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INTERNATIONAL ELECTROTECHNICAL COMMISSION

DETERMINATION OF LONG-TERM RADIATION AGEING IN POLYMERS -
Part 1: Techniques for monitoring diffusion-limited oxidation

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

All users should ensure that they have the latest edition of this publication.

No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

The main task of IEC technical committees is to prepare International Standards. In
exceptional circumstances, a technical committee may propose the publication of a technical
specification when

the required support cannot be obtained for the publication of an International Standard,
despite repeated efforts, or

the subject is still under technical development or where, for any other reason, there is the
future but no immediate possibility of an agreement on an International Standard.

Technical specifications are subject to review within three years of publication to decide
whether they can be transformed into International Standards.

IEC TS 61244-1, which is a technical specification, has been prepared by IEC technical
committee 112: Evaluation and qualification of electrical insulating materials and systems.

This second edition cancels and replaces the first edition published in 1993 and constitutes a
technical revision.
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This edition includes the following significant technical changes with respect to the previous
edition:

a) numerical simulation of DLO is much improved;

b) geometry of samples has been expanded from only the case of the infinite plane to the
cylindrical and the spherical cases.

The text of this specification is based on the following documents:

Enquiry draft Report on voting

112/287/DTS 112/304/RVC

Full information on the voting for the approval of this technical specification can be found in
the report on voting indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all parts in the IEC 61244 series, published under the general title Determination of
long-term ageing in polymers, can be found on the IEC website.

The committee has decided that the contents of this publication will remain unchanged until
the stability date indicated on the IEC web site under "http://webstore.iec.ch" in the data
related to the specific publication. At this date, the publication will be

e transformed into an International standard,

e reconfirmed,

e withdrawn,

e replaced by a revised edition, or

e amended.

IMPORTANT - The 'colour inside’' logo on the cover page of this publication indicates
that it contains colours which are considered to be useful for the correct
understanding of its contents. Users should therefore print this document using a
colour printer.




PD IEC/TS 61244-1:2014
-6- IEC TS 61244-1:2014 © IEC 2014

INTRODUCTION

It is usually necessary to estimate the anticipated lifetime of a polymeric material in various
usage environments. For extended lifetimes (years), this often requires the application of
accelerated ageing techniques which typically involve the modelling of results obtained at
higher-than-ambient environmental stress levels. For many practical applications, air is
present during environmental exposures — this usually implies that important oxidation effects
underlie the degradation of the material. Unfortunately, exposure of polymers to air during
ageing often results in inhomogeneously oxidized samples, a complication which affects
attempts both to understand the oxidation process and to extrapolate accelerated exposures
to long-term conditions.

The most important inhomogeneous oxidation complication involves diffusion-limited oxidation.
The significance of this complication in various environments, including thermal [1]1
radiation [2 to 4] and ultraviolet [5] has been recognized for many years. Diffusion-limited
oxidation can occur whenever the rate of oxygen consumption in a material is greater than the
rate at which oxygen can be resupplied to the interior of the material by diffusion processes
from the surrounding air atmosphere. Such instances result in a smooth drop in the oxygen
concentration from its equilibrium sorption value at the sample surfaces to a diminished or
non-existent value in the sample interior. This will usually lead to a heterogeneity in the
oxidation across the material, with equilibrium oxidation (e.g. corresponding to air-saturated
conditions) occurring at the sample surfaces, and reduced or little oxidation in the interior.

The importance of the effect will clearly depend upon the material geometry, coupled with the
oxygen consumption rate, the oxygen permeability coefficient and the oxygen partial pressure
surrounding the sample [5 to 8]. Since the oxygen consumption rate will typically depend upon
the environmental stress level (e.g. temperature, radiation dose rate) and both the
consumption rate and the permeability coefficient may change as the material degrades [9,
10], the importance of diffusion-limited oxidation will also vary with stress level and
degradation. This often implies that the percentage of the sample which is oxidized under
accelerated (higher-level) environmental conditions is substantially lower than the percentage
oxidized under lower-level application conditions [5 to 7, 10 to 16]. Thus, as has been clear
for many years, in order to confidently extrapolate shorter-term accelerated simulations to
long-term, air-ageing conditions, a critical requirement is the ability to monitor and
quantitatively understand diffusion-limited oxidation effects.

Since a great deal of progress has recently been made in this area, this goal is now realistic.
The purpose of this specification is to review this area. Clause 2 describes experimental
profiling methods which can be used to monitor diffusion-limited oxidation. Theoretical
descriptions of the phenomenon are briefly given in Clause 3. Since the shapes of the
theoretical profiles depend upon the oxygen permeability coefficient and the oxygen
consumption rate, these quantities are measured or estimated in order to quantitatively
validate the theories. Many experimental methods have been developed for measuring
permeability coefficients and a large number of experimental values are available in the
literature. Clause 4 introduces some of the important literature. Experimental methods for
estimating oxygen consumption rates is briefly reviewed in Clause 5. Experimental data
supporting the theoretical treatments is presented in Clause 6. Once confidence in the
theoretical treatments exists, the theories can be used either to choose experimental ageing
conditions so that diffusion effects are unimportant, or to predict the importance of such
effects. If it is impossible to eliminate diffusion effects under air ageing conditions, increasing
the oxygen pressure surrounding the sample during ageing may, in certain instances, be used
to achieve the desired goal, as outlined in Clause 7 on the oxygen overpressure technique.

Part 2 is published as a separate specification and describes procedures for predicting
radiation ageing at low dose rates.

1 Figures in square brackets refer to the Bibliography.
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DETERMINATION OF LONG-TERM RADIATION AGEING IN POLYMERS -

Part 1: Techniques for monitoring diffusion-limited oxidation

1 Scope

This part of IEC TS 61244, which is a technical specification, reviews experimental techniques
to quantitatively monitor the effects when oxygen is present during ageing of polymers in
various environments including temperature, radiation or ultraviolet.

Inhomogenous ageing effects caused by diffusion-limited oxidation are often encountered and
provide theoretical equations to estimate their importance. These effects make it difficult to
understand the ageing process and to extrapolate accelerated exposure to long-term
conditions.

It is widely known that mechanical properties degrade prior to electrical properties.These
changes are consequences of chemical changes such as oxidation. In this technical
specification, only mechanical or chemical monitoring techniques are of interest.

This technical specification does not deal with electrical monitoring techniques.

2 Profiling techniques to monitor diffusion-limited oxidation

2.1 General

The presence of diffusion-limited oxidation effects implies that various properties related to
the amount of oxidation will depend upon spatial location in the material. Thus, any technique
which can profile (map) these spatial variations will allow diffusion-limited oxidation to be
monitored. Since polymer geometries utilize cross-sections down to a few millimetres or less,
and since diffusion-limited oxidation effects are operative over such small dimensions, a
useful profiling technique has to have a resolution of at least 100 um. An additional problem
related to sensitivity is the observation that severe polymer degradation typically corresponds
to less than 1 % of the polymer being oxidized. Thus, a useful profiling technique shall have
reasonable resolution, good sensitivity to the small chemical changes which occur, wide
applicability and relative ease of operation and analysis. A number of particularly useful
techniques are briefly described in this clause.

2.2 Infra-red profiling techniques

Because of the ability to provide detailed chemical information on thin film samples, infra-red
spectroscopy has been used to monitor diffusion-limited oxidation effects for more than
25 years [17]. Any oxidation-sensitive infra-red peak that can be monitored, either as a
function of sample thickness, or as a function of sequentially microtomed slices, will yield
information on oxidation heterogeneities. Many of the studies to date have concentrated on
the carbonyl region (approximately 1 720 cm~1) of polyolefin materials, such as polyethylene
and polypropylene, since infra-red peaks in this region are characterized by high extinction
coefficients (high sensitivities) and are usually absent from these materials when unaged.
Since the carbonyl region typically represents a superposition of a number of oxidation
products (e.g. ketones, aldehydes, esters, acids) of differing extinction coefficients at slightly
different wavelengths, simplifying assumptions are often needed to extract semi-quantitative
information. In most cases, either the maximum height of the hybrid carbonyl peak or its area
is chosen. It should be noted that additives present in commercially formulated materials (e.g.
antioxidants, fire retardants) often absorb in the carbonyl region, thereby complicating
attempts to use FTIR spectrometry for these materials.





