silicone rubber (SiR) were
used.
[Irradiation] Under no stress, the samples were irradiated by gamma ray
from Co-60 at dose rates of 1, 5 and 10 kGy/h in air and at 4-«5 kGy/h under
oxygen pressure of 0.5 MPa at room temperature. Dose were changed between
0.25 and 2 MGy.

Under stress, the samples were fixed as keeping constant strain of 50
and 100 % of the original length and irradiated under the same conditions
as described above.

In some experiments, changes of stress on samples which are maintained
a certain strain under irradiation were observed with time.
[Measurement] Tensile properties were measured by using Shimazu Autograph
(type DCS-500) with a cross head speed of 200 mm/min. Gel fraction and
swelling ratio were measured by the ordinary method using xylene as solvent
for CSM, CR and SiR, and toluene for EPR.

3. RESULTS AND DISCUSSION

3«1 Stress relaxation of materials irradiated under a constant strain
Figs. 1 and 2 show the changes of stress with time for samples of CSM

and EPR which are elongated by 50% of the original length under irradiation
at 4-kGy/h and at 50°C. In these figures, changes of the stress of the same
samples which are elongated by the same manner as mentioned above under no
irradiation and after irradiation of 0.5MGy at 5kGy/h are also shown.

As seen from these figures, stress relaxations are very small in the
cases of no irradiation and after irradiation, but under irradiation, large
stress relaxation are observed showing that radiation degradation may
proceed rapidly under stress.

3.2 Effect of dose on permanent strain of materials irradiated under
stress
Generally rubber materials elongate under stress, and recover to an

original state when the stress is removed. If irradiated under stress,
the materials do not recover to the original states and leave permanent
strains after the stress is removed. Fig. 3 shows the effect of the dose
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Fig. 3 Tension set vs. dose for CSM and EPR irradiated
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on the tention set(permanent strain) of CSM and EPR which were irradiated
under various elongation and irradiation conditions. As indicated from
this figure, the permanent strain of each material increases with dose, and
leaves the same value as the initial for larger than a certain dose which
depends on the material.

As described above, permanent strains are observed when irradiated
under stress. Without irradiation no permanent strain is observed for EPR
and SiR, or only a few percent of the initial length for CSM and CR, when
the stress is removed after keeping elongation to 50 and 100% of the
original length for 3 months. The permanent strain is not removed by
annealing at 100 or 120°C for 24hrs.

3.3 Effect of initial strain on strength and elongation at break
Fig. 4. shows relations between mechanical properties and the dose for

CSM which are irradiated as maintaining to elongate 0, 50 and 100% of the
initial length in various atmosphere. Here, the tensile strength at break
was calculated based on the initial cross section(no strain). The tensile
strength at break in this figure shows the relative values to those of
unirradiated samples.

a) CSM: When irradiated at a high dose rate under no stress, the tensile
strength at beak does not change in less dose than 2MGy, but the strength
decreases with dose when irradiated under stress. The decrease is larger
for the larger initial strain, when irradiated at a lower dose rate or in
pressurized oxygen atmosphere.

Decreases in the elongation at break are the similar as in the tensile
strength, the effect of the initial strain is observed remarkably in the
elongation than in the strength.

b) EPR: When irradiated at a high dose rate under no stress, the change of
the tensile strength at beak is small in the same manner as CSM. But
irradiated under stress, the strength decreases almost linearly with the
dose. The decrease is larger for the larger initial strain, when irradiated
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at a lower dose rate. In irradiation under pressurized oxygen atmosphere,
the decrease increases even without stress.

Under irradiation at a lower dose rate or in oxygen atmosphere, the
mechanical properties decrease steeply in the initial stage, and increase
for larger doses than 1.5MGy. Fig.5 shows changes of the gel fraction and
swelling ratio with the dose. Although these show no change under
irradiation at a high dose rate, a large decrease of the gel fraction and
increase of swelling ratio at the dose of around 1.5MGy in irradiation at a
lower dose rate or in oxygen atmosphere are seen, indicating that the
scission predominates to the crosslinking for larger doses than a certain
value.

c) CR: Under irradiation in air, the strength at break decreases at initial
stage, but increases slightly with the dose. On the other hand, the
elongation decreases steeply with dose. When irradiated under stress with
50% elongation in oxygen over-pressure, many cracks were observed at
surface of samples even at less than 0.1MGy.

d) SiR: Silicone rubber is crosslinked predominantly under irradiation
independently of irradiation atmosphere, so the decrease of elongation is
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larger than in the strength, and becomes to be 10% of the original at
0.5MGy. And effects of the initial strain are observed in the strength
rather than the elongation.

3.4- Effect of initial strain on breaking energy
Estimation of degradation of materials under stress depend on

estimation measures such as changes of the tensile strength or elongation
at break, because the influences of the initial strain on the degradation
differ depending on kind of materials, that is, GSM and CR are seen in the
elongation, and EPR and SiR in the strength. Further the estimation results
depend on selection of the base values of the cross section and initial
length, before or after irradiation.

Here, the breaking energy calculated from the stress-strain curve is
tried as an estimation measure(3), and influences of the initial strain on
the degradation under stress are discussed. Figs. 6 and 7 show changes of
the energy with dose for CSM and EPR, respectively. In these cases, the
samples are irradiated under stress giving the initial strain of 50 and
100% in various irradiation conditions. For both CSM and EPR, the energy
decreases with dose for all irradiation conditions. Irradiation under
stress is shown to decrease the energy.

As a measure of the degree of degradation under stress, DCQ? is
defined as the dose(MGy) which give 50% of the breaking energy of the
unirradiated sample.

Fig. 8 shows plots of the E>CQ% as a function of the initial strain.
This figure shows that Deny is 1.1MGy for no stress, and becomes O.TMGy for
the initial elongation of 100%. It is also shown that irradiations at a
lower dose rate or under oxygen over-pressure reduce the energy, the slope
is larger than at a high dose rate. The similar results are obtained for
EPR, although the energy is smaller than CSM.
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4. CONCLUSION

Effect of stress on the degradation of mechanical properties of CSM,
EPR, CR and SiR were examined by irradiating materials which were elongated
by certain ratio to the initial length. And the following results were
obtained.

(1) Stress relaxations are very smallin the samples of no irradiation and
after irradiation, but under irradiation, large stress relaxation are
observed showing that radiation degradation proceed rapidly under
stress.

(2) When irradiated under a certain initial elongation, permanent strains
are observed and increase with the dose. The permanent strains are not
affected by irradiation conditions, and are not annealed by heating at
100 or 120°C for 24hrs.

(3) The strength and elongation at break decrease with increase of the dose
and initial strain. Influence of irradiation under stress are
observed remarkably in the elongation for CSM and CR, and in the
tensile strength for EPR and SiR.
The decrease of the breaking energy obtained from the stress strain
curve depends on the dose and initial strain. 5̂0%» defined as the
dose(MGy) at which give 50% of the breaking energy of the unirradiated
sample, decreases with the initial strain.
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QUALIFICATION METHODS FOR PWR
POWER PLANT SAFETY EQUIPMENT
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Abstract

The effect of the natural and accidental environment of PWR
containment has been studied on industrial polymeric materials
in three cases.
a) Effect of alterning aging and accident simulation conditions

on the properties of polymers :
23 polymeric materials were studied in first time at thermal
and irradiation aging and in second time at sequential
(steam after or before 7 radiation) and simultaneous (steam
during 7 radiation) accidental environment. The new facility
CESAR was built for carried out the steam profiles. For this
23 polymeric materials, results are in good agreement with
the actual qualification sequences of equipments which is
actualy simulated by sequential aging tests followed by a
sequential accident tests (radiation before steam).

b) Comparison of the effects of irradiation on the mechanical properties of polymer
materials:
This study was carried out for several energies of electron
and four thickness of EPR slabs.
Using mechanical properties it was shown a same aging effect
between ß and 7 radiation for an equivalent absorbed dose
and for a sufficiently thin slab for the electron beam
energy. The effect of the thickness of the sheet was shown
for the ß irradiation.

c) Effect of irradiation at very low dose rates on polymer
material behaviour :
Three materials has been irradiated since five years with
cobalt 60 rays at three dose-rates lower than 5,6 10"4
Gry.s"1 (200 rads.h"1).
The température was maintained at 80°C during irradiation.
The G value of oxygen consumption and the mechanical
properties was mesured. A very large G (-02) was found atthe begining of the irradiation.
The G (-02) decreases when the dose rate increases and whenthe absorbed dose increases.

1 - INTRODUCTION

The safety equipment used in nuclear power plants must
remain reliable for the full operating lifetime of the plant.
It must also be useable in the event of an accident involving
the nuclear reactor and occurring within the containment. It is
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therefore necessary to ensure that the safety equipment located
in nuclear power plants is able to perform the functions that
are assigned to it despite the sometimes severe environmental
conditions to which it is subjected.

For many years, French safety agencies have defined test
methods for different materials as a function of their
conditions of use in the plants. During their operation in the
plants and, more particularly, within the containment, the
equipment is exposed to the effects of temperature, humidity
and ionizing radiation from the reactor core. In the event of
an accident within the containment (DBA), the safety equipment
would be exposed to the vigorous action of steam derived from
reactor primary cooling system water, and to the effects of
high a. , ß and 7 activities from fission products and fuel rod
fissile materials ejected from the reactor core. The polymer
materials used in safety equipment are the most sensitive to
the effects of temperature, humidity and ionizing radiation.

The test methods recommended by safety agencies in the
1970s were based on the limited knowledge of the thermal and
radiochemical degradation of polymers then available to
researchers. They also had to enable testing to be carried out
under time and financial conditions acceptable to the
manufacturers.

The materials are thus qualified according to the VISIA
procedure, which defines a series of tests and the
characteristic quantities for each test. Among the questions
raised by the French safety agencies and for which they have
asked ORIS to provide answers, the following should be
mentioned :
- Can the effect on polymers of ionizing radiation at the very
low dose rates (10~5 Gy.s"1) measured in the containment of a
pressurized water reactor (PWR) be simulated at dose rates from
0.1 to 0.5 Gy.s'1 ?
- Can the use of 7 - radiation from cobalt 60 to simulate the
effect of ß - radiation on polymers be justified ?
- Does the series of tests defined in the VISIA procedure
enable the safety equipment used in French PWRs to be
qualified ? Is another sequence of these same tests more
conservative, and therefore preferable ?

2 - EFFECT OF ALTERNATING AGING AND ACCIDENT SIMULATION
CONDITIONS ON THE PROPERTIES OF POLYMERS

2.1. Aim of the study
The qualification procedure for PWR electrical safety
equipment adopted in France and in the United States
comprises the following steps :
- simulation of thermal aging during normal reactor
operation for 40 years,

- simulation of radiation-induced aging,

76



- investigation of vibration and earthquake resistance,
- simulation of the design basis accident (DBA) by :
. the effect of 7-radiation from cobalt 60,
. the effect of steam under thermodynamic conditions
identical to those that would be encountered within the
containment of PWRs in the event of an accident.
Is this procedure representative of the real operating
conditions of a nuclear power plant for 40 years, during
which the equipment is exposed to the simultaneous
action of temperature and radiation ? Is it reasonable
to simulate the simultaneous action of steam and
radiation by the consecutive action of the same
environmental stresses ?
Twenty-three French and American polymer materials were
investigated under various aging and accident simulation
conditions in a joint Franco-American research programme
[1-2]. The aim of this programme is to set up a data
bank on french and american materials and to determine
appropriate simulation methods.

2.2. Test conditions
The test programme conditions were as follows :
a - Sequential and simultaneous simulations of

accident conditions (600 kGy - DBA (ADR) in French
procedures) followed by a post-accident period (10 days
at 100°C and 95 % relative humidity).
b - Exposure of the materials to accident

thermodynamic conditions in the presence or absence of
air (some BWR reactor containments in the United States
are under inert gas atmosphere).
c - Accident irradiation simulation at either 28°C or

70°C (600 kGy at 0.8 Gy.s'1).
d - Aging conditions (irradiation, temperature)

applied sequentially or simultaneously.
e - Aging irradiation carried out at 28°C or 70°C.
f - Two aging sequences : temperature followed by

irradiation, irradiation followed by temperature.

2.3. Samples
The samples subjected to testing were all taken from
equipment used in nuclear power plants, such as cable
sheaths and insulation, 0-rings and connector or
contactor insulation.
The thickness of all the material samples was less than
2 mm, so that oxidizing degradation during irradiation
was not limited by diffusion of oxygen from the air.
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The following French materials underwent testing :
One PRC (chemically-crosslinked polyethylene) used in
electrical conductor insulation.
Two types of EPDM (ethylene propylene terpolymer), one
of which is flame-retarded by bromine - these two
materials are used as electrical conductor insulators.
One Hypalon (chlorosulphonated polyethylene) used in
electrical cable sheaths.
Two types of Vamac (copolymer of ethylene and methyl
methacrylate) used in electrical cable sheaths, 0-rings,
mechanical components and electrical connectors.
Two types of EPR (ethylene propylene rubber) used in
electrical cable insulation and in O-rings.
One polydiallylphthalate (thermosetting polyester) used
in connectors and mechanical components.
One PPS (phenylene polysulphide) used in connectors and
contactors.
The following American materials were investigated :
Four types of EPR (ethylene propylene rubber) used in
the United States for cable protection, electrical
conductor insulation or mechanical components such as
seals and unions.
Two types of XLPO (crosslinked polyolefins) used in
electrical cable sheaths or conductor insulation.
Two types of Tefzel used in thermocouple compensation
cables and in the protection of instrumentation cables.
One CSPE (chlorosulfonated polyethylene) used in
instrumentation cable sheaths.
One CPE (chlorinated polyethylene) used in electrical
cable sheaths.
One Buna N, one silicone and one Viton used in seals.

2.4. Results and discussion
All the results for the french materials are exposed in
the reference [3]. Some of them are showed in the
figures 1, 2 and 3 (Vamac, polydiallyphtalate, EPR
respectively).
For the VAMAC, with the elongation at break a less
deterioration is obtained on H3 dumbbell samples withsimultaneous test as opposed to the sequential tests.
For the polydiallylphtalate, with the tensile strenght,
the sequential test (LOCA followed by irradiation) is
less severe than the simultaneous test.
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FIG. 1. Normalized elongation at break for VAMAC
after accidental tests for each aging test.
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FIG. 2. Normalized tensile strength for polydiallylphtalate
after accidental tests for each aging test.
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FIG. 3. Normalized elongation at break for EPR
after accidental tests for each aging test.

At least for the EPR material all the sequential tests
are less severe than the simultaneous test.
In general, irradiation followed by exposure to heat
represented a more conservative aging simulation than
heat followed by irradiation.
For the US samples, it was shown that the presence or
absence of air [4] during accident simulation can affect
the degree of degradation of some materials ; EPR and
Tefzel deteriorate more extensively when the accident
simulation is carried out in the presence of air than in
its absence. In contrast, XLPO is less degraded in the
presence of air.
Tests carried out over a period of three years have
compared the changes in mechanical properties of
materials caused by sequential or simultaneous
simulation of aging and accident stresses. The aim of
this investigation was to determine which aging and
accident simulation techniques were closest to real
conditions.
The simultaneous action of steam and radiation
corresponds to the most probable environmental
conditions within the containment of PWRs in the event
of an accident. Comparison of simultaneous and
sequential actions of steam and radiation revealed that,
for most of the materials investigated, irradiation
followed by exposure to steam was at least as stressing
and often more stressing than the combined action of
radiation and steam.
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The design basis accident simulation sequence prescribed
by the safety agencies appears to be conservative ; it
thus tends to increase safety.
In contrast, the tests showed that heating the materials
at 70°C during aging irradiation had little effect on
their mechanical properties measured after the
application of different accident simultation methods.
Finally, considerable differences in the results of
measurements of mechanical properties were observed,
mainly due to the chemical composition of the materials.
For example, the behaviour of the French crosslinked
polyolefins was different from that of the American
crosslinked polyolefins in the different accident
simulation methods.
This study, based on 23 materials, is not exhaustive ;
it simply represents the tendencies that should be
extended to the investigation of other materails before
the definitive imposition of safety equipment
qualification codes.

3 - COMPARISON OF THE EFFECTS OF ß AND T IRRADIATION ON THE
MECHANICAL PROPERTIES OF POLYMER MATERIALS

3.1 Aim of the study
In the event of and accident in the containment of a
PWR, radiactive materials from the reactor core would be
deposited on the surfaces of the safety equipment, and
would produce simultaneous ß and ^ irradiation of the
polymer materials incorporated into this equipment. Can
simulation of the ß irradiation by cobalt 60 7 radiation
in the qualification of safety equipment be justified ?
An investigation was conducted in the laboratories of
ORIS and at Sandia National Laboratories as part of a
contract of collaboration between the French and
American safety agencies [5, 6, 7], The aim of the
investigation was to compare the effects of ß and 7
radiation on the mechanical properties of a polymer, and
to define an equivalent damage factor.

3.2 Test conditions
To simulate the action of most fission product ß emitters
in the reactor core, irradiation was performed with
accelerated electrons at energies of O.5, 0.8 and 1.2
MeV. The energy of the electrons was measured at the
surface of the irradiated material. The energy of the
1.2 MeV ß radiation was comparable to that of the two
consecutive photons of the disintegration of cobalt 60.
The dose rate in the air at the surface of the samples
was 2.8 Gy.s"1. The absorbed dose in the air at the
surface of the plymer was 150, 300 or 500 kGy.
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The dose of ß radiation absorbed in the thickness of the
samples was calculated from the mass collision
efficiencies of the air and the polyethylene (8) and
from the curves of changes in absorbed dose as a
function of elastomer thickness at the three energies.
Irradiation at 0.5 MeV was carried out in the United
States ; irradiation at 0.8 and 1.2 MeV was carried out
in France.
Cobalt 60 irradiation was carried out both in France and
in the United States, at the same dose rate and using
the same doses as those used for the ß irradiation (dose
rate 2.8 Gy.s"1, doses 150, 300 and 500 kGy) .

3.3 Samples
Two EPR elastomers, one French and the other Tonerican,
were used in this study. The exact composition of each
material was supplied by the manufacturers. The
materials were in the form of square sheets with 15-cm
sides. As the ß radiation is rapidly absorbed by the
material, the effect of thickness was investigated. The
polymer material sheets had thicknesses of 1, 2, 4 and
6 mm.
Changes in tensile stress properties were observed on
standard dumbbell test pieces in France and on strips in
the United States.

3.4 Results and discussion
The measurements of breaking elongation and breaking
stress of the elastomers investigated showed that it was
difficult to observe a difference in behaviour of the
materials when they were subjected to the action of ß or
7 radiation (figures 4 and 5).

E/E

loo 200 300 koo :>oo 600 700
Absorbed dose kGy

FIG. 4. Normalized elongation at break versus absorbed doses for EPR sheet.
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FIG. 5. Normalized tensile strength versus absorbed doses for EPR sheet.

However, the thickness of the polymer was a determining
factor in its behaviour. This observation was made on
materials of thicknesses 4 and 6 mm subjected to the
action of accelerated electrons at 0.8 MeV. Under these
conditions, essentially all of the radiation is absorbed
near the surface of the material. For a given mean dose,
the degradation is greater than when the dose is
uniformly distributed through the thickness of the
elastomer. During the tensile tests, microcracks develop
within the material and cause it to break.
In general, the tests showed that when the energy of the
electrons was sufficiently high in relation to the
thickness of the irradiated polymer, their effect on the
mechanical properties was practically the same as that
of photons from cobalt 60.

4 - EFFECT OF IRRADIATION AT VERY LOW DOSE RATES ON POLYMER
BEHAVIOUR

4.1 Aim of the study
During nuclear qualification tests, the equipment is
exposed to radiation from cobalt 60. The dose rate used
is such that the irradiation is carried out in a time
compatible with industrial necessities.
Safety agencies recommend dose rates of between 0.14 and
0.42 Grays per second for most of the equipment tested.
In practice, the irradiation dose rate used is about
0.28 Grays par second (100,000 rads per hour). Only a
few items of equipment, such as containment electrical
penetrations, must be irradiated in a radiation flux
decreasing from one end to the other, given their
location in the reactor building. In these cases the
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maximum dose rate is 5.5 x 10"''' Grays per second
(2 x 104 rads per hour) .
The dose rates to which equipment within the containment
of a PWR is subjected vary from ICT6 Gy.s'1 to
approximately 1CT4 Gy.s"1 for the more exposed equipment.
Previous studies of the action of radiation on polymers
were carried out at dose rates similar to those used for
the qualification of equipment. For several years ORIS
has investigated the effects of radiation on many
polymers at irradiation dose rates between 4 103 and
1.4 Grays per second (1400 to 500,000 rads per hour). It
was therefore important to compare the action of
radiation at high dose rates for short periods, as used
in the nuclear qualification of equipment, with that at
the very low dose rates encountered in containments
throughout the lifetime of a nuclear reactor.
The aim of the investigation presented here [9], which
has been under way since 1983 at the request of the
safety agencies, is to determine the effect of cobalt 60
radiation, at the real dose rates measured in PWR
containments, on the mechanical and chemical properties
of some materials used in electrical cables and seals.

4.2 Test conditions
The polymer materials studied were subjected to the
action of radiation from cobalt 60. Three mean dose
rates were used :
2.1 x 10~4 Grays per second (« 75 rads per hour)
2.8 x 10"4 Grays per second (« 100 rads per hour)
4.8 x 10"4 Grays per second (« 170 rads per hour)
During irradiation the samples were maintained at 80°C
in glass ampoules filled with synthetic air.
Dose rates were measured using Fricke's reagent, with
G(Fe3+)= 15.6.

4.3 Samples
Three types of elastomer were studied :
1. HYPALON ®

This material is used in electrical cable sheaths
placed within the containment. The base polymer is
chlorosulfonated polyethylene.

Standard H2 dumbbells were cut from a sheet of thematerial. Thickness 2 mm.
2. EPDM

This material is a wire insulator for electrical
cables. The sheath of the same cables is usually made of
fire-retardant EPDM.
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The base polymer is an ethylene-propylene terpolymer.
It has a medium double bond content. A small proportion
of low density polyethylene is added to the base
polymer.
Standard H2 dumbbells were cut from a sheet of the
material. Thickness 1.9 mm.
3. VAMAC ®
This elastomer is used in O-rings, insulating mechanical
components and electrical connectors.
The base polymer, VRM 5160 marketed by Dupont de
Nemours, is an ethylene-methyl methacrylate copolymer.
Standard H2 dumbbells were cut from a sheet of the
material. Thickness 2 mm.

4.4 Measurements
The idea guiding the choice of measurements was to
relate changes in the mechanical properties of the three
materials to changes in their chemical properties.
Breaking elongation and breaking stress were chosen
because they are very sensitive parameters for
observation of changes in the elastomers.
Changes in chemical properties were observed by
measuring the consumption of oxygen from the air
enclosed in the ampoules containing the test pieces.

4.5 Results and discussion (figures 5-8)
The results obtained in this investigation of the
irradiation of polymers at very low dose rates were
compared with those from a similar study carried out at
higher dose rates. They show that up to an irradiation
dose of 63 kGy the radiochemical efficiency of oxygen
consumption G(-02) by the three materials increased asthe irradiation dose rate decreased. However, it was
observed that, as the irradiation dose increased, the
difference in radiochemical efficiency of oxygen
consumption between very low irradiation dose rates
(2.1 x 10"4 to 4.8 x 10"4 Gy.s"1) and higher dose rates
(4 x 10"3 to 1.4 Gy.s"1) decreased markedly.
This investigation also showed that, for a given
irradiation dose rate, the radiochemical efficiency of
oxygen consumption decreases as the dose increases. This
phenomenon is more marked at low dose rates. At dose
rates between 2 x 10"4 and 3.2 x 10"4 Gy.s"1, the
radiochemical efficiency of oxygen consumption can even
become negative, corresponding to the desorption of
oxygen. It is from this point that the mechanical
properties of hypalon and EPDM started to deteriorate.
The mechanical behaviour of the irradiated materials was
observed to be different for a given irradiation dose.
This difference was probably related to the chemical
structures of the three products.
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5 - CONCLUSIONS

The many studies carried out in the laboratories of ORIS
Industrie SA, of which three are briefly summarized in this
communication, demonstrate the importance attached by French
and American safety agencies to the definition of equipment
qualification codes. These codes can only be based on
experimental results. The environmental conditions during
normal operation of a PWR and those that would be present in
the event of an accident are much too complex to be the subject
of theoretical treatment only.

The considerable body of results obtained in a decade of
studies, both by ORIS laboratories and by American and Japanese
laboratories, constitutes a large but incomplete data bank. An
effort must be made in the coming years to obtain a greater
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understanding of the effects of the environmental conditions of
PWRs and thus define precisely the qualification methods for
safety equipment.
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Abstract

Dose rate effects in both commercial polymeric components and in a
model system have been studied. In the commercial systems, materials based
on the same generic polymer type can show no dose rate effect, a positive
effect (low dose rate being worse than high dose rate) or a negative effect
(low dose rate being better than high dose rate). Data are presented for
changes in tensile properties after irradiation at 0.014 and 0.67 Gy/s for
doses up to 6.6 x 1Q6 Gy. In a model ethylene-propylene system studied,
changes in mechanical properties, swelling behaviour, IR spectra, and
dynamic mechanical analysis have been measured. The samples were
irradiated in vacuum and in pure oxygen to 10s Gy at dose rates from 0.008
to 0.208 Gy/s; sample thickness was low enough to ensure homogeneous
oxidation through the thickness of the sample. In this material no
significant dose rate effects have been positively identified at the total
dose used.

1. INTRODUCTION

Polymeric materials are widely used in the nuclear industry in the
form of cable insulation and jacketing, elastomeric seals, coatings for
active handling facilities, etc. In many of these applications, the
polymers are exposed to irradiation at low dose rates, often at
temperatures above ambient. It is now well established that many polymers
exhibit dose rate effects and synergism between temperature and radiation.
Both of these effects can make the interpretation of high dose rate
accelerated tests difficult. Although much work has been carried out on
dose rate effects in polymers, a general understanding is only available
for a limited number of materials. Commercial polymeric components include
in their formulations a range of fillers, additives and processing aids, as
well as the base polymer, each of which can have an effect on the behaviour
under irradiation. At present it is not possible to predict with any
certainty whether such materials are likely to show dose rate effects.

In the programme reported here, dose rate effects during the radiation
ageing of polymers have been studied, both in commercial materials and in a
model system. A range of cable insulation and jacketing materials from UK
manufacturers has been surveyed to determine whether significant dose rate
effects are likely to be observed in use. Dose rate effects have also been
investigated in more detail in an ethylene—propylene model elastomer.

2. DOSE RATE EFFECTS IN A MODEL ELASTOMER

The aim of the work was to follow as many radiation induced changes as
possible as a function of dose rate at constant total dose. Only one dose
has been used so far, namely 105 Gy.
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2.1 Oxidation reaction schemes

The rate, R(x,t), of radiation induced oxidation at position x and
time t in a material depends on two variables; the concentration, c(x,t),
of dissolved oxygen and the dose rate, t. The dose rate will be assumed to
be independent of time and position within the sample, which is a
reasonable approximation for samples whose largest dimension is of the
order of a few millimetres, irradiated with 60Co Y-radiation. If the
experimental conditions are chosen so that the rate at which oxygen can
diffuse into the sample is much greater than the rate at which it is
consumed by radiolytic reactions, for example by using a sufficiently small
sample and a sufficiently high oxygen pressure, then the concentration of
dissolved oxygen will be independent of position within the sample and, if
the external pressure is held constant, independent of time too.
Consequently, the rate equation can be written in the form:

R(x,t) = R(t) = f(c,r) (1)

If the function, f, can be written in the form:
f(c,r) = g(c).r (2)

tthen the total extent of oxidation, C(t) = / R(t)dt, will be equal to
g(c).r, where r is the total dose, (this would also be true if g is a
function of r as well as t, i.e. g = g(r,t). This could occur, for
example, if the rate of oxidation depends on some property of the system
which itself is a function of the total dose received, such as the cross-
link density).

Therefore if the rate of oxidation is directly proportional to the
dose rate, the total extent of oxidation at time t will depend on the total
dose received and not explicitly on the dose rate. If, on the other hand,
the rate of oxidation and the dose rate are not proportional, the extent of
oxidation at time t will depend explicitly on the dose rate, that is, a
series of irradiations conducted at constant dose but at different dose
rates will give different total extents of oxidation.

This phenomenon has come to be called "chemical dose-rate effect", to
distinguish it from a different kind of dose-rate dependence which arises
from the "physical" process of coupled diffusion and chemical reaction.
Physical dose-rate effects will be mentioned briefly later in connection
with a discussion of the conditions for homogeneous oxidation.

The chemical reactions which occur during radiation induced oxidation
are difficult to study because firstly, they are very complex and secondly,
they take place in a solid medium in conditions which made them difficult
to follow spectroscopically, i.e. in a field of ionizing radiation.
Despite this, it is generally accepted that the reactions are essentially
the same as those which occur during UV induced autoxidation, the main
difference being the way in which the initial free radicals are produced.
The chemistry of autoxidation has been described in detail in the book by
Grassie and Scott [l] and will not be discussed here. The important
question is whether, and under what conditions, the rate of oxidation
depends non-linearly on dose rate. For example, Gillen and Clough [2]
adopted the reaction scheme shown in Figure 1. If all of these reactions
are assumed to be in the steady state, then the rate of oxidation, R, is
equal to a constant times the dose rate, i.e.

R = const x r (3)

If, on the other hand, the reaction

ROOH ————> RO- + -OH
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Figure 1. Reaction Scheme for radiation induced oxidation used
by C lough & Gillen.

The reaction ROOH ——fr RO-i-'OH, marked with an asterisk
above, is assumed to be slow compared with the other reactions.
This leads to a dose-rate dependence of the oxidation rate.

(marked by an asterisk in Figure 1) is assumed to be much slower than all
the others, so that it is not in a steady state while all the other
reactions are, then the oxidation rate is again of the form of equation (3)
but is now multiplied by a time dependent factor

R = Const x r (1 - a (1 - ßt )) (4)

The time constant jS may be positive or negative depending on the
relative values of various rate constants. If J5 is negative then a steady
state will eventually be reached in which the oxidation rate is constant.
The constant a is constrained to be of the same sign as ß, and so if jS is
positive we are faced with the possibility of the oxidation rate increasing
exponentially with time.

A simpler reaction scheme has been studied by Seguchi and
co-workers [3] . This is as follows:

Polymer Segment + Y -> R-, rate = 0r

R- + R- -»• R-R, rate = k^R-]2

R- + 02 -> Oxidation Products, rate = k2[P-][02]
This leads to the following expression for the rate of oxidation

R = -A [I - V 1 + Bi} (5)

, expanding the square root givesu 0 2

R

where A = k2[02]z/2k1 and B = (ku[02J)2

= -A {1 - (1 + i(Bf) - J (Br)2 + ....)}
= A Br - (Br) (6)
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if Br « 1, i.e. if
, . , . (can be ignored, giving

.« 1, then terms in (Br) and higher powers

R =_ 1 AB r (7)

from the definitions of A and B, it follows that AB = —fc?[0?]4k:<fr

R = 0r

2.1.1 Conditions for homogeneous oxidation

(8)

Consider a sheet of thickness 8. and surface area A large enough so
that diffusion through the edges can be neglected. If C is the
concentration of dissolved oxygen and R is the rate of oxidation, then a
commonly encountered rate law is as follows:

C > 0 : R = Const =

C = 0 : R = 0
(11)

In this case, it is easy to show that in the steady state, the
concentration, C, of dissolved (i.e. unreacted) oxygen within the sheet is
a function of position as shown in Figure 2.

X" O X= 5 X=^-ö X"^

Figure 2. Distribution of dissolved, (i.e. unreacted)
Oxygen in an irradiated film of thickness
I >Dc 0 / (0?)

Curves (1) and (2) in Figure 2 are two halves of a parabola. The
distance 6 is given by

2 D C i
5 = (——r-2)0r (12)

Because of equations (16), the rate of oxidation, R(x), is a step
function as shown in Figure 3.

If Si £ 25 then C > 0 everywhere within the sheet and the oxidation
rate is constant everywhere. This condition can be written, with the aid
of equation (17) as:

2 D Cn i
——r-2) (13)

92



R (o) R (o)

1-6

Figure 3. Distribution of Oxidation Rate, R CX), in
the same irradiated film.

and so if #max is defined as the maximum sample thickness for which
oxidation is homogeneous, it follows from condition (18) that

max *- (14)

Now, C = pS where p is the external pressure of 02 and S is its
solubility in the material. Therefore

max
8 D C0 -i

= (——r-2)' ___ f 8 P (15)

where P = DS is the permeability coefficient in units of mol m"1 Pa"1 s
<j> has units of mol m"3 Gy"1 and can be estimated from the G value for
oxidation, G , using the relationship

0 = mol m"3 Gy'1 (16)
GQX has units of molecules of Oa per 100 eV, p is the density of the
material in kg m~3 and F is Faradays constant (= 96484 C mol"1) multiplied
by 1 V to make the units J mol"1.

The material used in this study has a density of 865 kg m"3
(manufacturers data). G for polyethylene is ~ 10 [4] and assuming that
the value is similar for this material, we get 0 = 8.9 x 10"4 mol m"3 Gy"1.
The permeability coefficient of 02 in this material is not available, but
it can be estimated using methods described in réf. 5. This estimate is
6.5 x 10"16 mol m"1 Pa"1 s"1. If the pressure chosen is 850 mb = 8.5 x
104 Pa, and the dose rate is 1 Gy s"1 (about the maximum available from our
60Co cells), we get

Amax = 7 0. 7 mm

Although this is somewhat thicker than the films used in this study,
which were ~ 0.15 mm thick, the above calculation contains many
assumptions, not all of which can be rigorously justified. A large safety
margin has been allowed by using a maximum dose rate of 0.21 Gy/s and
sample thickness of 0.15 mm.
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2.2 Experimental

2.2.1 Material

The material chosen was an ethylene-propylene copolymer, DUTRAL
Co-038-FF, supplied by Montedison UK Ltd. This contains 30 mol.% propylene
and an unspecified amount of stabilizer described as "non-staining". The
polymer was supplied in the form of small loosely formed cylindrical
pellets approximately 8 mm in diameter and about 12 mm long.

2.2.2 Preparation of films

The material was used as-received and not purified in any way. Films
were cast on a fresh mercury surface in a Pyrex dish using a solution of
the polymer in toluene (concentration ~ 10 g A"1). The thickness of the
resulting films was of the order of 0.1 to 0.15 mm. They were highly
flexible and resilient and exhibited a certain degree of tack, indeed two
samples, if pressed together, would stick and could not be pulled appart
without irreversible deformation of the two films. The thin films appeared
clear to visual inspection but thicker samples were of a translucent milky
appearance, suggesting the presence of crystalline domains.

DSC analysis, Figure 4, using a DuPont DSC suggests that there is a
melting transition at 42°C with a heat of fusion of 14.7 J per gramme of
bulk polymer. Polyethylene and polypropylene both have heats of fusion of
approximately 7 to 8 kJ per mol of repeat units in the crystalline phase,
and so if it can be assumed that EPR has a similar heat of fusion, which is
not necessarily a valid assumption, then 14.7 J corresponds to
approximately 2 x 10"3 mol of repeat units. The average mol.wt. of a
repeat unit in poly(ethylene (70%)-co-propylene (30%)) is 32.26; this
implies that the bulk sample has a degree of crystallinity of approximately
6.5%.

a. a HJR/EIV1.BÎ

-Z.S-

-s.a

-7.5 21B

Figure 4. Differential scanning calorimetry of unirradiated sample.
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X-ray diffraction was done on a thicker sample of the material, and
the curve obtained is shown in Figure 5. If the amorphous scattering
corresponds to the unshaded region and the crystalline scattering to the
shaded region, then this curve implies a. degree of crystallinity of
approximately 2%.

Since the discrepancy between the two figures is quite large, it is
justifiable only to conclude that the crystallinity is of the order of a
few percent.

Although the crystalline melting point of 42°C seemed quite low, it
was observed that if a thick sample of the material was placed in water at
50°C its turbidity disappeared and the sample became clear. On cooling to
room temperature it became turbid again.

10.0 ÜLO 20.0 aS.O 80.0 38.0 *).0 «.0 BO.O
TMO - THETA (DE6REES)

Figure 5. X-ray diffraction of unirradiated sample.

2.2.3 Irradiation
Samples were irradiated in vacuum (~ 5 x 10"5 mb) and in oxygen, (BOC

Research Grade, ~ 850 mb). To prevent the samples from sticking together,
and also to facilitate oxygen transport to the surface of the samples, they
were sandwiched together between pieces of iron gauze, hole size 1 mm
square, wire diameter 0.4 mm. Although it is well known that Fe ions can
catalyse hydroperoxide decomposition, the conditions preclude transport of
such species into the material.

The samples to be irradiated under vacuum were sealed in glass
ampoules after being outgassed at room temperature for at least 3 days at a
pressure of -o 10"5 mb (measured with an Edwards Penning Gauge).

The samples to be irradiated in oxygen were sealed in a glass
container as shown in Figure 6. The container, with the sample in tube A,
was outgassed at a pressure of 1.4 x 10"4 mb for at least 3 days. Oxygen
(BOC Research Grade, 99.9% purity) was admitted through constriction B
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CONSTRICTION B

2JBULB E

100mm LEAD BLOCKS D

Figure 6. Apparatus used for irradiating samples in oxygen.

until a pressure of 850 tnb was reached. This pressure was measured using
an MKS Baratron 390HA capacitive pressure transducer. When the desired
pressure was achieved, the constriction B was sealed with a blow torch and
the apparatus was placed in a 60Co irradiation cell. A wall of 100 mm lead
blocks was used, as shown in Figure 6, to minimise the irradiation of the
oxygen gas in bulb E.
2.2.4 Dosimetry

Two complementary methods of dosimetry were used. Harwell amber
perspex dosimeters and a Y-ray sensitive photo diode. The diode was
supplied by Dr. J.H. Stephen of the Instrumentation and Applied Physics
Division, Harwell, and gave a current of the order of 10"9 A when
irradiated with Z rays. It was particularly useful for measuring low dose
rates where the perspex dosimeter suffers from image fading problems if the
exposure time is too long. The diode was calibrated at higher dose rates
using perspex dosimeters and a linear current-dose rate relationship was
assumed to hold over all dose rates. A minor problem with the diode was
that its sensitivity changed with increasing total dose, but this was a
slow change and could be corrected for by re—calibration of the diode each
time it was used.

A major advantage of this form of electronic dosimeter is that it
allows samples to be easily positioned in the 60Co irradiation cell at a
point where the dose rate is exactly as required.

2.2.5 Nomenclature of samples

Samples were allocated a number between 1 and 10 according to which
ampoule they were in and the individual strips within each ampoule were
labelled with letters of the alphabet starting from A.
2.2.6 Analysis of Samples

The irradiation conditions for the samples tested are summarised in
Table 1.
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Table 1

Irradiation Conditions, Times and Doses

Sample

1
2

3

4

5

7

10

Dose Rate
Gys'1

0.208

0.014

0.008

0.014

0.008

0.03

0.03

Time
mins
7937

102096

264130

111015

210918

54063

54063

Dose x 105
Gy
0.99

0.86
1.27

0.93

1.01

0.97

0.97

Atmosphère

02 851.35 mb

Vacuum

Vacuum

02 851.5 mb

02 851.5 mb

Vacuum

02 851.4 mb

(i) Tensile Testing

Strips were pulled on an Instron 1195 machine equipped with small
pneumatic grips (type 2712-001). The samples were in the form of parallel
sided strips rather than dumb-bells, because of the difficulty of cutting
dumb-bells out of such thin rubber film. The disadvantage of this method
was that many samples broke in or near the grips. However, this should not
greatly reduce the observed tensile strengths and elongation because the
configuration of the sample in the grips, shown in Figure 7, was such that
as the strip was stretched, it became narrower, and the narrower part was
not in contact with the face of the grip, and so stress concentrations
should be less than would be observed for stiffer materials.

It can be seen from Table 2 that any changes in mechanical properties
observed between samples are not significant. This could have been due to
a genuine absence of a dose rate effect or it could have been due to the
technique lacking in sensitivity. However it seems most likely that if
there is a dose rate effect, it is not manifested in the mechanical
properties of the samples. Samples 1 and 3 have not yet been tested.

Faces of Grips

Sample (Viewed End On)

Figure 7. Deformation of sample in Grips.
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Table 2

Tensile Properties of EPR Samples

Sample Dimension: ~ 0.15 mm thick x 3 mm wide x 40 to 60 mm long.
Crosshead Speed = 100 mm/minute.
Gauge Length (distance between grips) = 20 mm.
Extension measured by crosshead displacement, extensometer not used.
Each result is a mean of five samples.

Sample

Unirradiated

2

7

4
10

5

Elongation
at Break

%
1650 ± 112

1066 ± 121

1170 ± 213

1350 ± 60

1330 ± 190

1230 ± 62

Tensile
Strength
106 Pa

13.9 ± 1.6

9.62 ± 4.7

14.12 ± 4.7
11.81 ± 3.6

13.2 ± 5.4

10.11 ± 2.9

Modulus
10s Pa

6.75 ± 1.4

5.23 ± 1.7

6.7 ± 2.7

5.55 ± 1.3
5.49 ± 1.6

5.41 ± 2.1

(ii) Solvent induced swelling

Short strips of approximately 20 mm in length were immersed in toluene
in a thermostatically controlled water bath (Techne Tempette, TE8A). The
temperature was kept at 51°C, although according to the Flory-Rehner theory
of network swelling, the swelling ratio should be independent of
temperature if there is no heat of sorption.

Unirradiated samples dissolved completely in the toluene, whereas all
of the irradiated ones so far tested have eventually reached a stable
equilibrium, showing that all these samples were cross-linked.

The swollen samples were measured while immersed in the toluene by
using a pair of workshop dividers. The distances between the points of the
dividers was then measured with a vernier caliper. Although this method
seems rather rough and ready, it is, in fact, sufficiently accurate for
this work, since distances can be reproducibly measured to an accuracy of
0.05 mm, and the swelling ratios in this case are all of the order of 100%.
The major source of error probably arises because of the difficulty of
keeping the sample flat under the surface of the liquid. (Table 3).

Of the samples studied so far, it appears that there is a significant
difference between the samples irradiated under vacuum and those irradiated
in oxygen, but that the differences between the samples irradiated in
oxygen at different dose rate are not significant.

(iii) Dynamic mechanical tests

These tests were done at the UK Headquarters of Polymer Laboratories
Ltd., The Technology Centre, Epinal Way, Loughborough, LEU OQE, UK.

The samples were tested using a Polymer Laboratories DMTA (Dynamic
Mechanical Thermal Analyser) with a tensile head. The frequency was 10 Hz.
Traces of Tan 5 against temperature are shown in Figure 8.
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Table 3

Swelling Measurements

Sample

5

3

2

1

10

Dose Rate
(Gy s'1)

0.008

0.008

0.014

0.208

0.03

Irradiation
Conditions

02
Vacuum

Vacuum

02
02

Initial
Length
(mm)

20.00

20.00

20.00

20.08

19.83

Final
Length
(mm)

50.08

34.85

42.56

49.50

46.9

T
(°C)

51.4

50.8

51.4

51.2

50.8

0.8

0.6

04

02

-50 0
T/°C

50

Figure 8. Tan 5 against temperature for some of the samples shown in table 1.

It can be seen from this that all the samples tested have glass
transition temperatures lying inthe range -25°C to -30°C. Sample 5 was
also tested but a satisfactory Tan 5 curve could not be obtained. Storage
moduli of samples 1, 2, 7, 4 and 10 are shown in Figure 9.

(iv) Infra-red (IR) spectra

The infra-red spectrum of an unirradiated sample is virtually the same
as that of a sample irradiated under vacuum. However, samples which were
irradiated in oxygen show an extra peak at 1710 cm"1, probably due to
carbonyl stretching frequencies. The intensity of this peak is different
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6.5 -

Figure 9. Dynamic Storage Modulus against temperature for samples 1,2,4,7 & 10.
For details of irradiation conditions, see table 1.

for samples irradiated at different dose rates in oxygen, but the peak
heights are not in order of dose rate. Examples of these spectra are shown
in Figures 10 and 11.

The reason why the peak heights do not correlate with the dose rates
is somewhat puzzling. It could be due to variations in thickness of the
films, but other peaks in the spectra show virtually no change from sample
to sample. Alternatively, it could be due to variations in the total dose
received, but these did not vary by more than a few percent (as calculated)
and so could not account for it either.

10

0.014 Gys~
under Vac.

0.208 Gys "
02

0.03 Gys
02

0.14 Gys
02

0.008 Gys"1

02

Figure 10. Carbonyl Peak at 1710cm for samples 1,10,4 & 5.
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Sample 1
100
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- 20
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Wavenumber cm"1

100
Sample 2

- 80

- 60

- 40

- 20

0
4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 400

Wavenumber cm ~1

Figure 11. Infra red spectra of sample 1 (left), irradiated in 02 at 0.208 Gys~1,
showing Carbony! peak at 1710cm~1. and of sample 2, irradiated
under vacuum at 0.014 Gys~1.

2.3 Summary

At this level of irradiation, no significant changes were observed in
the mechanical (tensile) properties of the irradiated samples relative to
unirradiated material. Changes were observed, however, in the swelling
behaviour in toluene, and in the infra-red spectra.

It is intended to carry out sol-gel extraction on the samples and to
look at the molecular weight distribution of the extracted solution using
GPC (gel permeation chroraatography). The results of these experiments will
be reported when they become available.

At a total dose of 105 Gy, the material becomes cross-linked. There
appears to be a difference between the extent of cross-linking and whether
or not the material was irradiated in oxygen or under vacuum.

Carbonyl groups are formed i,n the material when irradiated under
oxygen, and the intensities of the IR peaks corresponding to these groups
is different at different dose rates, but the data is, as yet, insufficient
to determine the nature of this effect. More light may be shed on this
matter when the sol-gel-GPC experiments have been performed.
3. DOSE RATE EFFECTS IN CABLE MATERIALS

Many polymeric materials are in use for instrumentation and power
supply cabling in plant exposed to irradiation. Data on the behaviour of
such materials in accelerator applications have been collated in a number
of reports from CERN [6-9] . These reports cover a wide range of commercial
materials from European suppliers but, because formulation changes can have
a large effect on the radiation behaviour of polymers, such data are not
directly applicable to similar materials from UK manufacturers. The
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programme of tests reported here covers a range of cable materials from UK
suppliers; the cables are either currently in use in radiation environments
or are being considered for such use. The programme aims to identify which
of these materials have a marked dose rate effect and to obtain more
extensive data on a limited number of the materials for the modelling of
lifetimes in service.

3.1 Experimental

3.1.1 Materials

All of the materials tested were stripped from commercial cables; the
majority were from halogen-free cables and included:

(i) Polyethylene and related materials, such as cross-linked
polyethylene (XLPE) and polyolefin.

(ii) Ethylene propylene copolymers (EPR).
(iii) Copolymers of ethylene and vinyl acetate (EVA) or methacrylic

acid (EMA).
(iv) Aromatic polymers such as poly ether ether ketone (PEEK) and

polyphenylene oxide (PPO).
(v) Halogenated polymers including polychloroprene and Viton

fluoropolymer.
Tensile test specimens in the form of dumb-bells were cut from the

cable sheathing materials and from a limited number of the insulation
materials which were on large D-shaped conductors. The majority of the
insulation materials were tested in the form of tubes stripped from solid
or stranded conductors.

3.1.2 Test methods

Measurements of tensile test properties were made on batches of 8 to
10 samples in an Instron Model 1150 testing machine fitted with a Wallace
optical extensometer system. The tensile strength and elongation at brak
were measured for each sample.

All irradiations were carried out in the 60Co cells at Harwell at
ambient temperature at dose rates of 0.67 and 0.014 Gy/s. Dosimetry was
carried out using red Perspex dosimeters calibrated by Chemistry Division,
Harwell. Irradiations at the higher dose rate were to total doses from 1 x
10s Gy to 6.7 x 106 Gy; at the lower dose rate the total dose ranged from
1 x 105 Gy to 5 x 105 Gy.

3.2 Results
A summary of the main test results in this programme is given here;

further detail and comprehensive test results are included in reference 10.
In all of the tensile tests, the elongation at break is the most sensitive
indicator of radiation induced changes in properties, tending to decrease
steadily with increasing total dose. Tensile strength in many of the
materials tends to increase initially and then decrease with increasing
dose. For comparison between different materials, the relative elongation
and strength before and after irradiation, e/eQ and cr/cro, are the most
useful parameters. In the tables referred to in the text, values of e/eQ
and cr/cr at a total dose of 4 kGy are presented at the two dose rates to
illustrate the magnitude of any dose rate effects.

3.2.1 EVA based materials
Nine different EVA based batches were tested (Table 4); these included

insulation, bedding and sheath materials, some of them dual-layer. The
majority of these showed no dose rate effect in e/eQ, but one material
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Table 4

Test Data for EVA Based Materials

Batch
Number

EVA1*
EVA2*
EVA3
EVA4*
EVA5*
EVA6
EVA7
EVA8
EVA9

e/eQ at 400 kGy

at 0.67
Gy/s

0.70
0.41
0.55
0.77
0.89
0.90
0.93
0.92
0.66

at 0.014
Gy/s

0.70
0.56
0.55
0.77
0.89
0.90
0.93
0.92
0.66

cr/ao at 400 kGy
at 0.67

Gy/s

1.13
0.86
1.23
1.65
1.05
1.39
1.05
1.40
1.11

at 0.014
Gy/s

0.95
0.68
0.75
0.94
0.85
0.83
0.85
0.90
0.86

* Materials included in 2nd phase of programme.

(EVA2) had a negative dose rate effect, i.e. less degradation at the lower
dose rate (Figure 12). All of the EVA samples do show a dose rate effect
in the tensile strength ratios; at the higher dose rate cr/cr is larger than
at the lower dose rate.

All of the EVA based materials show a similar rate of degradation of
e/eQ once a threshold dose has been reached. Plots of e/e versus log
(dose) are linear with the same negative slope for all of these materials.

1 2

1-0

0 6

04-

02-

J_

1 2

1 0

06

102 2 5 103
Dose (kGy)

0 67 Gy/s
0 OU .
0 67 .
OOU •

FIGURE 12 ELONGATION AND STRENGTH RATIOS
FOR MATERIAL EVA 2
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3.2.2 EPR based materials and EVA/EPR dual layers
These materials behave in a similar manner to the EVA based materials

with the majority showing no dose rate effect in e/eQ but a positive dose
rate effect in cr/cr , i.e. more degradation at the lower dose rate (Table 5
and Figure 13). Plots of e/eQ versus log (dose) are linear with a negative
slope but the slope is larger than in the EVA based materials, i.e. the
rate of degradation is higher once the threshold dose has been reached.

Table 5

Test Data for EPR and EVA/EPR Based Materials

Batch
Number

EPR1
EPR2*
EPR3
EPR4

EPR/EVA1
EPR/EVA2*
EPR/EVA3
EPR/EVA4

e/eQ at 400 kGy

at 0.67
Gy/s
0.61
0.80
0.45
0.82

0.68
0.62
0.81
0.82

at 0.014
Gy/s

0.83
0.80
0.45
0.82

0.68
0.62
0.81
0.82

cr/cro at 400 kGy

at 0.67
Gy/s

1.03
1.63
1.65
1.60

1.80
1.00
1.80
1.75

at 0.014
Gy/s

0.95
1.00
1.23
0.95

1.05
0.95
1.10
1.20

* Materials included in 2nd phase of programme.
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3.2.3 EMA based materials and EMA/EPR dual layers

The dual layer EMA/EPR material behaved like the EPR materials, with
no dose rate effect in e/e , a positive dose rate effect in cr/cr and a
similar rate of degradation with dose. The single EMA material included in
the testing showed a marked negative dose rate effect in e/eQ and a
positive dose rate effect in cr/cro (Table 6) .

Table 6

Test Data for EMA, EMA/EPR and Halogenated Materials

Batch
Number

EMA1
EMA/EPR1

Cl
Fl
F2

e/eQ at 400 kGy

at 0.67
Gy/s

0.60
0.58

0.70
0.23
0.04

at 0.014
Gy/s
0.92
0.58

0.70
0.09
0.01

cr/cro at 400 kGy
at 0.67
Gy/s
1.05
1.40
1.30
1.25
0.55

at 0.014
Gy/s

0.83
0.90

0.65
0.70
0.40

3.2.4 Halogenated materials
Only a limited number of halogenated materials were included in the

test programme. The single chlorinated elastomer tested showed no dose
rate effect in e/e but the two fluoropolymers included had a marked
positive dose rate effect and degraded at lower total doses than any of the
other materials tested (Table 6). All of the halogenated polymers showed a
positive dose rate effect in cr/cr .

3.2.5 Other polymers

Additional materials in the test programme included a thermoplastic
polyester (TPE), cross-linked polyethylene (XLPE), polyphenylene oxide
(PPO) and poly ether ether ketone (PEEK). The data for these materials are
given in Table 7. TPE and PPO behave in a similar manner to EVA and EPR
materials, with no dose rate effect in e/e but a positive effect in cr/cr .

Table 7
Test Data for Other Polymers

Batch
Number

TPE
PPO
XLPE*
PEEK*

e/eQ at 400 kGy

at 0.67
Gy/s

0.52
0.55
0.75
1.00

at 0.014
Gy/s

0.52
0.55
0.33
0.65

cr/cro at 400 kGy

at 0.67
Gy/s

1.23
1.50
1.50
1.00

at 0.014
Gy/s

0.75
0.80
0.65
1.00

* Materials included in 2nd phase of programme.
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XLPE shows a positive dose rate effect in both e/eQ and o/GQ- PEEK
also has a positive dose rate effect in e/eQ but strength is unaffected by
the dose rate.

3 . 3 Summary of Survey Results

Most of the materials tested in this survey (including EVA, EPR,
EVA/EPR and EMA/EPR dual layers, polychloroprene , TPE and PPO) show no
significant dose rate effects in e/eQ but a positive dose rate effect in
cf/cr , i.e. a lower strength at the lower dose rate. Of the remaining
materials, only the EMA and one of the EVA based samples showed a negative
dose rate effect in e/e ; all other materials tested showed a positive dose
rate effect.

The initial survey of dose rate effects in cable materials from UK
suppliers has identified those which are likely to show marked dose rate
effects. The second phase of the programme will look at a limited number
of materials in more detail, and will generate a matrix of data at a range
of temperatures and dose rates for use in lifetime prediction modelling.
The materials which have been included in the second phase are indicated in
Tables 4 to 7 . They include four different EVA based materials, an EPR, an
EPR/EVA dual layer, XLPE and PEEK. Both positive and negative dose rate
effects in e/eQ are represented in the selection as well as materials
showing no significant dose rate effects in the initial survey.
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COMPILATION OF RADIATION DAMAGE TEST DATA

H. SCHÖNBACHER, R. TARTAGLIA, M. TAVLET
European Centre for Nuclear Physics (CERN),
Geneva

Abstract

The paper gives a short description and lists the main entries
of the CERN radiation damage test data compilations which are
published or in preparation. Available are at present three parts:
Part I contains commercial cable insulating materials, Part II
contains thermoplastic and thermosetting resins with exception of
cable materials and Part III a variety of items which are used in high
energy particle accelerator engineering such as cable ties, hoses,
motors, oils, paints, scintillators, seals, etc. A second edition of
Part I is in preparation which will contain over 300 halogen-free
cable insulating materials irradiated at different dose rates.

1 . INTRODUCTION

Along with a number of CERN high-energy particule accelerator
projects a large amount of radiation damage test data have become
available. Especially during the construction period of the 450 GeV
Super Proton Synchrotron (SPS) from 1972 to 1977 systematic radiation
damage tests under well defined and controlled conditions were carried
out on a variety of materials. To a large extend these studies were
made in collaboration with industry from all over Europe. The results
were then analised, compiled and published as CERN yellow reports.

The aim of the tests presented in this compilation was to
predict the lifetime of the materials and components used in
a radiation environment, prior to their installation and operation.
Therefore these types of tests are accelerated ones at high dose
rates .

It is evident that in the complex field of radiation damage to
materials a great number of parameters may influence the results,
especially if a large variety of materials are tested and the doses
range over six decades. Therefore the information presented has to be
used with precaution and in many cases it can serve as a guideline
only.
2. DATA COMPILATION AVAILABLE

At present three Parts of data compilation are available
[1, 2, 3].

Part I [1] contains data on commercially available
cable-insulating materials. The test samples were supplied by some 30
European cable manufacturers in the form of moulded plates, from which
tensile test samples (ISO/R 37, ISO/R 527) were cut. The degradation
of the mechanical properties and Shore hardness (ISO 868) are reported
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as a function of the absorbed dose in the range of 5 x 10s to 5 x 10s
Gy. As an end-point criterion for an elastic cable-insulating
material, we condider it to be radiation resistant up to a dose at
which the initial elongation at break is reduced to 50 %.

Part II [2] contains thermosetting and thermoplastic resins,
with the exception of cable-insulating materials. Most of the data
have been obtained form epoxy resins used as insulation for large
high-energy accelerator magnet coils. Again, mechanical properties
have been recorded as a function of the absorbed dose in the range of
5 x 10s to 1 x 108 Gy but, in the case of rigid plastics, flexion
tests (ISO 178) have been carried out. As an end-point criterion we
require that at a given dose D the ultimate flexural strength of the
material is 50 % or more of the initial value at zero dose. The
electrical properties have not been tested, since usually the
permanent effects only become important at doses where the mechanical
damage is already severe.

Part III [3] contains all items which did not fit into the two
previous ones, e.g. cable ties, glass, hoses, motors, oils, paints,
relays, scintillators, seals, etc. The items for the irradiation tests
either have been supplied by firms from whom CERN had intentions of
buying certain items containing materials that were particularly
sensitive to radiation, or they have simply been taken from the CERN
stock without particular choice of material and supplier. In addition,
tables of general relative radiation effects and cross-references to
the main entries of all three volumes are given. Therefore Part III
can be used as a guide to information contained in the whole series of
data compilations.

The entries which are presented in Parts I, II and III are
reproduced in Appendix 1. The data compilation is available from one
of the authors free of charge.

3. DATA COMPILATION IN PREPARATION

Since the publication of Part I in 1979, the radiation
resistance of more than 300 cable insulation and sheath materials have
been tested. This large number is due to the fact that PVC and other
halogen-containing materials have been replaced by halogen-free ones.
This was done in a first step for power cables where EPR/EPDM-based
rubber compounds were used. Later, also control and low-power cables
were included. In this case the replacement materials were polyolefin-
based (polyethylene, polypropylene with various substitutes and
additives and/or copolymers).

In addition to these new materials, also irradiations at
different dose rates were included in our routine test programme: low
dose rates of about 100 Gy/h, intermediate dose rates of about 4000
Gy/h, and high dose rates of 2 x 105 Gy/h.

Further, samples were not only taken from plates, but also from
cables after production and from cables after service in radiation
areas.

With this new data a second edition of Part I is in preparation
[4]. Appendix 2 gives a list of the materials and the relevant
suppliers. This part shall be available early in 1990.
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4. PRESENTATION OF DATA
The data are presented in alphabetical order, and the following

information can be found for tested materials or components:
- the keyword used to describe the entry;
- the base material used in the composition of the test item,
followed by type, supplier, and an internal identification;

- a short description of the material;
- its application or use at CERN, if known;
- irradiation conditions specifying the radiation source, the
medium, the dose rate, and the total integrated doses received
by the material;

- the methods of testing.
Figs. 1, 2 and 3 illustrate examples taken from Parts I, II and

III respectively. Fig. 4 is an example of data presentation in the 2nd
edition of Part I.
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No

319

321

Type

HT 1129

Jacket

Supplier

Li 1 jeholmpns

BICC

Dose

(Gy)

0
5 x 10s
1 x 10s
5 x 10B

0
5 x 10s
1 x 10s
5 x 10«

Traction
R

(N/m2)

13 6
10 3
14 9
17 2

15 9
13 6
19 0
20 2

E
(S)

261
153
89
5 2

198
89
38
2 4

Hardness
H

34 D
37 D
48 5 D
75 D

45 D
49 D
57 0
75 D

Oxygen
Index

30 5

38 5

(N/mm2)® ,

(*) © .

MATERIAL PVCF

TYPE

SUPPLIER LlLJEHOLKENS

Remarks

s *>' s v?
ABSORBED DOSE (Gy)

CURVE P R O P E R T Y INITIAL VALUE

R Tenstte »Irength 13 6 M/mm2

E E long at break 261 *

H Heidnett 34 Shora D

Oxyg«n Index 30 5

MATERIAL P\

TYPE JACKET

SUPPLIER BICC

Remarks

s 10" s
ABSORBED DOSE (Gv)

CURVE P R O P E R T Y

R Tensile strength
E Elong at break
H Hardne»

Oxygen Index

IK'llIM VALUE

15 9 N/mm2

198 %

45 Shot« D

8 5

Fig. 1 Example of data compilation in Part I [1].

110



No.

113

Material and Supplier

Epoxy resin + anhydride
hardener + Al?03

BBC Mannheim

Dose

(Gy)

0
5 x 106

1 x IQ7

2 x 107

5* 10 '

Ultimate flex,
strength

S
(N/W)

122.6 ± 2.0
89.3 i 2.0
81.4 ± 2.9
60.8 ± 2.0
23.5 * 1 .0

Deflexion
at break

0
(mm)

2.8 ± 0.2
1.8 ± 0.1
1.6 ± 0.0
1.3 ± 0.0
1.0 ± 0.1

Modulus of
elasticity

M
(N/nw!)

9.45 ± 0.39 x ]03

9.97 i 0.26 x io!

1.03 t 0.03 x 10"
9.90 t 0.26 x 10'
6.32 i 0.98 x 103

MATERIAL: EPOXY RESIN + ANHYDRIDE HARDENER + Ai.,0,

SUPPLIER: BBC MANNHEIH

Remarks:

5 10" 2 s 10- 2 5 10

. ©

ABSORBED DOSE (Gy)

CURVE P R O P E R T Y INITIAL VALUE

S Ultima!« flexural strength 122.6 N/mm2

0 D*1l«xlon at br«ak 2.ß mm

M Modulus of elasticity 9.5 x 10' N/mm2

Fig. 2 Example of data compilation in Part II [2].
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SEAL(O-ring) SEAL(O-ring)
BASEMATERIAL. Nilrile butadienerubber(NBR)

TYPE PR P 118 70

SUPPLIER- Precision Rubber

IDENTIFICATION: 1592-1973

SYMBOL

DoselGyl

PROPbRTY

9 elongation at break
• tensile strength
A hardness
* compression set
For *, y is not normalized to f(0)

INITIAL VALUES

474%
17 IMPa

38 5 Shore D
28%

BASE MATERIAL: Nitnle butadiene rubber (NBR)

TYPE: PRPI38-70

SUPPLIER: Precision Rubber

IDENTIFICATION: 159 2-1973

DESCRIPTION OF MATERIAL:
A ring of circular cross section 2 6 m m and of t d 18 7 mm (O ring), made from a blend of nitrite buta
diene rubber (NBR) with polyurethane and polychloroprene rubber, especially for use in a radiation
environment

APPLICATION AT CERN:
Various vacuum seals

IRRADIATION CONDITIONS:
Type: Reactor ASTRA, switched off reactor position 35 in air, dose rate approx 10 Gy/s
Doses: 5 X 10', 1 X 10', 3 X 10'Gy

METHODS OF TESTING:
Elongation and tensile stress at break were measured with samples mounted on a sihcone lubrified fitting
disk whose two halves were separated at a speed of 100 mm/mm
Hardness Shore test
The compression set (modified French standard NF T 46 011) is given as the permanent deformation in
percent of the deformation under compression during irradiation (25%) as measured after a settling time
of 30 mm

RESULTS:
The elongation at break reached 100% at about 2 X 10' Gy The compression set measurements indicat
ed no loosening of the seal at 3 X 10' Gy

Remarks:

REFERENCES: 31

APPRECIATION: See Appendix 7

Degradation of mechanical properties:

1
10' 102 10'

Fig. 3 Example of data compilation in Part III [3].
io4 10' 10' io7



DETERMINATION OF EFFECTS OF IONIZING RADIATION ON INSULATING MATERIALS, IEC 544

CERN MATERIAL No. 764

0. 10 10

ABSORBED DOSE (Gy)

10

1Û7

MATERIAL
TYPE
SUPPLIER
REMARKS

TEST RESULTS :

VAC—copolymer
2 YM 011, therm. (85-4/20)
kabelm«tal electro
Black sheath for magnet cables (S3)

Dose

(MGy)

0.000
0.500
2.500
5.000

0.000
0.200
0.500

Dose
rate

(Gy/H)
—

1.7x105

1.7x105

1.7x105

. —

100.0
100.0

Tensile properties
Strength
R (M Pa)

10.2 ± 0.4
11.9 ± 0.2
12.3 db 0.7
8.9 db 0.0

10.2 ± 0.4
8.4 ± 0.5
7.9 ± 0.2

Elongation
E{%)

569.2 ± 12.8
403.3 ± 5.2
280.0 ± 3.2

10.0 ± 0.0

569.2 ± 12.8
444.2 ± 17.2
42.0 ± 13.0

Hardness
Shore D
H (Degree)

40.0 ± 0.0
42.0 ± 0.0
45.0 ± 0.0
50.0 ± 0.0

40.0 ± 0.0
42.7 ± 1.1
45.4 ± 1.4

RADIATION INDEX ( 1.7x10"
RADIATION INDEX ( 100.0

o RESULTS OF OTHER TESTS -

Gy/h ) : 6.3
Gy/h ) : 5.5

OXYGEN INDEX(ISO 4589) : 30.0 %
CORROSIVITY (DIN 57472) : PASS

Fig. 4 Example of data compilation in second edition of Part I.



APPENDIX 1

Names, in alphabetical order, of all materials for which test results are presented in these volumes.
The mam entries are in romans, the names m italics appear as cross-references.

Volume I: Cable insulating materials (Ref. l)

Butyl rubber
Chlorostop
Chlorosulfonated polyethylene (CSP)
Cross-linked polyethylene (XLPE)
Desmopan
Ethyl-acrylate rubber (EAR)
Ethylene-propylene diene rubber (EPDM)
Ethylene-propylene rubber (EPR)
Ethylene vinyl acetate (EVA)
Flamtrol
Fluoropolymer
Halar
Hypalon
Hytrel
Kapton
Lupolen
Neoprene
Nordel
Polych lo roprene
Polyethylene (PE)
Polyurethane (PUR)
Poly vinyl chloride (PVC)
Pyrofll

Epikote
Epoxy resins
Epoxy resins + Epoxy Novolac
Etronax
Isoval
Kerimid
Kinel
Makrolon
Novolac
Orlitherm
Phenolic resins
Polycarbonate resins
Polyester resins
Polyimide resins
Polylite
Polyurethane resins
Resoßl
Ryton
Samicamt
Samicatherm
Silicone resins
Vendur
Vetresit
Vetronit

Radox
Semiconducting polyethylene Volume III: Accelerator engineering materials and
Silicone rubber components (present volume)
Silythene

Adhesive tape
Aluminium oxide
Araldite
Asbestos cement
Askarel
Buna
Cable insulation
Cable tie
Ceramic
Cerium-doped glass
Connector
Copper wire
Diala C
Diester oil
Electronic components
Epoxy resin
Ethylene-propylene rubber (EPR) and (EPDM)
Ethylene-tetrafluoroethylene copolymer (ETFE)

Stilan
Teflon
Tefzel
Viton
XLPE

Volume II: Thermoplastic and thermosetting resins
(Ref. 2)

Araldite B
Araldite D
Araldire F and other Araldite resins
Araldite F + Epoxy Novolac
Biraknt
Cevolit
Cry s tic
Dobeckan IF
Dobeckot Fluorinatedoil
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Fluorinated polymer
Foam
Glass
Glassflbre
Heating element
HF absorber
Hoses
Hostalen
Hypermalloy
Hytrel
Insulated wire
Insulating oil
Insulating sleeve
Insulating tape
Iron
Joint
Kapton
Kevlar
Kynar
Lighting
Lithium polysilicate
Lubricating oil
Luminous paint
Lupolen
Magnet coil insulation
Magnetic material
Makrolon
Micatherm
Microswitch
Mineral oil
Motor, electric
Mylar
Neoprene
Nitrile-butadiene rubber
Nomex
Noryl
Novolac
Nylon
Oil
Optical fibre
O-ring
Paint
Paper
Particle detector
Pertinax
Plexiglas
Polyacrylate
Polyamide
Polybutylene terephthalate (PBTP)
Polycarbonate
Polychloroprene (Neoprene)

Polyester resin
Polyethylene (PE) and (XLPE)
Polyethylene terephthalate (PETP)
Polyhydantoin
Polyimide
Polyolefln
Polyphenylene oxide (PPO)
Polyphenylene sulfide (PPS)
Polypropylene (PP)
Polysiloxane
Polytetrafluoroethylene (Teflon PTFE)
Polyurethane resin (PUR)
Polyurethane rubber (PUR)
Poly vinyl chloride (PVC)
Polyvinyl toluene
Quartz
Relay
Resin
Resistofol
Rubber
Ryton
Scintillator
Scotchcal
Seal (O-ring)
Silica
Silicon detector
Silicone oil
Silicone rubber
Sleeve
Styrene-butadiene rubber (SBR)
Switch
Tape
Teflon(PTFE)
Tefzel
Terminal board
Textile
Thermoplastic resin
Thermosetting resin
Thermoshrinking sheath
Vacuum chamber tube
Vacuum gasket
Vacuum pump accessory
Vacuum seal
Vacuum valve
Valvata
Valve
Vestolene
Viton
Wire
Wood
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APPENDIX 2

List of materials and suppliers in second edition of Part 1

Material Suppliers

Acorad
Afumex
Cogegum (blend of EVA and EPDM)
Elastollan
Ethyl-acrylate rubber (EAR)
Ethylene-ethyl-acrylate (EEA)

Ethylene-propylene diene monomer rubber
(EPDM)

Ethylene-propylene rubber (EPR)

Ethylene-vinyl acetate copolymer (EVA)

Acome
Pirelli
Padanaplast
Elastogran-EPE
Datwyler
BP Chemicals
Fulgor Cavi
Isola
BICC
Cables de Lyon
Datwyler
Fab. Milanese Cond.
Gorse
Huber & Suhner
Studer Kabel
AEG-Kabel
Cablexport
Cables de Lyon
CEAT Cavi
Cossonay
Datwyler
Fulgor Cavi
Gorse
kabelmetal electro
Lynenwerk
Pirelli
Roque
Silec
Thomson
BICC - Bical
BP Chemicals
BASF
Datwyler
Fulgor Cavi
Gorse
Lynenwerk
Pirelli
Roque

Lupolen (polyolefins) BASF
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Material
Megolon (polyolefin)
Polyethylene (PE)

Suppliers
Lindsay & Williams
BP Chemicals
Huber & Suhner
Neste (ünifos)
Norsk Kabel EB
Silec
Studer Kabel
Acome
AEG-Kabel
BICC
BP Chemicals
Cabeltel-Filotex
Cablexport
Datwyler
Huber & Suhner
Norsk Kabel EB
Pirelli
Silec
Ünifos
Elastogran -EPE
Huber & Suhner
Huber & Suhner
AEG-Kabel
Gorse
Silec
NKT
Gorse
Silec
AEI Compounds
Fulgor Cavi
NKT
STC / STL
Cablexport
CEAT Cavi
BP Chemicals
Du Pont de Nemours
Norsk Kabel EB
kabelmetal electro
AEG-Kabel
Fulgor Cavi
Gorse
Padanaplast
Pirelli
Silec

Polyolefin

Polyurethane (PUR)

Radox
Rheyhalon (polyolefins or rubbers)
Semiconducting polyethylene

Silanpex (based EVA)
Silicone rubber (SIR)
Sil'ythene (PE)
Sioplas (polyolefin)

Toxfree (polyolefin)

Thermoplastic Rubber (TPR)
Varaac (EAR)

Vinyl Acetate Copolymer (VAC)
XLPE
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EXPERIENCE WITH IEC STANDARD 544
TO ASSESS RADIATION DAMAGE OF
ORGANIC INSULATING MATERIALS

H. SCHÖNBACHER, M. TAVLET
European Centre for Nuclear Physics (CERN),
Geneva

Abstract

The essential topics of IEC Standard 544 are presented which
contains four parts: I Radiation interaction, II Procedures for
irradiation, III Test procedures for permanent effects and IV
Classification system for Service in radiation environments. The
topics described include test procedures, critical parameters and
end-point criteria, dose rate and the Radiation Index. Experience at
CERN is reported which is based on radiation testing of many hundreds
of organic insulating materials supplied by a large number of
different manufacturers. The experience with rigid plastics, eg. epoxy
resins, were extremely positive, whereas with flexible plastics,
mainly cable insulation and sheath materials, several difficulties did
occur. It was however found that the recommended procedure to assess
the dose rate effect clearly allows to identify materials where this
effect is of importance and that the Radiation Index is a simple and
clearly defined tool to rank materials according to their radiation
resistance.

1. INTRODUCTION

Several national and international bodies such as ASTM, IEEE,
DIN, ISO and IEC issue standards on radiation testing of materials.
Since more than 20 years CERN has aligned its activity in the field to
IEC Standard 544 because it is essentially devoted to insulating
materials and issued by an international commission. Further CERN
staff and CERN experience has been instrumental in the elaboration of
the series of IEC Standard 544.

In this report we give a short summary of the essential parts of
the Standard and concentrate than on CERN experience with its
application. This experience has mainly been gained during the
construction of the CERN Large Electron Positron storage ring from
1982 to 1989 (LEP). In this high energy particle accelerator tunnel of
27 km circumference hundreds of kilometres of cables and tons of
magnet coil insulations are installed and exposed to high radiation
levels.
2. THE ESSENTIAL PARTS OF IEC STANDARD 544

The "Guide for determining the effects of ionizing radiation on
insulating materials", Publication 544 [1] of the International
Electroctechnical Commission (IEC) contains four parts:

Part I : Radiation interaction
Part II : Procedures for irradiation
Part III: Test procedures for permanent effects
Part IV : Classification system for service in radiation

environments
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The present report concentrate on Part II, III and IV.
Part I contains an introduction to the problems that may be

encountered with this type of tests and detailed information on
dosimetry.
2.1. Test procedures

Mechanical properties are very sensitive to radiation, and
experience shows that electrical breakdown of insulating materials is
usually a consequence of severe mechanical deterioration [2, 3].
Therefore the recommended test procedures for permanent effects are
tests of mechanical properties. Eg. tensile tests (ISO/R 527 and R 37)
on flexible plastics and flexural tests (ISO 178) on rigid plastics.
2.2. Critical parameter and end-point criteria

For normal application the most restrictive property is:
- flexional stress at maximum load for rigid plastics
- elongation at break for flexible plastics and elastomers
The recommended end-point critérium is 50 % of the initial

value.

2.3. Dose-rate
It is known that radiation damage does not depend only on the

total integrated dose; it may also depend on the dose rate as well as
on environmental parameters such as humidity and temperature.

Therefore, the IEC standard recommends irradiations at two dose
rates:

- high-dose rate irradiations at 3 to 30 Gy/s,
- low-dose rate irradiations at 30 mGy/s.

2.4. Radiation Index
In the fourth part of Standard IEC 544 a classification system

is defined to categorize the radiation endurance of insulating
materials in radiation environments, with the purpose to provide a
guide for the selection and indexing of these materials. The material
is assigned a "Radiation Index". To qualify for a particular Radiation
Index, a material must satisfy one of the above defined end-point
criteria after being irradiated by the classification dose and dose
rate.

The Radiation Index will be determined by the logarithm (Iog10)of the absorbed dose (Gy, rounded down to the two significant figures)
above which the appropriate critical property value has changed to the
end-point criterion under specified conditions. For example, a
material which satisfies a particular end-point criterion to a dose of
2 . 10* Gy has a Radiation Index of 4.3 [i.e. log(2 . 10* ) = 4.306]

The radiation Index is given with qualifiers indicating the dose
rate and the temperature at which it was obtained, since it may depend
on these parameters.
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3. EXPERIENCE WITH IEC STANDARD 544
Radiation tests on many hundred insulating materials both rigid

and flexible ones have been tested at CERN. A large amount of these
data have been compiled and published [4]. The experience with rigid
plastics, mainly epoxy resins used for magnet coil insulation were
extremely positive, whereas with flexible plastics, mainly cable
insulation and sheath materials, several difficulties did occur. The
reason for this may be their increased sensitivity to radiation dose
and dose rate. The presentation in this report will therefore
concentrate on cable materials.
3.1. End-point criteria

It shall be noted that before 1980 the CERN specification
required for cable materials an absolute value of elongation at break
of 100 \ at 106 Gy. As for safety reason halogen free materials were
imposed (to replace PVC) the mineral fillers reduced the initial value
of elongation of many materials so that the above specification was no
longer applicable. At that time we aligned with the IEC recommendation
and specified 50 \ of initial value of elongation at 5 x 105 Gy. In
practice we accept any material which irradiated at high dose rate
(30Gy/s) satisfy one of the following conditions:

- Elongation > 100 % asbsolute value at 106 Gy
- Elongation > 50 % initial value at 5 x 105 Gy (RI > 5.7)
The following example is based on 280 tested materials out of

which :
-- 132 pass either the one or the other requirement (47 %)
- 121 have an RI > 5.7 based on initial value (43 %)
- 62 have an RI > 6.0 based on absolute value (22 %}

51 pass both requirements (18 %)
In Appendix 1 we list these materials with values of elongation

at zero, 5 x 10s and 1 x 106 Gy and the RI (30 Gy/s) based on 50 % of
initial value. In the following tables we discuss some specific cases.

Table 1 in an example of materials with a high initial
elongation. This type of materials usually tend to satisfy the first
of the above requirements, an absolute value of 100 % at 106 Gy. None
of them satisfies the present specification of RI ï 5.7 based on
initial value. In table 2 we summarize materials with low initial
elongation. These are usually highly mineral filled halogen-free cable
sheath materials. As mentioned above none of these would satisfy the
100 % elongation requirement but they all have a RI ï 5.7.

Comparing now tables 1 and 2 one would by strict application of
the RI * 5.7 specification have to accept all in table 2 and refuse
all in table 1. The latter have to be refused although in absolute
terms the elongation at 5 x 105 Gy and 1 x 106 Gy is in all cases
higher than for the materials in table 2. In many cases the elongation
after irradiation is even higher than for the other material at
zero dose!
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Table 1. Materials with high initial values where elongation
at 106 Gy >, 100 % but RI is below 5.7

dose 0
5.10s Gy
1.106 Gy
01 (%)

PE
C 678
680
126
116
19

Th.pl.
C 615
520
162
122
29

Th.pl.
C 672
684
166
103
26

EPR
C 574
360
178
106
22

EPR
C 808
415
181
111
24

EPDM
C 578

562
218
104
26

EPDM
C 633
716
196
119
37

Table 2. Materials with low initial values of elongation
where RI » 5.7

dose 0
5.105 Gy
1.106 Gy
01 (%)

PE
C 716
131
81
51
40

Th.pl.
C 734

84
79
39
/

Th.pl.
C 790
121
91
51
39

EPR
C 759
142
103
80
28

EPR
C 701
158
98
72
35

EPDM
C 571
136
79
56
32

EPDM
C 729
107
52
38
57

This example shows that a conbination of the two requirements as
if is practiced at CERN (although the RI > 5.7 only is specified)
seems to be a good compromise and that strict application of the one
or the other would clearly unfavour otherwise satisfactory materials.

Experience also shows that specification of an absolute value
may give rise to less troubles if the values are properly set, eg.
100 % or 50 \ at 5 x 105 Gy. In the latter case however, almost all of
the 280 materials included in this study (94 \) would pass. This
clearly would not be enough selective.

Table 3 finally gives some examples of very radiation sensitive
materials which pass none of the above specification requirements.

Table 3. Materials very sensitive to radiation

dose 0
5.105 Gy
1.10s Gy
5.106 Gy

PE
C 548
423
150
43
17

Th.pl.
C 553
573
95
27
12

Th.pl.
C 569
505
92
22
15

EPR
C 751
550
18
12
6

EPR
C 540
520
41
30
14

EPDM
C 703
540
46
41
20

EPDM
C 721
344
88
30
/
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Table 4
Elongation at break at zero dose and 5x105Gy

for accelerated and long-term tests
for different groups of base polymers

TIS
num.

633
717
728
729
730
736
737
738
760
763
767
806
807
808
809
484
505
545
546
652
653
658
684
687
690
696
716
731
732
733
734
735
739
744
759
762
764
766
768
769
790
791
706
707

Material / Type

EPDM
EPR basis LFHS 5060
EPR EPDM
EPR
EPR EPDM
EPR Sheath
EPR Insulation
EPDM Pyrofil
EPR
EPR + Copolymer (XL)
EPR 3 G
EPR
EPR
EPR
EPR
EPR + Copolymer (TP)
PE MCA 245
EVA 4/7
EVA 4/7L
EVA MCA 319
Polyolefin MCA 320
EVA Lu pol en
Polyolefin
EVA
EVA Sioplas 407
EVA G 840
Polyolefin LFHS 5040
Polyolefin
Polyolefin
Polyolefin
Polyolefin
Polyolefin
Polyolefin Radox
Polyolefin
XLPE
EVA
EVA
EVA D 2983 FR
EVA
XLPE
PE News 1386
EPDM + EVA
Polyester - PUR
Polyether - PUR

Elon
dose
zero
EO
716
288
182
150
184
264
352
99
520
352
276
375
160
416
294
620
634
212
760
612
660
520
200
666
130
147
131
334
612
408
84

222
124
146
142
112
569
583
123
307
121
551
548
556

nation
5x1

short
ES
196
90
74
69
79
52
130
46

191
210
115
95
90
182
124
378
306
134
236
378
404
386
78

351
110
37
81
60

254
300
79
44
59
46
104
60
403
397
62

239
92

177
557
568

(%)
f Gy
long
EL
114
91
50
49
85
28
164
39
183
215
47
43
70
45
162
180
144
144
276
58
264
65
46
64
93
91
20
31
8
82
2
32
54
7

53
4
42
6

36
30
7

17
459
478

L.T.
factor
EL /Es
0.58
1.01
0.68
0.71
1.07
0.54
1.26
0.85
0.96
1.02
0.41
0.45
0.77
0.25
1.30
0.48
0.47
1.07
1.17
0.15
0.65
0.17
0.59
0. 18
0.85
1.05
0.25
0.52
0.03
0.27
0.03
0.73
0.92
0.15
0.51
0.06
0.10
0.01
0.58
0.12
0.07
0.10
0.82
0.84
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3.2. Dose rate
The effect of dose rate on insulating materials has been

extensively treated in literature and is also well discussed and to a
large extent taken into account of in the series of IEC Standard 544.
Since 1982 long term irradiations as recommended by IEC at 100 Gy/h
are carried out on a routine basis on cable materials and the results
are compared with short term irradiations at 105 Gy/h [5].

For a representative group of materials results are presented in
table 4. In this table the elongation at break at zero dose and 5.10s
Gy for both accelerated and long-term tests is given, as well as the
ratio of the two, defined as the "Long-Term Factor at 5.105 Gy". This
factor allows the assesment of the error made by estimating the life
performance of the cable-insulating materials by accelerated tests.

The results in table 4 show that the LT factor is in general
between 0.5 and 1.0 (hence within a factor 2) for EPR type materials,
whereas for Polyolefins values down to 0.1 and lower are found. This
is also clearly seen from fig. 1, where the LT factor (at 5.105 Gy)is
plotted as a function of percentage of elongation at break kept at
5.10s Gy compared to elongation at break at zero dose. As an example,

LT factor at 5.10 Gy

1 .

0.5

Fig. 1: Long Term factor (LT) at 5.105 Gy (ratio of elongation at
break for long-term and short-term tests) versus ratio of
elongation at break at 5.10s Gy and initial elongation (E/E0)
for short-term tests.
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a material that fulfils CERN specification requirements, with an
elongation of 50 % of initial value at 5.105 Gy but with a LT factor
of 0.1, will after long-term irradiation only show 5 % of initial
elongation at that dose.

In fig. 2 we give for elongation E/Eo =0.5 the long term factor
of radiation index as a function of the radiation index and the
end-point dose of short term irradiations. It must be stressed that
the RI has been obtained in many cases by extrapolation to lower doses
than the lowest measurement point or by extrapolation to higher doses.
The error involved may therefore be important (see fig. 3). Because of
these extrapolations the presentation of the LT factor in fig. 1 is
much closer to reality and can be used with more confidence.
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Fig. 2: Long Term factor (LT) for Radiation Indexe as a function of

Radiation Index for short-term irradiations RISEnd-point Criterion E/E0 =0.5D, = end-point dose for long-term irradiation
D, = end-point dose for short-term irradiation
RI8 = Iog10 D, ; RIt = Iog10 Dj
L.T.factor = Iog1fl D,/D, = RI, - RIS

It is clear that the procedure recommended by IEC can not
precisely predict the life performance of the material. This could
according to our present knowledge only be obtained by irradiation at
service dose rate. The examples shown allowe however to determine the
overall performance of a group of materials (eg. PUR is better than
EPR or PE) and identify materials which are particularly sensitive to
dose rate effects (eg. polyolefins). This is demonstrated in fig. 4.

At present, we carry out at CERN also irradiations at an
intermediate dose rate of about 5000 Gy/h. With 3 data points it shall
then be possible to find a relation between end-point dose and dose
rate and investigate whether it is possible to extrapolate to lower
dose rates. This method is at present subject of a proposal for a new
IEC recommendation [6].

125



TO TO
ABSORBED DOSE (Gy)

Fig. 3: Tensile properties (Elongation at break E and tensile strength R)
versus absorbed dose for a cable sheath material.
Ds = end-point dose for short-term irradiationDL = end-point dose for long-term irradiation.

R.I

6.3

6.0

5.7

5.3

5.0 .

PUR

RUBBERS

30mGy/s 30 Gy/s Dose rate
Fig. 4: General demonstration of Radiation Indexes (RI) and dose rate

effect on EPR, Polyolefins and PUR. (the lines are drawn to
guide the eye only).
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3.3. Radiation Index
Since the issue of IEC 544 part 4 in 1985 all CERN data

published contain the Radiation Index. As shown in Section 2.4. this
is clearly defined and easy to assess. It can therefore be considered
as a valuable recommendation. From a practical point of view, it might
have been easier understandable if the end-point dose would be given
as such and not the logarithm of it.
4. DISCUSSION

In the complex field of radiation testing of insulating
materials much work is done under well defined laboratory experiments.
IEC Standards must however also be applicable in field work. In this
respect, the results obtained at CERN are most valuable experience
where assessment of radiation resistance have been made on materials
which come from different manufacturers, have different sample sizes
and to a large extend an unknown composition. They are installed in
large quantities in high radiation areas. From this experience we can
conclude the following:

- to specify as end-point criterion 50 % of initial value at 5
x 10s Gy unfavours materials with high initial elongation.
Specification of two conditions seems to be a reasonable
compromise eg. at 5.105 Gy:

elongation > 100 % in absolute value
OR elongation > 50 \ of initial value

- the recommendation to assess dose rate effects is certainly not
perfect from a scientific point of view, but clearly allows to
identify materials with a high dose rate effect,

- the Radiation Index is a simple and clearly defined tool to rank
materials according to their radiation resistance. However to
assess the dose rate effect a comparison of absolute values
gives more accurate results than the Radiation Index.
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APPENDIX 1
CABLE MATERIALS - RESULTS

TIS
Num

409
410
411
412
414
415
420
421
424
425
430
431
432
433
434
442
443
455
464
465
466
469
472
473
475
483
484
485
486
498
507
511
514
519
520
521
536
537
538
539
540
541
544
545
546
549
550
551
552

Materials

EPDM LD BY 92
EPDM LD 37 34
EPR
EPR 1239
Flamtrol Insul.
Flamtrol Sheath
EPDM
EPDM
EPR
Polyolefin
PUR-Polyether
PUR-Polyester
PUR-Polyester
EPR
Polyolefin 801
EPR
EPR
XLPE 909
EPR
EPR
EPR
Polyolefin
Polyolefin
EVA Sioplas
EPDM
VAC + EPR T1
VAC + EPR T2
VAC + EPR T 3
VAC + EPR T4
EPDM
EVA Silampex
EPR
EVA Lupolen
Polyolefin 236
Polyolefin 245
Polyolefin 245
EVA Lupolen
EPR
EPR
EPR
EPR
Polyolefin
Polyol. AFT/R1
EVA 4/7
EVA 4/7L
PE (LDPE)
EPDM
EVA Lupolen
Polyolefin

ELONC
0 Gy

255
260
434
132
443
441
220
233
382
275
606
566
592
490
620
252
217
239
293
220
275
205
132
132
113
642
620
573
342
616
164
254
434
527
634
481
470
64
258
82
520
210
252
212
760
581
384
433
621

;ATION;
5. 10s

142
150
180
93
194
120
133
131
163
152
605
676
578
250
40
150
127
150
136
150
120
23

114
418
378
310
142
270
132
150
87
302
350
250
68
26
105
57
41
138
167
134
236
270
121
99
105

; (%)
1.106

120
124
108
75

112
50
95
72
90
105
576
618
508
212
32
108
99
104
123
101
107
93
17
96
63
130
129
72
64
104
64
108
38
222
162
146
37
20
80
43
30
106
139
102
130
99
63
41
19

R.I.

5.8
5.8
6.1
5.7
5.8
5.7
/

5.8
> 6
> 6
> 6
5.7
< 5
5.9
5.7
5.9
5.7
5.8
5.7
5.8
< 5
> 6
>6
5.8
5.7
5.7
/

5.6
5.8
5.8
< 5
5.8
5.7
5.7
< 5
/
/
6.0
< 5
6.0
5.9
5.9
/
/
/
/

< 5

Remarks

1
1
2

1 +
2

1
1
1
1 2
1+ 2
1+ 2
1+ 2
1 2
1 2
1 (2)
1
1 2
1 2
1 2
1
1 +
1 +
1 2
1 2
1

2
1
1
1 2
1 2
1 2

i

1+ !
1+2
1 2
1 2

2
2
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TIS
Num

553
555
556
557
558
559
560
561
568
569
575
576
577
578
579
581
582
583
584
585
586
587
615
616
617
618
619
620
624
625
626
627
628
629
630
631
652
658
659
660
661
663
664
672
674
677
678
682
683
684
686
687

Materials

EVA Lupolen
EPR
EPR
EEA (MCA 280)
XLPE
EPR
Polyolef in
EPR
EVA Sioplas
EVA Lupolen
EVA 4 G
XLPE Insulation
XLPE Semicond.
EPDM
EPDM
EVA
SIR
EVA
EVA
EPDM IE 606
EPDM IE 606
Thermoplastic
Thermoplastic
Thermoplastic
Radox 110
Radox 110 A
Radox 110
EPDM
EPR AT/ 2
EPR AT/ 3
EPR
Toxfree 1
Toxfree 2
Toxfree 3
EVA HFI/20
EPDM
EVA MCA 319
EVA Lupolen
EVA 4/7
EVA 4/7
EVA 5/2
EVA HFI/36
EVA HFI/38
EVA 5/2
Vamac
EPDM/PE
PE DFDS 6032
EPR 1202
EPR 1106
Polyolefin
EVA HFI/36
EVA HFI/38

ELON
0 Gy

573
408
291
501
547
357
324
280
103
505
264
461
214
562
531
165
531
191
156
202
284
219
520
290
309
178
179
171
242
325
160
304
276
156
716
382
610
520
152
181
284
720
711
684
131
51
680
110
162
200
657
666

•IATION
5.10s

95
198
124
264
296
111
197
172
84
92
176
310
118
218
136
76
41
130
100
117
177
112
162
62

193
124
95
56
77
92
62
100
89
69

417
114
378
386
88
82
134
440
417
166
82
13

126
56
80
78
345
351

? (%)
1.106

27
109
86
172
170
62
147
116
70
22
110
138
84
104
88
51
21
78
77
70
109
64
122
56
150
95
75
17
28
28
22
48
39
32
272
70
160
88
21
23
43

315
156
103
55
16

116
34
65
53
140
57

R.I.

< 5
5.6
/

5.7
5.7
/

5.9
5.8
> 6
< 5
5.8
5.8
5.7
/
/

5.6
< 5
5.8
6.0
5.7
5.8
5.7
/
/
6.0
6.0
5.8
/
/
/
/
/
/

5.6
5.8
/

5.8
5.8
5.7
/

5.6
5.9
5.7
/

5.8
/
/

5.7
5.65
/
5.7
5.7

Remarks

(1) 2
1 2
1 2
1
1 2
14

1 2
1 2
1

2

1
1-t-
1
1 2
1

2

1 +
1 +
1

1 2
1 2
1
1

1 2
1 2

2
1i

2
1
1

1 2
1
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TIS
Num

690
696
699
700
701
706
707
716
717
726
727
730
736
737
739
746
747
751
752
753
754
759
760
762
763
764
766
767
769
780
781
782
783
784
785
786
788
790
791
798
799
800
801
802
803
804
805
806
807
808
809

Materials

EVA Slop] as
EVA G 810
EVA
EVA
EVA KX 712
PUR polyester
PUR polyether
Polyolefin 5040
PE + EPR 5060
PE DFDK 4960
Polyol. AFT/R1
EPR-EPDM
EPR ext. sheath
EPR inner sheath
Radox
Megolon S 2
Megolon I
Polyolefin 802
EVA 3917 BASF
EVA D 2083 FR
Polyolefin
XLPE charged
EPR
EVA compound
VAC XL
VAC thermoplastic
D 2983 FR
EPR 3 G
XLPE
XLPE 4201
Semi-conductor
XLPE 931
PE 972
Polyolefin XL 244
Polyolefin XL 251
Polyolefin 270
Polyolefin XL
PE NEWS 1386
Cogegum AFR/1
PE Silythene
Toxfree M 2
Toxfree M 2
Toxfree G 10
Toxfree G 5
Toxfree G 9
Polyolefin AFR/1
Vamac ZFI3H1p
EPR DU 1202
EPR DU 1106
EPR 5009
EPR DU 191

ELON(
0 Gy

130
147
748
695
158
556
548
131
288
28

224
184
264
352
124
224
445
550
516
440
243
142
520
112
351
569
583
276
308
530
294
341
609
94

216
161
109
121
551
540
126
163
178
222
136
550
276
375
160
415
294

3ATION<
5.10s

110
87
140
154
98

568
557
81
90
22
144
79
52
130
59
49
160
18

408
168
140
103
190
59

210
404
397
115
240
362
177
235
358
57
109
130
66
91
177
237
61
95
74

133
93
152
116
95
90

181
123

5 (*)
1.106

92
58
84
96
72

466
462
51
71
12
102
59
32
82
31
32
66
12

324
69
76
80

125
33
145
280
60
68

101
195
126
95
190
47
40
67
42
51

112
85
37
66
54
78
57
56
66
63
60

111
79

R.I.

6.2
5.8
<
/

5.9
6.2
6.2
5.8
/

5.9
5.9
/
<
/

5.65
/
/

< 5
6.1
/

5.7
6.2
/

5.7
6.3
6.3
5.7
/

5.8
5.9
5.8
5.8
5.9
6.0
5.7
5.9
5.8
5.9
/

5.6
5.7
5.8
/

5.8
5.9
/
/
/

5.8
5.6
/

Remarks

14
1

(2)
1
1 +
1 +
1
1 !
1

(1)

1+ 2
1
H

2
1
1 +
1 +
1

1 2
1 2
1 2
1
1 2
1+ !
1
1
1
1

2
1
1
1
1

1
2
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TIS
Num

812
813
814
818
819
836
840
841
856
860
862
868
872
884
885
886
888
891
892
893
897
899
900
903
904
908
914
915
922
925
926
931
937
951
952
953
954
955
956
961
982
983
988
989
990

Materials

EVA 4 G
PE copolymer
PE copolymer
EPR
EVA
EPR 4-56680-04
Rubber Acryl Sh.
EVA X 2502 19
XLPE G2-EC-MD
EVA D 2983 FR
Polyolefin 5040
Rheyhalon KF2U
VAC 4- EPR T 2
EPR
EVA D 2983 FR
Polyolefin 2979FR
TPR 799 nat
Megolon S 1
Megolon S 1 '
Megolon S 300
EPDM/EVA
EPDM
EPDM
EVA Ceanotox
EPR Ceanotox
PE News 1386
Cogegum AFR/2
VAC thermoplastic
VAC thermoplastic
EPR 3 GZ 340
EPR DM 021
Polyolefin DF632
Polyolefin ZH 33
Sioplas
EPR G 5
Megol.S300-15
Megol.S300-10
Megolon S 2-1
Megolon S 2-5
Cogegum AFR 11
VAC thermoplastic
VAC thermoplastic
VAC thermoplastic
VAC XL
VAC XL

ELON
0 Gy

185
174
172
155
255
138
142
218
342
465
140
202
653
126
670
535
138
194
97
125
127
104
128
162
161
127
273
657
608
483
588
517
121
118
110
171
154
415
486
560
628
607
668
458
483

;ATION
5.10s

96
118
106
103
142
89
73

131
174
37
90
44
250
70

393
374
34
57
50
62
58
64
75
87
51
95

115
391
527
259
335
10
54
63
63
122
112
169
226
383
487
96

371
92

263

? (%)
1.106

58
80
74
78

1 1 1
70
52
82
64
21
65
21
9 i
52
63
190
15
33
33
32
48
49
60
61
40
47
26

231
340
176
220
4

28
52
48
102
87

118
164
24
27
12

134
57
62

R.I.

5.7
5.9
5.8
6.0
5.8
6.0
5.7
5.8
5.7
< 5
5.9
5.4
5.5
5.8
5.7
5.8
/
/

5.7
5.65
5.6
5.9
5.9
5.7
5.3
5.9
5.5
5.8
6.0
5.7
5.8
5.3
5.6
5.8
5.8
> 6.
> 6.
5.6
5.6
5.8
5.8
5.5
5.7
5.5
5.7

Remarks

1
1
1
U
1 2
1 +
1
1
1
1

1
1
1 2

1
(1)
1
1
1
1
1 2
1+ 2
1 2
1 2

1
1
1+ 2
1 +

2
2

1
1
1 2
1

Explanation of remarks 1 = RI > 5.7
1+ = RI > 6.0
2 = elongation at 1 MGy > 100 %
! = initial absolute values are low
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EFFECT OF OXYGEN IN THE SIMULATED LOCA
ENVIRONMENTS ON THE DEGRADATION OF
CABLE INSULATING MATERIALS
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. M. YOSHIKAWA, K. YOSHIDA, S. MACHI,

N. TAMURA, W. KAWAKAMI
Takasaki Radiation Chemistry

Research Establishment,
Japan Atomic Energy Research Institute,
Takasaki, Gunma,
Japan

Abstract

Five kinds of insulating and jacketing materials for the cables used in nuclear power plants were
exposed to various LOCA environments of both simultaneous and sequential methods using
SEAMATE-II.

Experimental conditions of the simultaneous LOCA tests were done at different radiation dose
rate, steam temperature and amount of air added to the LOCA environments.

The sequential tests are consist of two stages, that is, pre-irradiation and subsequent steam/spray
exposure. Pre-irradiation conditions and subsequent steam/spray exposure conditions of the sequential
LOCA tests are systematically changed in order to find appropriate conditions which can bring about
the degradation of same degree to those obtained for various simultaneous LOCA simulations.

Tensile properties, insulating resistance and water sorption of the insulating materials exposed
to various LOCA environments are measured and discussed.

1. Introduction
Safety related electrical cables (class 1E) used in nuclear

power plants are supposed to be exposed to radiation, high
temperature steam, spray and in certain cases, air simultaneously
when a LOCA (loss of coolant accident) occurs. These cables are
required to be functional even if they are subjected to a LOCA at
the end of their intended service life. To confirm the integri-
ty of the cables under LOCA, qualification tests have been car-
ried out under simulated environments which were specified by
individual countries according to their reactor types.

In Japan, cable makers qualify their cables by the sequen-
tial method proposed by IEEJ in 1982[1]. But there are some
unsolved problems and uncertainties in this proposal. To clari-
fy these problems and to provide the improved technical basis for
modification of the test standard, we have been studied about
these problems using Simulating Environmental Apparatus for
MAterial TEsting(SEAMATE-II) since 1979[2-4].

This report mainly discuss about the effect of oxygen in the
LOCA environments on the degradation of the insulating materials.
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2. Experimental
2.1 Materials

Five kinds of insulating and jacketing materials used for
cables as ethylene-propylene rubber (EPR), cross-linked polyeth-
ylene(XLPE), silicone rubber(SiR), chlorosulfonated
polyethylene(CSM) and chloroprene(CR) listed in Table 1 were
exposed to various LOCA environments. Samples with asterisk
were formulated for cables of general use and others were fire
retardant formulation for cables of nuclear reactor use. Sample
sheets of 1 mm thickness were exposed to various LOCA environ-
ments.

Table 1 Insulating and jacketing materials for the cables
tested under various LOCA environments

Sample Name Specification
Chlorosulfonated
polyrthylene A*, B*
(HypalonrCSM) C , D
Ethylene-propylene
rubber (EPR)

Cross-linked
polyethylene
(XLPE)

Chloroprene(CR)
A

A*
C*

A*

B*
C

Silicone rubber(SiR)
A , C

Standard
Unspecified

Standard
Unspecified

Standard
Standard
Unspecified

Unspecified

2.2 LOCA conditions
LOCA test conditions of both simultaneous and sequential

methods were summarized in Table 2 and 3, respectively.

Table 2 Test conditions of the simultaneous LOCA exposures
Dose:

Dose rate:
Temperature:

Air over
pressure:
Spray:
(Chemical, water)
Aging:

0.26 MGy(for BWR)
1.5 MGy(fpr PWR)
0.6-10kGy/h, Gamma rays
Profiles (BWR and PWR)
Constant 100, 120, 140°C

0, 0.05, 0.13, 0.25 MPa

Yes, No
Yes, No
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Table 3 Test conditions of the sequential LOCA exposures
Pre-irradiation Steam/spray Exposure

Dose: 0.25-2.0MGy Temperature: 120, 140, 160°C
Dose rate: Air over pressure:

0.45, 1, 5, 10kGy/h 0, 0.05, 0.13, 0.25, 0.5 MPa
Irradiation temperature: Chemical(Water) spray:

R.T., 50, 70, 90°C Yes, No
Irradiation atmosphere:

in air,
in pressurized
oxygen (0.5MPa)

Aging: Yes, No

2.3 Properties Measurement
Mechanical and electrical properties of the insulating

materials were measured 2 weeks after the exposure to the LOCA
environments as in previous report[5]. Water sorption was
estimated from the weight change of the samples before and after
exposure to the LOCA environments.
3. Results and Discussion
Simultaneous LOCA Tests
3.1 Effect of amount of air added to the LOCA environments

Figure 1 shows the strength and elongation retention of the
ethylene-propylene rubber A*{EPR A*) and cross-linked
polyethylene A*(XLPE A*) exposed to the simultaneous LOCA envi-
ronments of constant temperature (120°C) where air was added to
the saturated steam/spray environments by 0, 0.05, 0.13, 0.25MPa,
respectively.

Figure 2 shows volume resistivity of the five kinds of
insulating and jacketing materials exposed to above environments.

Figure 3 shows weight change of the samples after exposure
to the LOCA environments.

Both tensile properties and volume resistivity decrease
greatly with increasing amount of the air added to the LOCA
environments.

Hypalon and chloroprene show weight increase, while
cross-linked polyethylene and a part of ethylene-propylene rubber
show weight decrease with increasing amount of air[6].

This shows that oxygen in the LOCA environments promotes
mechanical and electrical degradation of the materials.
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Fig. 1 Effect of amount of air added to the simultaneous LOCA
environments on the tensile properties of the cross-
linked polyethylene A*(XLPE A*) and ethylene-propylene
rubber A*(EPR A*).
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Fig. 2 Effect of amount of air added to the simultaneous LOCA
environments on volume resistivities of the various
insulating and jacketing materials.(without aging)
C: data at middle stage of the LOCA exposure
E: data at final stage of the LOCA exposure
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3.2 Effect of dose rate (Duration time)
Figures 4,5 show the tensile properties of CSM A* and EPR A*

exposed to simulated LOCA profile of PWR proposed in an appendix
of IEEE Standard 323-1974 [7] under various dose rate
with(O.OSMPa) and without air.
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Fig. 4 Effect of dose rate in the simultaneous LOCA exposure
on the tensile properties of the Hypalon A*(CSM A*).
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Fig. 5 Effect of dose rate in the simultaneous LOCA exposure
on the tensile properties of the EPR A*.

Figures 6,7 show volume resistivity changes of the EPR A*
and XLPE A*.

-3 0.5 1,0
Dose (MGy)

1.5

-1

-2

-" -3

-4

-5
in saturated steam
containing air (O.OSMPa)

0.5 1.0
Dose (MGy)

1.5

Fig. 6 Effect of dose rate in the simultaneous LOCA exposure
on volume resistivity of the EPR A*.
Open symbols show data obtained under the exposure
to air free environments.
Closed symbols show data obtained under air added
environments.
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on volume resistivity of the XLPE A*.
Symbols are the same as in Fig. 6

Tensile and electrical properties of the insulating
materials except silicone rubber were remarkably affected by dose
rate when they exposed to LOCA environments including air. While
the dose rate effect was not significant especially for the EPR
when they exposed to the air free LOCA environments [8 ].

This result shows that oxygen in the LOCA environments
promotes synergetic effect between radiation and thermal
degradation of the materials.
3.3 Effect of steam temperature

Figures 8,9 show tensile properties of the CSM
exposed to the LOCA environments of 100, 120, 140 °C
without air.

Figure 10 shows an example of Arrhenius type plot
rate of elongation degradation of the CSM A*.

Figure 11 shows the volume resistivity of the EPR and XLPE
exposed to above conditions.

Figure 12 shows master curves for the insulation degradation
of EPR's exposed to the LOCA environments including air.

and XLPE
with and

of the
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Fig. 8 Effect of steam temperature in the simultaneous LOCA
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Fig. 9 Effect of steam temperature in the simultaneous LOCA
exposure on the tensile elongation of the XLPE A*.
Symbols are the same as in Fig. 8
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Fig. 10 Arrhenius plot of the rate of elongation
degradation of the CSM A*.
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140°C(square) are shifted along with the horizontal
axis based on those at 100°C(triangle).

Effect of temperature on tensile properties was seen when
the samples were exposed to the LOCA environment under the
presence of air, but was not clear when they exposed to air free
LOCA environments.

Volume resistivities of the most samples decrease with
increasing temperature except in the case of the EPR A* exposed
to air free environments.

Apparent activation energy of elongation degradation of the
CSM A* calculated from the Fig. 10 was estimated to be 12.5-
16.7kJ/mol for the exposure to air free environments, 16.7-
20.9kJ/mol for air added environments. Apparent activation
energy of elongation degradation of most samples were estimated
to be in the range of 20.9 to 41.8 kJ/mol for the exposure to air
added environment, but those values were smaller when they
exposed to air free environments. These values are smaller than
those obtained for thermal degradation of these samples.

From the master curves obtained for the insulation
degradation of EPR's exposed to air added environments, the data
at high temperature can be well superposed to low temperature
data with'appropriate shift factors individual to each sample[9].

These results show that degradation mainly proceeds mainly
by radiation oxidation when the samples were exposed to the LOCA
environments including air.
Sequential LOCA Simulation Tests
3.4 Effect of pre-irradiation dose rate and atmosphere

Figures 13,14 show the tensile properties of the Hypalon and
EPR irradiated with gamma rays under various dose rate, at
elevated temperature and in pressurized oxygen up to 1.5 MGy and
then exposed to steam/spray environments of constant
temperature(120°C) containing air (O.OSMPa).

Figure 15 shows the volume resistivity of the EPR and XLPE
and Figure 16 shows the water sorption of the Hypalon and EPR
under the same condition.
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Fig.13 Tensile properties of the CSM and EPR irradiated
under various pre-irradiation conditions exposed
to steam/spray environment of 120°C including
air(O.OSMPa).
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Fig.14 Tensile properties of the EPR irradiated under
various pre-irradiation conditions exposed to
steam/spray environment of 120°C including air.
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Fig.16 Water sorption of the CSM and EPR irradiated under
various pre-irradiation conditions exposed to
steam/spray environment of 120°C including air.
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Irradiation at low dose rate, high temperature(70°C)and in
pressurized oxygen cause larger degradation in 'tensile proper-
ties. Dose rate dependence on the rate of degradation in tough-
ness reduced to half value to the initial value was found to be
about -1st power of the dose rate.

Oxidative irradiation, especially irradiation in pressurized
oxygen, causes remarkable decrease in volume resistivities and
larger water sorption as compared with irradiation at high dose
rate [10].
3.5 Effect of amount of air added to the steam/spray environments

Figure 17 shows tensile properties, volume resistivity and
water sorption of the Hypalon, EPR and XLPE irradiated up to
1 . 5MGy with a dose rate of 1 OkGy/h and then exposed to
steam/spray environments where air added to saturated steam by
0, 0.05, 0.13, 0.25 and O.SMPa, respectively.
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Fig.17 Effect of amount of air added to the steam/spray
environment of the sequential LOCA exposure on the
tensile properties and volume resistivity of the
CSM, EPR and XLPE.
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Slight differences in the tensile properties except for
XLPE were seen in addition of air up to 0.25MPa, but significant
damages were observed at O.SMPa. On the other hand, increase of
air content does not always promote insulation degradation.
For some EPR, resistivity decrease was the highest at O.OSMPa.

These phenomena seems to be resulted from the removal of
electrically sensitive species from the material by dissolution
of the surface caused by excessive oxidation under the presence
of large amount of oxygen[10].
3.6 Effect of steam temperature

Figure 18 shows tensile properties, volume resistivity and
water Sorption of the Hypalon and EPR irradiated up to 1.5MGy at
10 kGy/h and then exposed to air free and air added(0.OSMPa)
steam of 100, 120 and 140°C.
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Fig.18 Effect of temperature in steam/spray exposure of the
sequential LOCA test on the tensile properties, volume
resistivity and water sorption of the CSM and EPR.
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Both tensile properties and volume resistivity degrade
significantly with increasing temperature, when they are exposed
to the steam environments containing air.

Exposure to high temperature steam with air causes large
water sorption. Resistivity decrease during steam exposure is
considered to be caused by sorption and retention of the water
molecule inside the materials by polar substances formed by
oxidative pre-irradiation[10].
3.7 Oxygen consumption in aging

It is well known that degradation of organic materials
generally proceeds by oxidation, hence the amount of oxygen
consumption would closely associated with the degradation of the
materials.

Figure 19 A-C show the comparison of oxygen consumption
between simultaneous(A) and sequential(B,C) aging of the
EPR(EP07P). In these figures, B and C show the oxygen
consumption in sequential methods of two kinds such as
B(irradiation followed by thermal aging) and C(thermal aging
followed by irradiation).
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I I I T
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Fig.19 Oxygen consumption by the EPR(EP07P) in various aging methods.

Oxygen consumption in simultaneous aging increases with
increasing irradiation temperature for the same dose. The point
X in the figure A shows the amount of oxygen consumed when irra-
diated by 200kGy at 100°C. In the sequential aging, larger
oxygen consumption was seen for the method B than method C. The
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value expressed by double circle obtained for simultaneous aging
is well fitted on the same condition of the sequential method B.
While in the method C, the amount of oxygen consumed slightly
increases with dose and does not depend on thermal aging
time[11 ] .
4. Summary

These experimental facts shows that oxygen in the LOCA
environments promotes radiation oxidation of the polymer to
precede chain scission than crosslinking and to form polar
substances which may cause insulation degradation due to the
water sorption and retention of it inside the materials.

It can be concluded that air in the LOCA environments
promotes both mechanical and electrical degradation of the
insulating materials and some times promotes a synergetic effect
of radiation and thermal degradation so that the effect of
parameters other than oxygen which influence on the degradation
of the organic materials should be considered in relation to the
amount of oxygen in the environments.
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Abstract

In this work we have studied the degradation and damaging
effects induced by radiation and by temperature on AFUMEXR,
an insulation for electrical cables produced and marketed by
Pirelli Cable Society and on a cable coming from a
decommissioned Italian nuclear plant. As it regards AFUMEX^
we obtained the following results.
1) Three thermal aging curves were obtained and an

activation energy of 1.23 eV was found. Radiation damage
was evaluated by measuring the decrease in the elastic
properties and was found greater when thermal ageing
followed radiation.

2) Mainly hydrogen and carbon dioxide were evolved by the
samples subjected to radiation and their quantity
increased with the absorbed dose.

3) Radiation seemed to produce no effect on the oxygen
index values.

4) Thermogravimetric tests for samples either thermally
aged and then irradiated or just irradiated showed that
significant oxidation phenomena were produced.

5) The ESR tecnique has been used to investigate the
behaviour of irradiation induced free-radicals in
different environmental conditions: the signal was
unaffected till a dose value of 10 KGy beyond which
increased as a function of the absorbed dose. The signal
increased 47% for samples irradiated in vacuum and 59%
for those in air: time dépendance of the signal showed a
marked fading for the former and an increase for the
latter. This suggests the presence of oxidative
degradation processes in the material.

6) Two different materials based on EPR (30% and 50%
propylene respectively) did not exhibit any difference
as for their radiation resistance either in air or in
argon.

As it concerns the cables coming from a decommissioned
Italian nuclear plant we have not found significant
differences in tensile properties between cables stocked in
the storehouse and those which had been in use. Insulation
constant and partial discharges indicated a slight ageing of
the latter.
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In the experiments described we have studied the
degradation and damaging effects induced by radiation and by
temperature.
In the first part, the tested material was AFUMEXR, an
insulation for electrical cables produced and marketed by
Pirelli Cable Society. This material is made of EPR with
flame retardant characteristics, with a low fume development,
containing additives free of halogens.
In the second part, we have tested a cable coming from a
decommissioned Italian nuclear plant.
1 RADIATION AND THERMAL DEGRADATION OF ETHYLENE-PROPYLENE

INSULATOR

1.1. Study of the mechanical properties degradation of EPR
A complete thermal aging curve was obtained at three

different temperatures and the data were elaborated by means
of Arrhenius1 plot which gives an activation energy of 1.23
eV. This does not depend on the critical value chosen for the
strain at break, since parallel straight lines are obtained
in any case. This indicates that the reactions which
determine thermal aging are characterized by a single
activation energy value and therefore the extrapolation at
80 °C can be taken as valid.
The radiation damage was evaluated by measuring the decrease
of the elastic properties. As it can be seen from Figure 1
where the strain at break is reported as a function of the
absorbed dose, the degradation is very rapid. The threshold
of 100% elongation |l| is already reached at the dose of 0.5
MGy (dose rate = 2.8 KGy/hr) . In the samples which were
previously subjected to thermal aging, an even more rapid
deterioration of the material was noted.
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Fig. l - Radiation ageing (curve A) and sequential thermal-
radiation ageing (curve B) (168h at 135°C) of EPR
specimens. Strain at break is plotted vs total
absorbed dose.
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It is known that damage of the polymeric material by
sequential aging depends on the order in which the aging are
performed 11,2,31. Our results show that the damage is
greater when thermal aging follows radiation aging (TAB.I).

The experiments for the detection of the possible effect
due to the presence of the copper wire inside the insulator
have been divided into two groups: in the first, samples were
thermally aged and then irradiated at two different absorbed
doses while in the second, samples were only irradiated at
the same doses. No significant differences were found in
tensile tests between the two groups.

TAB. I

THE EFFECT OF DIFFERENT SEQUENTIAL AGEING
AT VARIOUS TOTAL DOSES

Dose (MGy)
Strain at break (%)
(TEMP-RAD)

Strain at break (%)
(RAD-TEMP)

0.5

90

43

1

34

8

2

11

3

1.2. Qualitative and quantitative determination of gases
developed under irradiation.
The analysis of the gases evolved both by the samples

which were pre-conditioned by thermal aging and those which
were not shows that they are precisely those expected when a
polymeric material such as EPR is subjected to radiation and
that their quantity increses with the increase of the
absorbed dose. The gases evolved are mainly hydrogen and
carbon dioxide; carbon monoxide, methane and ethane are
present in smaller concentrations. In general the gaseous
concentrations developed by the samples which had undergone
pre-thermal aging are lower than those found in the samples
which had not undergone thermal aging. The development of
hydrogen and carbon dioxide as well as the other gases poses
precise limits on the peak load of cables which are to be
used in non ventilated cable runs.

1.3. Effect of radiation aging on flame retardant properties
The effect of radiation aging on flame-retardant

properties was studied: some samples have been subjected to a
thermal pre-aging and then to a radiation aging at 0.4 and
0.8 MGy, others directly to irradiation. Oxygen index
measurements were taken and it was found that in both
cases it shows no change, maintaining its value unaltered
(OI = 28%) in all cases. Therefore radiation seems to produce
no effect on the oxygen index values.
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1.4. Degradation of the antioxidant properties evaluated by
thermogravimetric tests.
The thermogravimetric test is a continuous measurement

of the samples' weight loss with the increase of temperature.
In this way the sample can be characterized by a TG diagram,
according to the kind and the composition of the material.
The velocity of weight loss depends on the speed of oxidation
in the samples under examination which, at the same time,
depends in part on the atmosphere to which it is exposed.
From the trend of the TG curve, we can distinguish an
induction time preceeding the real process of oxidation. This
time is strictly connected with the kind of insulation and,
if antioxidants are present in the mixture, corresponds to a
protection provided by the antioxidant itself, i.e. it
represents the time necessary to consume the antioxidant pior
to the oxidation of the sample. As it regards the influence
of irradiation on this parameter, in agreement with the
results reported in the literature |4|, it decreases as an
effect of the absorbed dose. In our case some samples were
thermally aged and then irradiated at 0.8 MGy , others only
irradiated at the same dose. The induction time measurement
gave 20 min for the first one and 57 min for the second
one (fig.2): the experimental data point out that thermal
aging produces significant oxidation phenomena.
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Fig. 2 - TG curve for EPR samples irradiated at 0.8 MGy
(curve A) and for samples thermally aged at 135°C
for 7 days and then irradiated at 0.8 MGy (curve
B) (O.I.T. = oxidative induction time)

1.5. Analysis of free radicals by electron spin resonance
The ESR technique has been used to investigate the behaviour
of irradiation induced free radicals in AFUMEXR insulator in
different environmental conditions. One of the most relevant
effect of the interaction of ionizing radiation with polymers
is the production of free radicals that can be detected with
electron spin resonance (ESR) technique 151 . In the present

152



work samples were irradiated with a 60Co Gammacel source
(dose rate=0.35 Gy/s) and measurements were performed with an
X band spectrometer Varian E112 |6|. In a first set of
measurements the samples were irradiated in the 0.1-100 kGy
dose range at a dose rate of 0.35 Gy/s and stored in air at
room conditions.

As an example figure 3 shows the ESR signal for a sample
irradiated at 100 kGy in air and in vacuum. The signal, which
is typical of a free radical both in the g value and in
microwave power dependence, is also present in all the
unirradiated samples. In fact free radicals are already
present in polymerization I 7 I.

Fig. 3 - ESR signal of a sample irradiated in air (a) and in
vacuum (b) (p=10.13 Pa viz 10~4 atm) at 100 kGy
(dose rate = 0.35 Gy/s).

Figure 4 shows the time dépendance of the ESR signal
amplitude (control peak) at three different dose values (0.1,
50, 100 kGy) ; all the readings were normalized to the first
one after irradiation. The zero dose signal was unaffected
till a dose value of about 10 kGy; for higher dose values and
as a function of storage time a well defined increase in the
signal was observed. This behaviour is dose dependent as also
clearly shown in figure 5 where the ESR signal amplitude is
plotted versus the dose for four different storage times. The
dose-effect relationship is quadratic at any time.

The time dependent increase of the ESR signal amplitude,
as also shown in figure 4 for a 100 kGy sample suggests the
presence of oxidative degradation processes in the material.

To this aim in a second set of measurements the
influence of the environmental conditions were investigated.
Three samples were irradiated and stored in different
conditions:
i) sample SI irradiated in vacuum at 100 kGy and stored in

vacuum (10.13 Pa viz. 10~4 atm);
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Fig. 4 - ESR signal amplitude vs storage time at three
different doses. The samples were irradiated and
stored in air.

ii) sample S2 irradiated at 100 kGy in air and stored in
vacuum (10.13 Pa viz. 10~4 atm) ;

iii) sample S3 irradiated at 100 kGy in air and stored in C>2
atmosphere.

Figure 3 shows the ESR signal for sample SI which is
different in shape and amplitude, at the same setting used
for sample S2. Particularly, the increase in ESR signal
amplitude was 47% for sample SI and 59% for sample S2. This
result supports the hypothesis of the important role of
oxygen in polymer radiation damage.
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Fig. 5 - ESR signal amplitude vs dose at four different
storage times. The samples were irradiated and
stored in air.

In fact when a polymer is irradiated in the presence of
oxygen, the free radicals produced react readily with C»2
molecules, giving rise to.peroxyradicals, hydroperoxides, and
other oxidation products I 8 I.
Figure 6 shows the time dépendance of ESR signal amplitude
for samples SI, S2, and S3. As it can be easily seen the
effect of oxygen during and post irradiation is well evident:
a marked fading is present for sample SI, while an increase
in ESR signal amplitude is found for samples S2 and S3.
Moreover the signal of the sample stored in vacuum (S2)
reaches a plateau after about 100 hours, while the sample
stored in air (S3) shows a continuous increase in time.
The sample SI stored in vacuum for 75 hours was then exposed
to air: a rapid increase of ESR signal amplitude was observed
with the subsequently formation of a stable product. A
similar behaviour was also observed 191 in UV optical
absorbance measurements for cellulose triacetate films.
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There have been many observations ! 81 of irradiated materials
undergoing continuing degradation long after the material has
been removed from the radiation environment: this effect
results from continuing free-radical mediated oxidation.
Moreover, the time-evolution in air of radicals produced in
the samples tested in this work suggests a possible
application of this material as a dosemeter. In fact the
possibility of keeping information for a long time (the
material has no fading and the signal, after few months,
reaches a quasi constant level) and of non destructive
readings could allow the use of AFUMEXR samples as a
permanent memory of the delivered dose values.

1.6. Polymer structure and radiation resistance in EPR with
30% and 50% propylene
Two different materials (EPR with 30% propylene (A) and

50% propylene (B)) have been examined to verify whether an
increase in tertiary carbons content cause a decrease in
radiation resistance.
The only difference found between the two materials was the
production of a larger quantity of methane by EPR with 50%
propylene.
Experiments were made in sealed quartz containers filled with
air or argon to detect a possible effect of ozone produced by
irradiation.
Samples have been irradiated with dose rate of 3.5 KGy/h at
different absorbed doses (0.5, 1, 1.5, 2 MGy) and the
radiation damage was evaluated by gas analysis of the main
gaseous species evolved (hydrogen and methane) (figg. 7-8),
by strain at break (fig. 9) and water absorption (fig.10);
the samples in air and those in argon did not exhibit any
difference.
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Fig. 7 - Hydrogen evolution vs integral dose for samples
irradiated in air and in argon.
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2. CHARACTERIZATION OF CABLES COMING FROM THE
DECOMMISSIONING OF GARIGLIANO NUCLEAR PLANT (ITALY)
A research program on decommissioning components from

Garigliano Nuclear Plant was performed as a part of a joint
program among ENEA and U.S.NRC.
Our research on the ageing of low- and medium-voltage cables
coming from the nuclear plant has the aim of determining the
residual margin of safety in components which were in use in
the plant and the reliability of accelerated aging models
making a comparison between the cable used in nuclear plant
and those stocked in the store.
Preliminarly we determined the main functional characte-
ristics - electrical, mechanical and physico-chemical - of
the cables since they were not available from the catalogue.
Some of these tests were repeated on cables which had been
working in mild environment to detect possible effects due to
the ageing.
Our results indicate that there are not significant
differences between the two kinds of cables.
The cable was constructed roughly 25 years ago when the
majority of the present standards concernig radiation
resisting cables were not yet enacted.
This fact explains the general unconformity (specially
oxygen index, toxicity index and hydrogen chloride evolution)
of the cable to the present standards for cables to be used
in hostile environments.
The results of the tests carried out show the cable undertake
only a little ageing during the service.
In fact the service conditions (60,000 hours at temperature
ranging from 20 to 35°C) may be considered very soft.
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Also considering the heating due to the electrical current in
the cable conductor the temperature on the surface of the
jacket would have been roughly 5°C higher than room
temperature and would not have substantially modified the
ageing conditions.
There are some parameters that indicate a little ageing of
the cable:

the insulation constant for the insulator
the partial discharges for the insulator
the strain at break on the pristine jacket and after
ageing (168 hours at 80°)

The difference of toxicity index of the cable before and
after the service can not be explained with the ageing but
are due to the repeatability of the analytical methods.
The little variations in same characteristics of the cable
before and after the service may be explained with the
activation energy of the ageing process calculated with the
Arrhenius plots.

Ageing curves at 110, 121, 136 and 150°C were obtained
on samples of insulator for medium-voltage cables stocked in
the storehouse of the Garigliano plant.
Strain at break and stress at peak were studied as function
of ageing time and a relationship of the form

y=a + be~cx

was found to be the most satisfactory.
From figure 11 values of ageing times corresponding to strain
at break of 400%, 425%, 475% and 500% were obtained and the
data were plotted as function of 1/kT. Arrhenius plots for
the selected values of strain at break are shown in fig.12
where it can be seen that they are almost perfectly parallel
to each other. This indicates that the activation energy is
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Fig. 11 - Strain at break vs aging time at four temperatures
for medium-voltage cables of Garigliano NuclearPlant.
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Fig. 12 - Arrhenius plot for different strain at break values
for cables of Garigliano Nuclear Plant.

TAB II

ACTIVATION ENERGIES FOR DIFFERENT
STRAIN AT BREAK VALUES

400%

425%

450%

475%

500%

E(ev)
.84 + .19

.85 + .20

,85 + .20

.85 + .21

,84 + .21

constant for any value of the strain in the range chosen
(TAB.II) and it is very likely that the reactions which
produce thermal ageing have the same value of activation
energy.

Since the mechanical characteristics of the cable
stocked in the store (fig. 11) are very good and since the
results of tensile tests on the cable which was used in mild
environment at Garigliano plant show that there are not
significant differences between the two kinds of
cables, it is not possible in this case to asses the
reliability of accelerated ageing models.
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