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Foreword

The text of document 112/171/CDV, future edition 2 of JEC 60544-5, prepared by IEC TC 112,
"Evaluation and qualification of electrical insulating materials and systems", was submitted to the
IEC-CENELEC parallel vote and approved by CENELEC as EN 60544-5:2012.

The following dates are fixed:

e latest date by which the document has (dop) 2012-10-18
to be implemented at national level by
publication of an identical national
standard or by endorsement

e latest date by which the national (dow) 2015-01-18
standards conflicting with the
document have to be withdrawn

This document supersedes EN 60544-5:2003.

EN 60544-5:2012 constitutes an editorial revision to align it with standards recently developed by SC 45A
as well as with other parts in the EN 60544 series.

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. CENELEC [and/or CEN] shall not be held responsible for identifying any or all such patent
rights.

Endorsement notice

The text of the International Standard IEC 60544-5:2011 was approved by CENELEC as a European
Standard without any modification.

In the official version, for Bibliography, the following note has to be added for the standard indicated:

EC 60544-4 NOTE Harmonized as EN 60544-4.
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Annex ZA
(normative)

Normative references to international publications
with their corresponding European publications

The following documents, in whole or in part, are normatively referenced in this document and are
indispensable for its application. For dated references, only the edition cited applies. For undated
references, the latest edition of the referenced document (including any amendments) applies.

NOTE When an international publication has been modified by common modifications, indicated by (mod), the relevant EN/HD
applies.

Publication Year Title EN/HD Year
EC 60544-1 - Electrical insulating materials - Determination EN 60544-1

of the effects of ionizing radiation -
Part 1: Radiation interaction and dosimetry

EC 60544-2 - Guide for determining the effects of ionizing - -

radiation on insulating materials -
Part 2: Procedures for irradiation and test

EC 60780 - Nuclear power plants - Electrical equipment of - -
the safety system - Qualification

IEC/TR 61244-1 - Determination of long-term radiation ageing in - -
polymers -
Part 1: Techniques for monitoring diffusion-
limited oxidation

IEC/TR 61244-2 - Determination of long-term radiation ageing in - -
polymers -
Part 2: Procedures for predicting ageing at low
dose rates
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INTRODUCTION

Organic and polymeric materials provide a significant proportion of the insulation used in
electrical systems. These materials are sensitive to the effects of irradiation and the response
varies widely between different types. It is therefore important to be able to assess the degree
of degradation of these insulating materials during their service lifetimes. This part of
IEC 60544 provides recommended procedures for assessing ageing of insulating materials in
service.

There are a number of approaches to the assessment of ageing of polymer-based
components exposed to radiation environments [1-4]1. These are based on the better
understanding of the factors affecting ageing degradation which has been developed over
several decades. In nuclear power plants, qualification programmes are normally used for
selection of components, including those based on polymeric materials. These initial
qualification procedures, such as IEEE-323 [5] and IEEE-383 [6], were originally written
before there was sufficient understanding of ageing mechanisms. Most of the methods
discussed in this part of IEC 60544 are therefore used to supplement the initial qualification
process.

This part is the fifth in a series dealing with the effect of ionizing radiation on insulating
materials.

Part 1 (Radiation interaction and dosimetry) constitutes an introduction dealing very broadly
with the problems involved in evaluating radiation effects. It also provides guidance to
dosimetry terminology, several methods of determining exposure and absorbed dose, and
methods of calculating absorbed dose in any specific material from the dosimetry method
applied.

Part 2 (Procedures for irradiation and test) describes procedures for maintaining seven
different types of exposure conditions during irradiation. It also specifies the controls that
should be maintained over these conditions so that when test results are reported, reliable
comparisons of material performance can be made. In addition, it defines certain important
irradiation conditions and test procedures to be used for property change determinations and
corresponding end-point criteria.

Part 3 has been incorporated into the second edition of |JEC 60544-2.

Part 4 (Classification system for service in radiation environments) provides a recommended
classification system for categorizing the radiation endurance of insulation materials.

1 Figures in square brackets refer to the bibliography.
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ELECTRICAL INSULATING MATERIALS -
DETERMINATION OF THE EFFECTS OF IONIZING RADIATION -

Part 5: Procedures for assessment of ageing in service

1 Scope and object

This part of IEC 60544 covers ageing assessment methods which can be applied to
components based on polymeric materials (e.g. cable insulation and jackets, elastomeric
seals, polymeric coatings, gaiters) which are used in environments where they are exposed to
radiation.

The object of this standard is aimed at providing methods for the assessment of ageing in
service. The approaches discussed in the following clauses cover ageing assessment
programmes based on condition monitoring (CM), the use of sample deposits in severe
environments and sampling of real-time aged components.

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and
are indispensable for its application. For dated references, only the edition cited applies. For
undated references, the Ilatest edition of the referenced document (including any
amendments) applies.

EC 60544-1, Electrical insulating materials — Determination of the effects of ionizing radiation
— Part 1: Radiation interaction and dosimetry

EC 60544-2, Guide for determining the effects of ionizing radiation on insulating materials —
Part 2: Procedures for irradiation and test

EC 61244-1, Determination of long-term radiation ageing in polymers — Part 1: Techniques
for monitoring diffusion-limited oxidation

EC 61244-2, Determination of long-term radiation ageing in polymers — Part 2: Procedures
for predicting ageing at low dose rates

EC 60780, Nuclear power plants — Electrical equipment of the safety system — Qualification
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3 Terms and definitions

For the purposes of this document, the following abbreviations, taken from |EC 60780, apply.

BWR Boiling water reactor

CBQ Condition based qualification

CM Condition monitoring

CSPE Chlorosulphonated polyethylene

DBE Design basis event

DLO Diffusion limited oxidation

DRE Dose rate effect

DSC Differential scanning calorimeter

EPR Ethylene propylene rubber

EQ Environmental qualification

EVA Ethylene vinyl acetate copolymer

IM Indenter modulus

LOCA Loss of coolant accident

NPP Nuclear power plant

oIT Oxidation induction time

OITP Oxidation induction temperature

PE Polyethylene

PVC Polyvinyl chloride

PWR Pressurized water reactor

TGA Thermo-gravimetric analysis

VVER Water-cooled, water-moderated energy reactor (type of pressurized water reactor developed
by Russia)

XLPE Cross-linked polyethylene

4 Background

4.1 General

There are a number of factors that need to be considered when assessing ageing of polymeric
components in radiation environments. In the following clauses some of these factors are
briefly discussed and references made to more detailed information.

To accelerate radiation-ageing environments, the normal approach is to increase the radiation
dose rate, often combined with an increase in temperature. The two most important potential
complications arising from such increases involve diffusion-limited oxidation, which is
described in 4.2, and chemical dose rate effects (DRE), which are described in 4.3. The
implications of these factors on the use and interpretation of condition monitoring (CM)
techniques are also discussed. Accelerated ageing programmes are briefly discussed in 4.4
and 4.5.

4.2 Diffusion limited oxidation (DLO)

When polymers are exposed to an oxygen-containing environment (e.g. air), some oxygen will
be dissolved in the material. In the absence of oxygen-consuming reactions (oxidation), the
amount of dissolved oxygen will be proportional to the oxygen partial pressure surrounding
the polymer (well known from Henry’s Law). Ageing will lead to oxidation reactions in the
polymer, whose rate will increase significantly as the dose rate and temperature of ageing are
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increased. If the rate of consumption of dissolved oxygen in the polymer is faster than the rate
at which oxygen can be replenished by diffusion from the surrounding atmosphere, the
concentration of dissolved oxygen in the interior regions will decrease with time (the oxygen
concentration at the sample surface will remain at its equilibrium value). The reduction in
internal oxygen concentration can lead to reduced or negligible oxidation, referred to as
diffusion limited oxidation.

The importance of this effect is dependent on the sample thickness (thinner samples giving
smaller DLO effects) and the ratio of the oxygen consumption rate to the oxygen permeability
coefficient P, which is the product of the oxygen diffusion and solubility parameters.
Accelerated radiation environments involve increases in dose rates, which increase the
oxygen consumption rate. If the temperature remains constant as the dose rate is increased,
the oxygen permeability coefficient will be unchanged. This means that DLO effects will
become more important as the dose rate is raised. These effects are described in more detail

in [EC 61244-1|.

The effects of DLO may also need to be considered when carrying out CM measurements.
This is not an issue for the many CM techniques which measure properties at ambient
temperature, such as those based on density and modulus measurements. On the other hand,
several CM techniques such as oxidation induction time (OIT) and thermogravimetric analysis
(TGA) use quite elevated temperatures during the measurements. For these techniques, it is
quite possible to have DLO effects present during measurement of the CM parameter. For this
reason, detailed test methods for CM have been developed [8] to ensure that the sample
preparation and test procedure avoid DLO effects. DLO shall be addressed when developing
correlation curves for CM methods, to ensure that representative data are obtained for both
radiation and thermal ageing.

4.3 Dose rate effects (DRE)

The existence of radiation dose-rate effects and methods for dealing with these effects are
described in . Generally, DRE are separated into two types. The first type, which
is commonly observed in accelerated radiation-ageing experiments, is due to the DLO effects
described in 4.2. These DLO-based effects represent a physical, geometry-dependent DRE.

The second type, of interest to the current discussion, concerns chemical DRE. Such
chemically based DRE are much less common. A documented case of chemical DRE is found
in PVC and low density polyethylene materials, caused by the slow breakdown of
hydroperoxide intermediate species in the oxidation reaction [10]. The existence of such
chemical DRE shall be checked at the start of any accelerated ageing programme.

4.4 Accelerated radiation ageing

Accelerated ageing programmes in the laboratory tend to use acceleration factors much lower
than are normally used in equipment qualification. This may avoid some of the problems
associated with DLO and DRE. The ageing produced may then be a better simulation of the
long term ageing that occurs under service conditions. The data that are obtained in
accelerated ageing tests can be used with predictive models to enable assessments to be
made of the behaviour of the materials under service conditions.

Accelerated ageing programmes require a matrix of test data to be generated over a range of
environmental conditions as described in . As a minimum, data are needed for at
least 3 different dose rates at the normal operating temperature but additional data on thermal
ageing and radiation ageing at elevated temperature enables better use to be made of the
available predictive modelling methods. The dose rates and temperatures used for
accelerated ageing should be selected using the principles described in to
ensure that homogeneous oxidation occurs. For each environmental condition used, test data
shall be obtained at several different ageing times, the longest of which should be sufficient to
introduce significant degradation. A typical test programme could take more than 18 months
to complete, dependent on the radiation resistance of the materials being tested.
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The data required in the test matrix are determined by the type of component being
evaluated. The appropriate test parameters are given in |[EC 60544-2 for various types of

polymeric material.

4.5 Accelerated thermal ageing

When carrying out thermal ageing as part of an accelerated ageing programme, it is important
that an appropriate value of the activation energy is used in assessing the temperature and
timescale of the accelerated test. In some materials, the ageing mechanism at high
temperatures is different to that which would occur under plant conditions and in many
materials the activation energy decreases significantly at lower temperatures [10,11].

Samples which been exposed to accelerated thermal ageing shall be allowed to stabilize
before any CM tests are carried out. Some polymeric materials are hygroscopic and show a
marked dependence of their properties on the moisture content [8]. This is primarily of
concern for a few materials used in older nuclear plant, but may also be important for those
CM methods that are sensitive to the moisture content of the material.

5 Approaches to ageing assessment

There are a number of complementary methods available for ageing assessment as described
in their respective clauses. Each of these methods has its own advantages and limitations.
Selection of one or more of the methods will be dependent on the requirements of the
individual users.

Several approaches to ageing assessment in-service are described in this standard. These
are:

e identifying components of concern to prioritize the application of ageing management
programmes (see Clause 6);

e condition monitoring to assess the condition of materials which have aged for extended
time periods under actual use environments (see Clause 7);

e predictive modelling to use data from laboratory based accelerated ageing programmes to
estimate ageing under real-time ageing conditions (see Clause 8);

e sample deposit to provide samples for the measurement of ageing under real-time ageing
conditions (see Clause 9).

6 Identifying components of concern

6.1 General

Within a nuclear power plant there are many components containing polymeric insulating
materials, e.g. there are >1 000 km of electrical cables in a typical NPP. It is not practical to
assess the ageing of every individual component, and many will not be exposed to significant
environmental ageing conditions. It is therefore necessary to prioritize any ageing
management programme by identifying those components which are of most concern.

6.2 Priorities for ageing management

Not all components have the same priority for ageing management. In general, those
components performing safety functions during and following an accident are of most
concern, together with those important to continued operation. Any components outside of
these categories would initially be assigned to a low priority for ageing management activities.

The normal operating environment of the components shall be examined to identify the
expected impact of the environment on their ageing. Those components identified as being
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subject to severe ageing are assigned the highest priority, whereas those subject to moderate
ageing can then be assigned to a medium priority.

For this prioritization to be carried out effectively, environmental monitoring is essential (see
6.2), combined with knowledge of the ageing behaviour of the components. Initial assessment
may make use of design calculations for temperatures and dose rates. The ageing information
may come from equipment qualification data or from supplementary accelerated ageing tests
carried out in the laboratory.

6.3 Environmental monitoring

Ageing of insulating materials in a NPP is dominated by temperature, radiation dose and
radiation dose rate for organic and polymeric materials. A major requirement for ageing
management is a detailed knowledge of the actual temperatures and dose rates at locations
within the plant where high priority components are situated.

The temperature and dose rate distribution within the plant shall be obtained using
temperature recorders and dosimeters. Operational fluctuations and seasonal variations shall
be included by carrying out these measurements over several fuel cycles. It may be
necessary to repeat such measurements when changes are made to the plant, e.g. power
upgrades.

Small self-contained temperature recorders are available and are a practical and flexible
method for localized temperature recording to supplement bulk temperature monitoring
equipment that is already installed in the plant.

Radiation monitoring is best achieved with alanine dosimeters, which are suitable for long
term measurements. These dosimeters are not significantly affected by temperature, can be
sealed to avoid the influence of humidity and are suitable for monitoring over a wide dose
range. The radicals formed under irradiation in alanine are stable over time periods in excess
of a year and can be measured using electron spin resonance ().

6.4 Localized severe environments

Identification of localized severe environments (hotspots) where high priority components are
located is an important aspect of ageing assessment. Such locations can be identified in a
number of ways, including interviews of plant personnel, operational reviews, review of plant
layout drawings and plant walkdowns [11,12]. Each will provide a different perspective on
hotspot conditions. Feedback from plant maintenance personnel is an important aspect of
identifying early signs of degradation.

6.5 Worst case components

Having prioritized the components most likely to be affected by ageing, carried out
environmental monitoring and identified localized severe environments, the components will
have been assigned to either a high, medium or low priority for further ageing management.
All components assigned to a high priority shall be subject to ageing management activities
such as CM or planned replacement.

The evaluation process can be refined as more information becomes available. For example,
if CM of high priority cables indicates that degradation is much less severe than expected, it
may be appropriate to move these components to a lower priority category.

7 Condition monitoring techniques

71 General

CM techniques are used to assess the condition of materials which have aged for extended
time periods under actual use environments, such as in nuclear power plants, accelerators,
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reprocessing plants, etc. The approach makes use of test methods which have been shown to
correlate well with ageing degradation.

CM in ageing assessment can be used in a number of ways, ranging from short term trouble
shooting to long term on-going qualification programmes.

7.2 Establishing correlation curves for CM methods

In order to use CM methods effectively, it is important to develop correlation curves between
the monitoring parameter measured and the prime indicator of degradation or functionality.
For polymeric cable materials, the prime indicator of degradation is generally considered to be
tensile elongation at break, since changes in electrical properties are small before physical
failure of the cable in many cases. In seal materials, the compression set has proved to be a
useful indicator of the degradation in sealing properties introduced by ageing. Suitable
degradation parameters for other components are given in .

Correlation curves shall be determined by measurements of the prime indicator and the
relevant CM parameter on samples aged under identical conditions, as shown schematically
in Figure 1. The measurements shall cover a range of degradation levels, from the unaged
condition to a severely degraded condition. It is recommended that at least 5 sets of data at
different ageing times be used in establishing the correlation curve (Figure 2), preferably for
several different temperatures and radiation dose rates. An example of a correlation curve for
a CSPE cable sheath material is given in Annex A.

Correlation curves are normally established using accelerated testing. Such tests shall be
carried out using the procedures described in . Alternatively, correlation curves
can be established as part of the sample deposit procedure for ageing assessment, as
described in Clause 9, or as part of the initial equipment qualification process.

7.3 CM methods

There is a wide range of methods which have been evaluated for CM of polymeric
components, particularly for cable materials [4]. Of the many methods examined, several have
been identified as being potentially suitable for practical use. Measurement standards for the
most developed of these methods are described in detail in the various parts of IEC 62582 [8].
For these methods, data correlating the monitoring parameter with degradation of the
polymeric component have been built up and the practical limitations explored. The most
developed methods are

e indenter modulus,

e oxidation induction time (OIT) and oxidation induction temperature (OITP),

e elongation at break.

NOTE There are many other methods which have been investigated for CM and suitable measurement standards
for some of these are expected to be developed over the next few years. A number of these are described in
IAEA-NP-T-3.6 [4].

Visual inspection (including tactile and other sensory inspection) is a qualitative monitoring
method which can be a valuable tool in assessing localized ageing degradation within nuclear
plant using walkdowns. The practical considerations for in-plant visual inspections
(walkdowns) are described in more detail in [11,12].

Electrical methods for assessing degradation in cable systems and their associated end-
devices are described in |EC 62469 [14]. These methods primarily relate to cable systems

(connectors, penetrations etc.) rather than degradation of the insulating materials.

7.4 Using CM for short-term troubleshooting

In short-term tests, the emphasis of CM is in identifying the extent of a problem or in
demonstrating that a problem does not exist. For example, the indenter has been used to
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determine the extent of damage to cables from degradation arising from damaged thermal
insulation on a steam line near a cable in a BWR nuclear power plant. By carrying out
indenter measurements along this cable, a profile of the damaged area was obtained. This
enabled replacement of a limited section of cable rather than replacing the entire cable run.

160

140 {

120 4

(%)

100 -

80

60

Tensile elongation

40

201

t4 to t3 ty ts I} t7

Ageing time IEC 2680/11

30+

25+

20

159

104

Condition indicator (e.g. IM)

t4 ty t3 ts ts ts t7

Ageing time IEC 2681/11

Figure 1 — Development of ageing data on changes in tensile elongation
and a condition indicator (e.g. indenter modulus) — Schematic
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Figure 2 — Correlation curve derived from data in Figure 1 — Schematic

In some cases, the use of design criteria (e.g. calculation of self-heating of power cable from
current loading) can be very conservative, indicating that the insulation would be expected to
show significant degradation. Checks on the component using CM methods can be used to
demonstrate that the materials have not degraded to the extent predicted, avoiding
unnecessary replacement. This is particularly important where a short qualified life has been
determined during EQ.

7.5 Using CM for long-term degradation assessment

CM methods can also be used in on-going test programmes which span the lifetime of the
plant. Typical uses of CM methods in such programmes are

e trending of component condition relative to a qualified condition determined during initial
EQ procedures,

e comparison of CM data with predictive modelling, based on accelerated ageing data in the
laboratory and a knowledge of the environmental conditions seen by the component,

e monitoring of components in a sample deposit located in a severe environment in the plant
(this is most frequently used for cables and small electrical components).

Figure 3 illustrates how the elongation at break can be estimated from a CM parameter such
as indenter modulus.

Condition based qualification (CBQ) is becoming the recommended method for equipment
qualification for new NPPs [12, 13]. For this approach to EQ to be used, CM techniques shall
be applied during the pre-ageing phase of qualification to determine the shape of the ageing
curve and the limiting value of CM parameters at which the component can survive a DBE, i.e.
the qualified condition. Trending of the condition of the component relative to this qualified
condition is an essential part of CBQ.
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Figure 3 — Estimation of elongation from a correlation curve

8 Predictive modelling

Data obtained during laboratory accelerated ageing tests can be used to generate model
parameters for predictive ageing models, such as those described in . These
models can be used to predict the degradation of specific materials under various ageing
conditions of temperature and radiation dose rate. By using the data obtained from

environmental monitoring of the actual temperatures and dose rates in the plant, the
degradation expected to occur in real-time ageing can be assessed.

This approach can also be used to estimate the effect of changes in the environmental
conditions, e.g. a short-term increase in temperature arising from damage to thermal
insulation on a nearby steam pipe.

The detailed accelerated ageing tests required to obtain the model parameters are most likely
to be carried out on materials for use in new plant. The use of such models combined with
design data on environmental conditions can be used during the design phase of new plant to
identify potential problem areas where re-siting of equipment would be appropriate, e.g. re-
routing of a cable run to avoid a localized hotspot.

Three predictive models which make use of a matrix of accelerated ageing data are described
in detail in [EC 61244-4, together with the limitations and data requirements for use of these
models:

e a power law model that has proved useful for materials exposed to radiation environments
where thermal ageing is negligible;

e a time dependent superposition model which can model combined thermal and radiation
ageing for those materials with a single dominant ageing mechanism;

e a dose dependent superposition model which is particularly useful in the low dose rate
radiation ageing range where thermal ageing is important, and for materials with complex
ageing behaviour.
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9 Sample deposit

9.1 General

The testing of materials from a sample deposit in the plant is an alternative approach to
assessment of ageing in service. This makes use of samples specifically installed in the plant
for destructive testing and/or CM as part of an ageing management programme.

Assessment of the long-term properties of components using a sample deposit has
advantages over accelerated ageing programmes. Ilts use means that the components age
under real plant conditions but can, nevertheless, be checked and monitored without
impairing plant operation. Such deposits are often installed in an area of the plant which has a
relatively severe environment compared with most other areas where such materials are
used. In this case, the sample in the deposit will age more rapidly and therefore will have a
lead time over the bulk of the material in the plant.

Most deposits are primarily used for evaluation of cables and small electrical components and
are mainly set up in a plant which has been in operation for less than 5 years. However, a
deposit can also be of use in an older plant, provided that the samples are pre-aged using
accelerated ageing before installation in the deposit. Samples in deposits are particularly
useful for on-going qualification programmes.

9.2 Requirements of a deposit

A major prerequisite for the implementation of a sample deposit is a good knowledge of the
radiation dose and temperature distribution at the deposit position and at positions in the
plant where the material being tested is in routine use.

Environmental monitoring can be used to select a position in the plant that is exposed to a
higher dose than most of the real positions. It may even be possible to find a location where
the temperature is also similar to the maximum design temperature. Experience has shown
that the loop line between the reactor pressure vessel and the steam generator is suitable for
this purpose in pressurized water reactors (PWRs) and the reactor water clean-up system in
boiling water reactors (BWRs). In VVER type reactors, the main circulation pipe, either hot or
cold leg, is also a suitable location for a deposit.

In selecting a position for the deposit, care shall be taken to ensure that the environmental
conditions at the deposit will produce degradation which simulates real conditions. In
particular, care shall be taken in exposing some XLPE and EPR based components to
radiation ageing at elevated temperature if their normal use is at lower temperatures. These
materials can show a reverse temperature effect [15,16,17], with degradation occurring more
rapidly at the lower temperatures. For XLPE materials, the deposit shall be at the lowest
ambient temperature normally seen in plant operations.

9.3 Pre-ageing samples for a deposit

When a deposit is set up in a NPP which has been in operation for more than 5 years, it will
be necessary to pre-age the samples to be placed in the deposit to a level equivalent to the
actual age of the plant. The accelerated ageing used to pre-age the samples shall use low
acceleration factors. The temperature and dose rate being simulated shall be based on the
actual values in the plant, as determined from environmental monitoring (see 6.3).

9.4 Installation of an sample deposit

The deposit shall be arranged so that the samples are exposed to a reasonably uniform
radiation field (e.g. if using the loop line in a PWR as the radiation source, they are kept at a
constant distance from the loop). This can be readily done by using cable trays strapped to
the circumference of the loop line. The specific design of the deposit can easily be adapted to
the local conditions in the plant. Samples shall be placed in a single layer to avoid self-
shielding.
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The deposit needs to be equipped with a representative selection of the materials (e.g. cable
samples, small electrical components) used in radiation environments. The number and type
of samples required needs to be sufficient to ensure that enough material is available for the
scheduled removal of samples over the required period of up to 60 years (for a deposit in a
new plant). It is prudent to include extra samples to allow for future improvements in CM
methods. Annex B illustrates the type of samples usually included in a deposit.

In assessing the number and type of samples required, the intervals at which samples are to
be removed and the tests those are to be performed need to be established. For example, for
cables, samples of about 0,3 m to 0,5 m in length are quite satisfactory for measurements of
tensile elongation at break. Most of the CM methods currently available are non-destructive or
need only small amounts of material; however, electrical tests will need longer lengths. If
samples are required for a DBE test with electrical measurements, a minimum length of 3 m is
required. Any whole cable samples included in a deposit shall have their ends sealed.

The deposit shall be fitted with dosimeters to record the profile of the radiation dose within the
deposit and temperature monitoring is also required. This environmental monitoring shall be
continued over at least two years to get a representative picture of the long-term
environmental conditions within the deposit. Care shall be taken to ensure that there is a free
flow of air into the deposit. Suitable contamination protection is desirable but shall not restrict
air access.

9.5 Testing of samples from the deposit

Initially, baseline data for all of the materials installed in the deposit shall be determined using
unaged material. This baseline data shall utilize all of the CM tests which will be used on the
materials in the deposit.

At regular intervals, samples will be removed for destructive tests (e.g. tensile elongation
measurements) or subjected to CM tests. The test intervals will generally be limited by the
accessibility of the sample deposit. In most plants, the deposit will only be available for
access when the plant is shut down. The type of testing schedule required is illustrated in
Annex B.

9.6 Determination of sampling intervals

For the cable types currently in use, it is reasonable to remove the first samples from the
deposit 5 years after the start of plant operation, since the type and qualification tests that
have already been performed provide an acceptable confidence interval for at least this
period. The recommended interval between tests for a deposit in a new plant is 5 to 8 years.
This interval shall be decreased if the materials are showing signs of more rapid degradation
than expected. Once degradation starts to be observed the sampling interval shall be
reduced, as indicated in Figure 4. A revised sampling interval of 1 to 2 years is then
recommended. The precise boundaries of zones A and B illustrated schematically in Figure 4
shall be defined by the degradation curve for the specific material and by the qualified
condition for that material.
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Figure 4 — Modification of sampling interval
dependent on values of the CM indicator

9.7 Real time aged materials

The deposit method is primarily suitable for new plants where unaged samples are readily
available for the material types that are to be included in the deposit. For older plants, where
unaged samples are not available for use in a deposit, an alternative is to evaluate the actual
long-term ageing behaviour by removing samples from the plant. The disadvantages of this
sampling procedure are that it constitutes an intervention into the plant and that the samples
have to be replaced with suitably qualified materials. However, it may be necessary to use
this method if, for special reasons, validated results have to be available within a short time
(e.g. for older plants without existing EQ).

If there are data available on environmental conditions within the plant, a position can be
selected where the material has been exposed to the worst case condition. For cable
materials, such positions are usually in the direct vicinity of the loop lines (PWR) or in the
reactor water cleanup system (BWR). Cable samples from real positions are normally
irradiated quite inhomogeneously, e.g. a cable run converging on the loop line. Before
removing the cable sample, the dose distribution shall be determined and the cable location
identified clearly in a reproducible manner to allow the test results to be interpreted correctly.

CM methods that are non-destructive or use only micro-samples can be used to evaluate
ageing degradation where sample removal for destructive testing is not practical. Baseline
data are still required.
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Annex A
(informative)

Example of a CM correlation curve

An example of a correlation curve in Figure A.1 for a CSPE cable material, shows the
correlation between indenter measurements and changes in the tensile elongation at break
obtained during an accelerated ageing programme [18]. A good correlation has been obtained
for both radiation and thermal ageing of this CSPE material. This correlation curve also
illustrates the degree of scatter that is likely to be observed in real data.

In-plant CM measurements on this material using the indenter can be compared with the
predicted degradation that allows residual life to be estimated. The predicted degradation is
obtained from use of ageing models (such as those described in [EC 61244-4), combined with
knowledge of the environmental conditions in the plant. Alternatively, the condition can be
compared to a qualified condition determined during EQ.

CSPE cable sheath material
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IEC 2685/11

Figure A.1 — Correlation curve for indenter modulus against
tensile elongation for a CSPE cable jacket material [18]
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Annex B
(informative)

Use of a deposit

B.1 Typical sample in a deposit

A number of sample deposits have been installed in NPPs, mainly for cable materials. The
detail of what is included in the deposits will vary from plant to plant but some typical
examples are illustrated below.

A typical cable deposit might include the following types of samples:

e batches of pre-prepared dumb-bell samples for elongation tests;

e short sections of whole cable (typically 0,3 m to 0,5 m in length) for indenter and other CM
measurements (these samples can also be used for preparation of dumb-bell samples
after ageing);

e longer sections of whole cable (typically 1 m to 2 m in length) for periodic electrical tests;
e whole cable (typically 3 m in length) for future DBE testing.

Alternatively, longer lengths of cable can be utilized in a deposit and short lengths cut off for
elongation tests and other CM tests at intervals.

B.2 Typical testing schedule for a deposit

For a plant cable deposit, the testing schedule could take the following form:

e Samples are removed for CM measurements on each component type. Initially these CM
tests should be non-destructive (e.g. indenter or other CM techniques, as appropriate to
the component type) or require only small samples (e.g. OIT tests), to preserve the
material in the deposit.

The amount of material available in a deposit is often very limited, it is therefore important to
conserve material as much as possible in the early stages of its use.

e |If the non-destructive or micro-sample tests indicate that degradation is starting to occur,
samples for elongation at break tests should be removed and tested.

e The values of the CM parameters are compared with the baseline data for that component.
If significant degradation has occurred, additional tests may be carried out e.g. a DBE
test.

It is important that the CM measurements are carried out using the methods specifically
recommended for ageing management programmes, e.g. see [8].



(1]

(2]

(3]

(4]

(5]
(6]

[7]
(8]

(9]

[10]

[11]
[12]
[13]

[14]
[15]

[16]

[17]

[18]

(19]

[20]

BS EN 60544-5:2012
- 20 - 60544-5 © IEC:2011

Bibliography

IAEA-TECDOC-932, Pilot study on the management of ageing of instrumentation and
control rod cables, Results of a co-ordinated research programme 1993-1995, IAEA,
Vienna, March 1997

AEAT-6577:2000, Management of ageing of in-containment I1&C cables: Final report of
the phase Il IAEA co-ordinated research programme, ed. S.G. Burnay
IAEA-TECDOC-1188, Assessment and management of ageing of major nuclear power

plant important to safety: In-containment instrumentation and control cables, 1AEA,
Vienna, December 2000

IAEA-NP-T-3.6, Guidelines for qualification and ageing management of 1&C cables in
current and future nuclear power generating plant, IAEA, Vienna, December 2010

IEEE Std 323, Qualifying class 1E equipment for nuclear power generating stations

IEEE 383-1974, Standard for type test of class 1E electrical cables, field splices and
connections for nuclear power generating station

IEEE Std 383:2003, Qualifying class 1E electric cables and field splices for nuclear
power generating stations (replaces IEEE 282-1974)

IEC/IEEE 62582 (all parts), Nuclear power plants — Instrumentation and control
important to safety — Electrical equipment condition monitoring methods

GILLEN, K.T., CLOUGH, Clough, R.L., Combined environment ageing effects:
Radiation-thermal degradation of PVC and PE, J. Polym. Sci., Polym. Chem. Ed., 19,
2041 (1981)

SEGUCHI, T., TAMURA, K., OHSHIMA, T., SHIMADA, A. & KUDOH, H. Degradation
mecanisms of cable insulation materials on radiation-thermal ageing in radiation
environments, Radiat. Phys. Chem. Vol. 80, pp.268 — 273, 2011

JNES-SS-0903, Assessment of cable ageing for nuclear power plant, July 2009
EPRI 1003317 (2002), Cable system ageing management, TOMAN, G.J.

EPRI-1003663 (2003), Integrated cable system ageing management guidance, G.
TOMAN, G.J.

EC 62469, Nuclear power plants — Instrumentation and control important to safety —
Management of ageing of electrical cable systems

CELINA, M., GILLEN, K.T., WISE, J. and CLOUGH, R.L. Anomalous Aging Phenomena
in a Crosslinked Polyolefin Cable Insulation, Radiat. Phys. Chem., 48, 613 (1996)

CELINA, M., GILLEN, K.T., WISE, J. and CLOUGH, R.L., Inverse Temperature and
Annealing Phenomena During Degradation of Crosslinked Polyolefins”, Polym. Degrad.
Stabil., 61, 231 (1998)

BURNAY, S.G. & DAWSON, J., Reverse temperature effect during radiation ageing of
XLPE cable insulation material, Proceedings of International Conference on "Ageing
studies and lifetime extension of materials”, 12-14 July 1999, St, Catherine's College,
Oxford, UK, Kluwer/Plenum Press.

BURNAY, S.G., unpublished data (reproduced courtesy of Institute of Nuclear Safety
Systems, Japan)

EC 60544-4, Electrical insulating materials — Determination of the effects of ionizing
radiation — Part 4: Classification system for service in radiation environments

IEC/TS 61244-3, Determination of long-term radiation ageing in polymers — Part 3:
Procedures for in-service monitoring of low-voltage cable materials



http://dx.doi.org/10.3403/30147408U
http://dx.doi.org/10.3403/00595565U

This page deliberately left blank



NO COPYING WITHOUT BSI PERMISSION EXCEPT AS PERMITTED BY COPYRIGHT LAW

British Standards Institution (BSI)

BSI is the national body responsible for preparing British Standards and other
standards-related publications, information and services.

BSI is incorporated by Royal Charter. British Standards and other standardization
products are published by BSI Standards Limited.

About us

We bring together business, industry, government, consumers, innovators
and others to shape their combined experience and expertise into standards
-based solutions.

The knowledge embodied in our standards has been carefully assembled in
a dependable format and refined through our open consultation process.
Organizations of all sizes and across all sectors choose standards to help
them achieve their goals.

Information on standards

We can provide you with the knowledge that your organization needs
to succeed. Find out more about British Standards by visiting our website at
bsiaroun.com/standards or contacting our Customer Services team or

Knowledge Centre.

Buying standards

You can buy and download PDF versions of BSI publications, including British
and adopted European and international standards, through our website at
bsiaroun.com/shop, where hard copies can also be purchased.

If you need international and foreign standards from other Standards Development
Organizations, hard copies can be ordered from our Customer Services team.

Subscriptions

Our range of subscription services are designed to make using standards
easier for you. For further information on our subscription products go to
bsiaroun.com/subscrintions.

With British Standards Online (BSOL) you'll have instant access to over 55,000
British and adopted European and international standards from your desktop.

It's available 24/7 and is refreshed daily so you'll always be up to date.

You can keep in touch with standards developments and receive substantial
discounts on the purchase price of standards, both in single copy and subscription
format, by becoming a BSI Subscribing Member.

PLUS is an updating service exclusive to BSI Subscribing Members. You will
automatically receive the latest hard copy of your standards when they're

revised or replaced.

To find out more about becoming a BSI Subscribing Member and the benefits

of membership, please visit bsiaroun.com/shop.

With a Multi-User Network Licence (MUNL) you are able to host standards
publications on your intranet. Licences can cover as few or as many users as you
wish. With updates supplied as soon as they're available, you can be sure your
documentation is current. For further information, email bsmusales@bsigroup.com.

BSI Group Headquarters
389 Chiswick High Road London W4 4AL UK

bsi.

Revisions
Our British Standards and other publications are updated by amendment or revision.
We continually improve the quality of our products and services to benefit your

business. If you find an inaccuracy or ambiguity within a British Standard or other
BSI publication please inform the Knowledge Centre.

Copyright

All the data, software and documentation set out in all British Standards and
other BSI publications are the property of and copyrighted by BSI, or some person
or entity that owns copyright in the information used (such as the international
standardization bodies) and has formally licensed such information to BSI for
commercial publication and use. Except as permitted under the Copyright, Designs
and Patents Act 1988 no extract may be reproduced, stored in a retrieval system
or transmitted in any form or by any means — electronic, photocopying, recording
or otherwise — without prior written permission from BSI. Details and advice can
be obtained from the Copyright & Licensing Department.

Useful Contacts:

Customer Services

Tel: +44 845 086 9001

Email (orders): orders@bsigroup.com
Email (enquiries): cservices@bsigroup.com

Subscriptions
Tel: +44 845 086 9001
Email: subscriptions@bsigroup.com

Knowledge Centre
Tel: +44 20 8996 7004
Email: knowledgecentre@bsigroup.com

Copyright & Licensing
Tel: +44 20 8996 7070
Email: copyright@bsigroup.com

..making excellence a habit’


www.bsigroup.com/standards
www.bsigroup.com/shop
www.bsigroup.com/shop
www.bsigroup.com/subscriptions

	30257872-VOR.pdf
	English
	CONTENTS
	FOREWORD
	INTRODUCTION
	1 Scope and object
	2 Normative references
	3 Terms and definitions
	4 Background
	4.1 General
	4.2 Diffusion limited oxidation (DLO)
	4.3 Dose rate effects (DRE)
	4.4 Accelerated radiation ageing
	4.5 Accelerated thermal ageing

	5 Approaches to ageing assessment
	6 Identifying components of concern
	6.1 General
	6.2 Priorities for ageing management
	6.3 Environmental monitoring
	6.4 Localized severe environments
	6.5 Worst case components

	7 Condition monitoring techniques
	7.1 General
	7.2 Establishing correlation curves for CM methods
	7.3 CM methods
	7.4 Using CM for short-term troubleshooting
	7.5 Using CM for long-term degradation assessment

	8 Predictive modelling
	9 Sample deposit
	9.1 General
	9.2 Requirements of a deposit
	9.3 Pre-ageing samples for a deposit
	9.4 Installation of an sample deposit
	9.5 Testing of samples from the deposit
	9.6 Determination of sampling intervals
	9.7 Real time aged materials 

	Annex A (informative) Example of a CM correlation curve
	Annex B (informative) Use of a deposit
	Bibliography
	Figures
	Figure 1 – Development of ageing data on changes in tensile elongation and a condition indicator (e.g. indenter modulus) – Schematic
	Figure 2 – Correlation curve derived from data in Figure 1 – Schematic
	Figure 3 – Estimation of elongation from a correlation curve
	Figure 4 – Modification of sampling interval dependent on values of the CM indicator
	Figure A.1 – Correlation curve for indenter modulus against tensile elongation for a CSPE cable jacket material [18] 


	Français
	SOMMAIRE
	AVANT-PROPOS
	INTRODUCTION
	1 Domaine d’application et objet
	2 Références normatives
	3 Termes et définitions
	4 Contexte
	4.1 Généralités
	4.2 Oxydation limitée par diffusion (DLO)
	4.3 Effets de débit de dose (DRE)
	4.4 Vieillissement accéléré par rayonnement  
	4.5 Vieillissement thermique accéléré

	5 Approches pour l'évaluation du vieillissement
	6 Identification des composants importants
	6.1 Généralités
	6.2 Priorités pour la gestion du vieillissement
	6.3 Surveillance de l'environnement
	6.4 Environnement sévères localisés
	6.5 Composants dans le cas le plus défavorable

	7 Techniques de contrôle des conditions
	7.1 Généralités
	7.2 Établissement des courbes de corrélation pour les méthodes de CM
	7.3 Méthodes de CM
	7.4 Utilisation du CM pour le dépannage à court terme
	7.5 Utilisation du CM pour l'évaluation de la dégradation à long terme

	8 Modélisation prédictive
	9 Dépôt d'échantillons
	9.1 Généralités
	9.2 Exigences d'un dépôt
	9.3 Pré-vieillissement d'échantillons pour un dépôt
	9.4 Installation d'un dépôt d'échantillons
	9.5 Essais des échantillons provenant du dépôt
	9.6 Détermination des intervalles d'échantillonnage
	9.7 Matériaux vieillis en temps réel 

	Annexe A (informative) Exemple de courbe de corrélation de CM
	Annexe B (informative) Utilisation d'un dépôt
	Bibliographie
	Figures
	Figure 1 – Développement des données de vieillissement sur des modifications d'allongement à la rupture et indicateur de condition (par exemple, module «€indenter€») – Courbe
	Figure 2 – Courbe de corrélation dérivée des données de la Figure 1 – Courbe
	Figure 3 – Estimation de l'allongement d'après une courbe de corrélation
	Figure 4 – Modification de l'intervalle d'échantillonnage en fonction des valeurs de l'indicateur de CM
	Figure A.1 – Courbe de corrélation pour module «€indenter€» par rapport à l'allongement à la rupture pour un matériau de gaine de câble en CSPE [18]




