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1

INTERNATIONAL ELECTROTECHNICAL COMMISSION

ELECTRICAL INSULATION MATERIALS -
THERMAL ENDURANCE PROPERTIES -

Part 7-1: Accelerated determination of relative thermal
endurance using analytical test methods (RTE,) —

Instructions 1or calculations based on activation energy

FOREWORD

THe International Electrotechnical Commission (IEC) is a worldwide organization for standafdization comp
all national electrotechnical committees (IEC National Committees). The object of../EC is to pr
infernational co-operation on all questions concerning standardization in the electrical and’electronic fiel
th|s end and in addition to other activities, IEC publishes International Standards,’ Technical Specificg
Tgchnical Reports, Publicly Available Specifications (PAS) and Guides (heregafter referred to as
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee inte
in| the subject dealt with may participate in this preparatory work. International, governmental and
gqvernmental organizations liaising with the IEC also participate in this preparation. IEC collaborates ¢
with the International Organization for Standardization (ISO) in accordance with conditions determin
adreement between the two organizations.

THe formal decisions or agreements of IEC on technical matters express, as nearly as possible, an interng
cgnsensus of opinion on the relevant subjects since each teeghnical committee has representation frg
inferested IEC National Committees.

IEIC Publications have the form of recommendations for international use and are accepted by IEC N4
Committees in that sense. While all reasonable efforts are made to ensure that the technical content g
Pyblications is accurate, IEC cannot be held responsible for the way in which they are used or fg
sinterpretation by any end user.

In| order to promote international uniformity, IE€ National Committees undertake to apply IEC Public
transparently to the maximum extent possible)in their national and regional publications. Any diver
bdtween any IEC Publication and the corresgending national or regional publication shall be clearly indicq
latter.

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

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

liability shall attach to\\EC or its directors, employees, servants or agents including individual expert
members of its technicakeommittees and IEC National Committees for any personal injury, property dama

rising
bmote
s. To
tions,
“IEC
ested
non-
osely
bd by

tional
m all

tional
f IEC
r any

htions
jence
ted in

brmity

r any

s and
ge or

other damage of any ‘nature whatsoever, whether direct or indirect, or for costs (including legal fees) and

exdpenses arising,out/of the publication, use of, or reliance upon, this IEC Publication or any othe
Pyblications.

Attention is, drawn to the Normative references cited in this publication. Use of the referenced publicati
inflispensable/for the correct application of this publication.

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

r IEC

bns is

ect of

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 60216-7-1, which is a technical specification, has been prepared by IEC technical
committee 112: Evaluation and qualification of electrical insulation materials and systems.
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The text of this technical specification is based on the following documents:

Enquiry draft Report on voting
112/298/DTS 112/314/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.
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of all parts in the IEC 60216 series, published under the general title Electrical insul
rials — Thermal endurance properties, can be found on the IEC website.

committee has decided that the contents of this publication will remaininfchanged
stability date indicated on the IEC web site under "http://webstore.ieelch" in the
ed to the specific publication. At this date, the publication will be

ansformed into an International standard,

bconfirmed,

ithdrawn,

bplaced by a revised edition, or

e gmended.
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ngual version of this publication may be issued at a later date.
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INTRODUCTION

The existing procedures of the IEC 60216 series for the evaluation of thermal endurance of an
electrical insulation material can be time consuming. These methods are therefore of limited
use during development of new materials or screening of existing products for use as a
material in an electrical insulation. There is an important demand from industry for a rapid test
method of relative thermal endurance (RTE) / temperature index (Tl) and halving interval
(HIC) to reduce project times and cost. A short-term test procedure for conventional thermal
endurance characterization is proposed in |IEC 60216-5 and a simplified approach to data
processing is described in IEC 60216-8. Non-conventional methodology for thermal
endurance characterization which can reduce further test times is considered in this technical
spedification.

The pasic procedure is based on thermal analysis methods (DSC and TGA in particular|, but
not festricted to them) to evaluate the activation energy of the thermal degradation of the
matgrial. The activation energy is directly correlated with the HIC of the thermal enduranck.

With| this information, a single-point thermal endurance test, according, to IEC 60216-1| and
IEC $0216-5, at the highest temperature of those selected for the conventional thermal ageing
procedure, is sufficient to calculate the temperature correspondingto a selected life, typically
20 0PO h, i.e. an estimate of TI. However, due to the inherent uncertainty associated with this
analytical approach, only RTE can be provided for material characterization. This is obtgined
perfgrming the single-point thermal endurance test in the same’ conditions of temperaturg and
envifonment as a reference material of known thermal endurance characteristics, i.e. Tl and
HIC.

The @nalytical test methods described in this technical specification may satisfy the demand
of shortening the insulating material charactérization procedure, if used with care|and
consjdering the restrictions these methods imply. At present, the universal applicabilityl and
the gccuracy of these methods is not validated, thus a round robin test is required to prgvide
an IEC standard based on these procedutes. This part of IEC 60216 is therefore publishgd as
a tedghnical specification.

A ggneral assessment process.(of the procedures will be developed in other sub-parfs of
IEC $0216-7.



https://iecnorm.com/api/?name=9b5d589c8086335f4c621e13470c5ec6

-6- IEC TS 60216-7-1:2015 © IEC 2015

ELECTRICAL INSULATION MATERIALS -
THERMAL ENDURANCE PROPERTIES -

Part 7-1: Accelerated determination of relative thermal
endurance using analytical test methods (RTE,) —
Instructions for calculations based on activation energy

1 cope

This| technical specification describes the procedure for the evaluation of, the thgrmal
enddrance of electrical insulating materials, based on thermal analysis methods fof the
evalyation of the activation energy of the thermal degradation reaction and a conventiongl life
test providing a life point in the thermal endurance graph. The purpose of\the test procgdure
is to|estimate the relative temperature index (RTE).

Prec:lictions of thermal endurance based on this procedure are«limited to ageing reacfions
where one single reaction is predominant and directly correlated to'the end-point criteria ffor a
spedfic application.

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
undgted references, the latest edition of) the referenced document (including | any
amendments) applies.

IEC 60085, Electrical insulation — Thekmal evaluation and designation

IEC p0216-1, Electrical insulating-materials — Thermal endurance properties — Part 1: Ageing
procedures and evaluation of test results

IEC |60216-2, Electrical\vinsulating materials — Thermal endurance properties — Paft 2:
Determination of thekmal endurance properties of electrical insulating materials — Choigte of
test griteria

IEC $0216-5;"\Electrical insulating materials — Thermal endurance properties — Payt 5:
Determination of relative thermal endurance index (RTE) of an insulating material.

IEC §0216-8, Electrical insulating materials — Thermal endurance properties — Part 8:
Instructions for calculating thermal endurance characteristics using simplified procedures

ISO 11357-6, Plastics — Differential scanning calorimetry (DSC) — Part 6: Determination of
oxidation induction time (isothermal OIT) and oxidation induction temperature (dynamic OIT)

ISO 11358-2, Plastics — Thermogravimetry (TG) of polymers — Part 2: Determination of
activation energy

ISO 11358-3, Plastics — Thermogravimetry (TG) of polymers — Part 3: Determination of the
activation energy using the Ozawa-Friedman plot and analysis of the reaction kinetics
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3 Terms, definitions and abbreviations

3.1 Terms and definitions

For the purposes of this document, the following terms and definitions apply.

3.11

reaction rate

,

change of the concentration of a chemical entity as a function of time

[SOURCE: IUPAC “Goldbook”]

3.1.2
extent of reaction

4

progfess of a chemical reaction equal to the number of chemical transformations
[SOURCE: IUPAC “Goldbook”]

3.1.3
rate jof conversion

4

time|derivative of the extent of reaction
[SOURCE: IUPAC “Goldbook”]

3.1.4
order of reaction
n
indication of the number of entities affecting the macroscopic rate of reaction

[SOURCE: IUPAC “Goldbook’]

3.1.

dia;Lostic property
p
property to whichtIlis related

Note |l to entry! See definition in IEC 60216-1.

3.1.6
rate [law
empirical differential rate equation, an expression for the rate of a particular reaction in terms
of concentrations of chemical species

[SOURCE: IUPAC “Goldbook”]

3.1.7

reaction rate constant

k

proportionality factor £ of a rate law

[SOURCE: IUPAC “Goldbook”]


http://goldbook.iupac.org/R05147.html
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3.1.8
Arrhenius equation
empirical exponential law relating reaction rate constant to reciprocal of absolute tempera

[SOURCE: IUPAC “Goldbook”]

3.1.9
activation energy (Arrhenius activation energy)
E

a

ture

empirical parameter characterizing the exponential temperature dependence of the reaction

rate constant

[SOYRCE: IUPAC “Goldbook”]

3.1.10
pre-exponential factor
A

coefficient of the Arrhenius equation
[SOUYRCE: IUPAC “Goldbook”]

3.1.11
end-point
limit for a diagnostic property value based on which thesthermal endurance is evaluated

3.1.12

time|to end-point

failufre time

timeto reach the end-point or conventionalkfailure

3.1.13
relafive temperature endurance index
RTE
numerical value of the temperature in degrees Celsius at which the estimated time to
poin{ of the candidate materialris the same as the estimated time to end-point of the refer
matgrial at a temperature equal to its assessed temperature index

Note [l to entry: RTE, is the relative temperature endurance index calculated through the analytical procedu

3.1.14
temperature-index
TI
numerical yalue of the temperature in degrees Celsius derived from the thermal endur
relatlonship at a time of 20 000 h (or other specified time)

end-
ence

@

ance

Note 1 to entry: Tl, is the temperature index calculated through the analytical procedure.

[SOURCE: IEC 60050-212:2010, 212-12-11, modified according to IEC 60216-1].

3.1.15

halving interval

HIC

numerical value of the temperature interval in kelvin which expresses the halving of the
to end-point taken at the temperature equal to Tl

Note 1 to entry: HIC, is the halving interval calculated through the analytical procedure.

[SOURCE: IEC 60050-212:2010, 212-12-13, modified according to IEC 60216-1]

time
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3.1.16

thermal endurance graph

graph in which the logarithm of the time to reach a specified end-point in a thermal endurance
test is plotted against the reciprocal thermodynamic test temperature

[SOURCE: IEC 60050-212:2010, 212-12-10]

3.1.17

thermal endurance graph paper
graph paper having a logarithmic time scale as the ordinate, graduated in powers of ten (from
10 h to 100 000 h is often a convenient range) and values of the abscissa are proportional to
the reciprocal of the thermodynamic (absolute) temperature

Note || to entry: The abscissa is usually graduated in a non-linear (Celsius) temperature scale' oriented with
tempgrature increasing from left to right.

3.2 | Abbreviations
DSC scanning calorimetry
FTIR Fourier transform infrared

GC-MS gas chromatography—mass spectrometry

HIC halving interval

oIT oxygen induction time

RTE relative temperature endurance index
TGA thermogravimetric analysis

TI temperature index

4 GGeneral considerations

4.1 | Thermal degradation kinetics

The |general principles of IEC 60216 to determine the temperature index and halving interval
are pased on the implicit assumption of a first-order kinetic of the thermal degradption
process of the insulation material. Only under these conditions the thermal endurance dgraph
is linear and halving interval is independent of the concentration of the reactants.

It is p plausible assumption that the condition of an insulating material at the time of reaghing
the defined end-point criteria according to IEC 60216 is correlated to a certain conversipn of
the thermal degradation process. Therefore, by knowing the reaction mechanism and kinetics
of the thermalhdegradation process of an insulation material, it should be possible to estimate
the thermal-endurance of an insulating material.

The [most important mechanisms for the degradation of insulating materials are thgrmal
oxidation, pyrolysis, and hydrolysis of the basic polymer. Unfortunately, from a theoretical
point of view, none of these reactions can be considered a priori as reactions with first-order
kinetics. Pyrolysis reactions follow in general zero-order kinetics, and oxidation and hydrolysis
reactions are reactions of higher order because concentration of oxygen, respectively water,
will determine the total reaction rate. The degradation reaction can be considered a
heterogeneous reaction having the insulating material as the solid phase and the
environmental atmosphere as the gas phase. Various processes will influence the total
reaction rate, such as adsorption of reactants (oxygen, water) and desorption (reaction
products), as well as diffusion of reactants and products in the solid and fluid phase. Only if
one of these reactions is predominant, can the overall observable reaction rate follow first-
order kinetics (“pseudo first-order”).

The most common method for the evaluation of the activation energy of a chemical reaction is
the determination of the concentration of reactants and/or products as a function of time and
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temperature. These experiments allow the identification of the order of the reaction and the
activation parameters according to the Arrhenius theory.

NOTE 1 These experiments will not necessarily give information about the reaction on a molecular level, because
the build-up of intermediate products with a short life time may not be observed if the reaction has not been
fractionated into a series of elementary reactions.

NOTE 2 The Eyring theory of the activated complex gives a fundamental understanding of elementary reactions
and the influence of the temperature and molecular statistics on the reaction rate. However, for first order reaction
the Arrhenius model can be considered with good accuracy.

For some insulating materials, like polyolefin-based plastics, the thermal endurance is
corr latad ta tha concantration of ctahilizare (Aantiavidantl Tha nraaracciva r\r\nenmnﬁr\n Of

\.lut\l.\:l T ll.llv CUTIoOUTItiracroTT T \J\.Mwllll.—\ll\.l. \\.Alll.l vl\lvull\.,- T II\T Plvvlvuulvv \.I-\.I-ll\.lulllrdtl\
the gtabilizer is a cause of enhanced oxidation rate. The reaction of the stabilizer follows a
first-prder kinetics and is therefore an example where the use of the Arrhenius law fof the

pred|ction of the thermal endurance of these materials can give good results.

MetHods based on the observation of the conversion process have been developed fof the
evalliation of the “kinetic triplet” (activation energy, pre-exponential factor, and rate |aw).
Howgver, it can be difficult and time consuming to investigate thectate law of chemnical
reactions by observing the variation of concentrations for reaction products, and the thgrmal
analysis instruments can only provide general information about the)total thermal convefsion
of a material, not the concentration of single reaction products or components.

4.2 | Thermal analysis

The [most common thermal analysis test methods for these investigations are differgntial
scanjhing calorimetry (DSC), and thermogravimetriccanalysis (TGA). Both methods allow|both
isothlermal investigations and test runs with constant*heating rates.

NOTH These technologies can be complemented by additional equipments for chemical analysis, e.g.|FTIR
spectfoscopy, mass spectroscopy, or GC-MS, to validate evaluation of activation energy by thermal analysis.

To gimplify and accelerate analytical. test procedures, alternative mathematical framework,
such| as ISO 11358-2 and ISO 11358+-3, has been developed to compute the kinetic tfiplet
from|conversional data of thermal*analysis known as “isoconversional methods”. In genefal, a
set df thermo analytical experiments with 3 to 5 different heating rates is required to estinate
the gctivation energy for a defined rate of conversion, but isoconversional methods can|also
be ugsed for isothermal runs.

Becduse for single_step reactions the activation energy is independent of the degrge of
convlersion, in this case this method provides a simple tool for activation energy calculatign. In
fact,|repetitive application of this technique on test results of the same degree of convefsion
at various heating rates allows the calculation of the activation energy as a function of the
rate pf conversion even for complex reactions. As complex reactions will show different values
of ag¢tivation energy for different degrees of conversion, this method can also be usegd to
check. for, conditions of first-order kinetics.

Accurate estimation of thermal endurance from kinetic experiments requires careful testing
procedures and adequate mathematical algorithms. In particular, the specimen temperature
shall be known with high accuracy and shall be stable for the whole test length, in case of
isothermal tests. Therefore, additional tests are required varying specimen setup (e.g. mass,
conditioning and preparation), and test procedures (e.g. heating rates, concentration and flow
rate of purge gases) to prove that the kinetic parameter estimates are robust and really
representative for the material.

4.3 Thermal endurance

Having estimated the Kkinetic triplet for the predominant ageing reaction, the thermal
endurance characterization requires the determination of a life point, which is able to correlate
the kinetic parameters, particularly activation energy, to temperature index or relative
temperature index through appropriate end-points criteria. Indeed, referring to oxidation
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processes, it may result in tiny fissures at the surface of the material, which will reduce the
mechanical strength more than the overall conversion of the material would suppose.
Hydrolysis reaction may result in an increased electrical conductivity, also more severe than
the overall conversion. There is not even a simple general correlation to predict the loss of
mass of conventional test specimens from thermo gravimetric data, for example because of
diffusion processes.

The additional life point can be obtained therefore by conventional tests according to
IEC 60216-1, IEC 60216-2, IEC 60216-5 and IEC 60216-8, with one set of samples aged at a
temperature which can be as high as the one corresponding to the shortest test time
according to IEC 60216-1. Typical values of mean time to end-point may be between 100 h
and 2 000 h (if possible, not less than 500 h). The result of this conventional thermal endurpnce
test will establish a correlation between degree of chemical conversion and the end-goint,
thus|life, of the tested material. Typically, the conventional ageing evaluation of theomaterial
will be carried out at the highest temperature recommended by IEC 60216-1,,for"example.
time |to reach the end-point criteria will be between 100 h to 500 h.

Knowing the activation energy, which is proportional to the thermal endurance line slope) and
the ljffe point, HIC and Tl of the candidate material can be estimated.In order, howevar, to
avoid significant errors in the thermal endurance index estimates; due for example tq the
wrong choice of test temperatures in the analytical or conventional’ tests, or to the intfinsic
lack [of linearity of the life line due to variations of the prevailingthermal ageing reaction in the
test [and extrapolation temperature range, only a relative temperature index, RTE, can be
provlded. It is obtained testing the candidate and refetence materials under the game
condijitions.

The feference materials shall not only be selected based on the expected thermal endurpnce
which should be similar to that of the candidate material, but it shall follow a reaftion
mechanism very close to that of the candjdaie material. This requirement will be most
probpbly fulfilled within the same group of\polymers (i.e. polyolefines, epoxy resins with the
sam¢ curing mechanism) designed for similar application (i.e. cables).

The |reference material shall have~been aged through conventional ageing test t¢ be
consjdered acceptable.

NOTH Degradation mechanisms(seen in thermal analysis may not correspond to degradation mechanisms junder
end yse condition because of. a~wide range of temperature difference between those two conditions| The
correlption can be demonstrated by the reference material already having the activation energy calculated from the
convgntional multipoint ageing*data, which verify test conditions on thermal analysis to give the material the|same
activgtion energy when jt-is_.determined by the analytical test method.

5 GGeneral basics

5.1 Reaction rate, r

For the.general chemical reaction. involving reactants A.B and products P.Q:

aA+bB — pP+qQ+... (1)

occurring under constant-volume conditions, without an appreciable build-up of reaction
intermediates, the reaction rate r is:

__tdlAl__1df]_1dP]_1q[al o)
~ a dt b dt p dt g dt

where symbols placed inside square brackets denote amount (or amount of substance)
concentrations (conventionally expressed in units of mol/dm3). The rate of reaction differs
from the rate of increase of concentration of a product P by a constant factor (the reciprocal of
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its coefficient in the stoichiometric equation, p) and from the rate of decrease of concentration
of the reactant A by o~ 1.

NOTE All definitions are from IUPAC “Goldbook”.

5.2 Extent of reaction &

Quantity describing the progress of a chemical reaction equal to the number of chemical
transformations, as indicated by the reaction equation on a molecular scale, divided by the
Avogadro constant (it is essentially the amount of chemical transformations). The change in
the extent of reaction is given by

dnB
dé=—=2
Cf dVB

wherle vy is the stoichiometric number of any reaction entity B (reactant or 'product), ng i$ the
amount of substance B and dng is its variation.

5.3 | Rate of conversion f

The fate of conversion is defined by the quantity:

From Equation (1) it results:

Cf'__ldnA o 1dng  1dmp  1dng
a dt b dt p dt g dt

Whefe n, designates the amaUnt of substance A, conventionally expressed in units of(mol.
The [concept of rate of conversion is appropriate when the use of concentratiorls is
incomvenient, for example under conditions of varying volume.

In a pystem of constant volume, the rate of reaction is equal to the rate of conversion pef unit
volume throughout the reaction. For a stepwise reaction this definition of reaction rate |(and
extent of reaction) will apply only if there is no formation of side products. It is therg¢fore
recommendedythat the term reaction rate be used only in cases where it is experimentally
established-that these conditions apply.

5.4 | Order of reaction, n

If the macroscopic (observed, empirical or phenomenological) reaction rate » for any reaction
can be expressed by an empirical differential rate equation (or rate law) which contains a
factor of the form

KA]“ [B]A... (6)

(expressing the dependence of the reaction rate on the concentrations, [A], [B], ...) where «, S
are constants (independent of concentration and time) and & (reaction rate constant) is
independent of [A] and [B] etc., then the reaction is said to be of order « with respect to A, of
order S with respect to B, ... , and of (total or overall) order n = a+ S+ .... The exponents
a, B3,... can be positive or negative integral or rational nonintegral numbers.


http://goldbook.iupac.org/C01124.html
http://goldbook.iupac.org/S06021.html
http://goldbook.iupac.org/E02281.html
http://goldbook.iupac.org/A00543.html
http://goldbook.iupac.org/A00297.html
http://goldbook.iupac.org/S06025.html
http://goldbook.iupac.org/R05147.html
http://goldbook.iupac.org/A00297.html
http://goldbook.iupac.org/M03980.html
http://goldbook.iupac.org/R05147.html
http://goldbook.iupac.org/S05970.html
http://goldbook.iupac.org/E02283.html
http://goldbook.iupac.org/R05156.html
https://iecnorm.com/api/?name=9b5d589c8086335f4c621e13470c5ec6

IEC TS 60216-7-1:2015 © IEC 2015 -13 -

5.5 Rate law

An expression for the reaction rate of a particular reaction in terms of concentrations of
chemical species:

r= i ch = knCAaCB'B (7)
VA dr
Zero order reaction r=k (8)
. . r=kcp
Firstlorder reaction (9)
Secqnd order reactions r=k cA2 (10)
r=kcpcg

6 Thermokinetic parameter estimation

The pombination of the rate law for a general chemicalreaction

po Sy e p (12)
VA dr
and the Arrhenius equation
-E
k=ex 4 13
p( RT j (13)

can |provide the basis for estimation of the kinetic parameters useful for the thgrmal
enddrance characterization (slope of the thermal endurance line):

e exp[ ‘R’;a }A%Bﬁ (14)

The general principle of IEC 60216-2 to associate life with a defined end-point criterion (e.g.
5 % loss of mass, or 80 % mechanical strength) implies the use of a rate law based on the
degree of conversion «, not concentration of products.

Considering that

ds
_9s 15
r= (15)
where s is the substance undergoing conversion due to ageing reactions (correlated with the
diagnostic property, p, of IEC 60216-2), the general rate law can be defined as a combination
of a temperature dependent rate constant and a function describing the dependency of the
reaction from the degree of conversion:
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ds
dt

=k(T)f(s)=4 exp[ ‘R'?’ jf(s) (16)

For a chosen degree of conversion (s = s,, related to the property end-point of IEC 60216-2)
the activation energy could be derived as:

{aln(dsﬁdt)} _Ea (17)
o' , R

Thede definitions are the basis for all methods of “isoconversional kinetics”.

There are differential (Friedman) and several integral isoconversional metheds” (Ozawa—
Flynp—Wall, Kissinger—Akahira—Sunose, Vyazovkin, etc.), available to calculatesthe activation
enerpy and the pre-exponential factor from a set of thermograms with different heating fates
and/pr isothermal runs.

The ffunction f{s) holds all information about the model of the chemical reaction, complgting
the “kinetic triplet”. The integral form of this function is defined as/g(s):

s ds t _E
g(s)= =4 exp( a )dt (18)
-([ fs) -([ RT

For a single step reaction of first order and an isothermal temperature program g(s) is defined
by tHe simple equation:

g(s)EAeXp( _Rb;“ jt (19)

In thjs case the time to reach a-defined degree of conversion s;, that is, the time to failufe or
life im IEC 60216-1, can be calculated by

_ g(s)
L™ dexp(-E, IRT) (20)

For a first-Order reaction f{s) is defined by

fls) =1 (21)

so that the integral form g(s) is

g(s)=-In(1-s) (22)

This allows calculating 7 for any degree of conversion (f{(s) and g(s) are constant for a certain
degree of conversion).

Replacing s with the diagnostic property p, and s_ with the end-point of p, p_, the
phenomenological approach of IEC 60216-1 is derived. Because the prevailing thermal ageing
reaction is, in general, not known, the time behaviour of a diagnostic property p is
measureable (see IEC 60216-2), at different temperature levels (= 3). The fixed end-point, p_
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(equivalent to a certain degree of conversion, s ), failure times (that is, time to end-point or
life) can be estimated at each temperature, and the thermal endurance graph can be plotted.

Accordingly, Equations (17) to (20) can be rewritten as:

dp
[dtj KT)x f(p) (23)
Considering, as a first approximation,
f(p)= ps (24)
then
[ dp Jzk(T)t (25)
dp®
With| p = p;,t =¢; (life), thus:
f(pr)=kT) Ay (26)

fn =4 exp( _RETa

whele R is the gas constant and k(T)sthe Arrhenius law (see Equation (13)). 7 is the life at
test femperature 7, thus one pointxof’the thermal endurance graph in IEC 60216-1

Accdrding to the above, forran*electrical insulating material, the condition of the single point
evalpiation according to IEC60216-1 can be interpreted as a special solution of the fungtion
g(s).|This allows estimating the temperature index from this point using activation energy [from
the Kinetic analysis ofily. From Equation (20):

obtamed con3|der|ng t1 =20 000 h and T1 = RTE,, and Ty =Tg, ty = T,S (the temperature of
the single point ageing test and relevant mean time to end-point).

1
RTEA =|——+ o[ || _97315 (29)
Tis  Eq (#s

NOTE This calculation is valid strictly if the functions g(s) for the analytical technique and for the ageing
procedure with a different end-point criteria are identical.
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7 Analytical test methods

71 General

Polymer compound information shall be reviewed to determine if mechanisms other than
polymer decomposition (e.g. additive volatilization) are expected to affect the results from
these analytical tests.

7.2 Isothermal methods

Specific methods for the experimental evaluation of the activation energy based on analytical
testl’nethods for material families will be described in other parts of IEC 60216-7. This| part
will provide detailed definition for pre-conditioning of materials and experimental parameters
of D$C and TGA.

IsotHermal procedures require an additional accelerating factor to reduce time required for
testing. The most convenient method is the use of higher concentration) of oxygen| For
matgrial characterization and comparison, evaluation of the isothermal_6xygen induction|time
according to ISO 11357-6 is a well-established method.

Becgquse of the influence of oxygen concentration on the reaction rate, an evaluation of the
depgndence of the reaction rate on the concentration ofsoxygen will also be reqyired.
Therefore OIT values at different temperatures and different concentration of oxygen are
requjred.

If thg oxidation reaction is of first order with respecttovthe concentration of oxygen, at legst in
the test and extrapolation temperature range,

dz

—r =7 = COnSst.

d[oz] (30)

it is| possible to combine the OIF results (activation energy) with single point thgrmal
evalliation according to standardprocedures of IEC 60216 to achieve an estimated RTE.

7.3 Model-free methods

MetHods based on_constant, or modulated, heating rates, without referring to a reaftion
model, can provide\a fast access to kinetic parameter estimation without the restriction|of a
second accelerating factor, i.e. using air or nitrogen as purge gas.

The jsoconversional models for calculating activation energy and pre-exponential factor [from
thermograms are quite sensitive to experimental errors and the definition of the model
parameter (e.g. the required baseline function).

These methods therefore should be used with great care and additional experiments with
variation of sample mass, heating rates, and sample preparation are recommended to
understand the restrictions for certain material families. In particular, phase transitions of
materials within the experimental temperature range may result in large errors for calculated
activation energy.

Also, for the calculation process it is recommended to analyse the same data with slightly
different parameters (e.g. baseline function, integration limits, calculation method) to
understand the influence on the kinetic parameters.

Without an adopted reaction model and without the necessary knowledge of the restrictions of
the method, results can hold large errors in RTE estimation.
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7.4 Model-fitting methods

The most important degradation processes of electrical insulation materials are the thermal
oxidation, pyrolysis reaction and hydrolysis. For thermal analysis with standard TGA or DSC
instruments, the influence of hydrolysis is minor.

A simplified reaction model for the thermal degradation reaction can therefore be defined as 2
parallel reactions and 2 consecutive reactions which can also be auto-catalytic.

Complex kinetic models may provide better correlation of experimental data and calculated
values, but this will not provide a sound proof for the reaction mechanism on a molecular
Ievei Resilient kinetic models for specific material groups may provide a good method/fof the
evaltyiation of the activation energy.

7.5 | Conventional reference point

The |reference point from the conventional methods shall be obtained‘@according tq the
procedures of IEC 60216-8. The test temperature shall be chosen equal ‘or lower than the
highgst test temperature of the conventional procedure. The higher the_test temperature], the
greater is the uncertainty on the estimation of Tl, and RTE,.

8 Calculation procedures

8.1 | Determination of the kinetic parameters

There are various mathematical procedures available for the determination of the kinetic
parameters of the thermal degradation reaction: Most modern test equipment proyides
software for the calculation of activation energy‘from a set of thermograms (different conptant
temperature, heating rates or even modulated4emperature programs).

NOTH 1 For an International Standard, the methods need to be defined on the basis of a round robin test.

NOTH 2 Methods accepted for certain material families will be published in additional parts of this technical
specification.

8.2 | Determination of analytical temperature endurance index, RTE,, and halving
interval, HIC

The glope of the thermal endurance line is estimated by £, (see Equation (17)), the locption
by tphe conventionalsingle point test, according to IEC 60216-2. RTE, is derived |[from
Equation (29), while the analytical halving interval, HIC,, is given by:

HIC A z(273+RTEA)2Ei|og2 (31)

a

8.3 Determination of RTE,
8.3.1  General

The relative temperature endurance index (RTE) is a thermal endurance characteristic which
is derived from the two thermal endurance relationships resulting from the comparative testing
of the test material and the reference material. The RTE is specifically related to the time
corresponding to the Tl originally determined for the reference material.

For the determination of RTE, the thermal endurance of the chosen reference material,
obtained by the conventional procedure described in IEC 60216-5 and IEC 60216-8, has to be
known.
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The reference material shall be of the same type as the tested material, and have a history of
satisfactory service. It shall have a known temperature index, estimated by the conventional
procedure described in IEC 60216-5, considering the property and end-point value which are
related to its operation in service and are sensitive to the predominant ageing reaction which
is investigated through the analytical procedure. The Tl, and HIC, of the reference material
should be very close to the values expected for the tested (candidate) material.

Both candidate and reference materials are tested in the same conditions and with the same
analytical procedure. The conventional life test is performed at the same temperature for the
two materials or at temperatures differing no more than 10 K.

Reference

Candidate

Time to
end-point (h)

Y
® @
T, RTE 1/Temperature (°C)

IEC

Figure«1\~ Thermal endurance graph for the determination
of the relative temperature endurance (RTE)

8.3.2 Calculation

The |procedure is illustrated in Figure 1. Tl is the original Tl of the reference material
estinLated by the conventional approach described in IEC 60216-5 and ¢;, the mean time to

the end<point of the reference material, calculated from the analytical procedure [from
Equation (28) where T is Tl,, t; is the unknown ¢;, and T, =74, 1, =1 4 are temperature and

mean time to end-point of the single point conventional ageing test.

Determined ¢;,., RTE, based on an analytical procedure, RTE, can be calculated from
Equation (32):

1

I

RTEA:[ 1 +i|n{iﬂ _ 27315 (32)
Ls. Ea |\ 1s,
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