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INTERNATIONAL ELECTROTECHNICAL COMMISSION

ELECTRICAL INSULATING MATERIALS -
A.C. VOLTAGE ENDURANCE EVALUATION -
INTRODUCTION

FOREWORD
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e the required support cannot be obtained for the publication of an International Standard,

des

pite repeated efforts, or

e 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 61251, which is a technical specification, has been prepared by IEC te
committee 112: Evaluation and qualification of electrical insulating materials and systems.

chnical

This second edition cancels and replaces the first edition which was issued in 1993. It
constitutes a technical revision.
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The main changes with respect to the previous edition are listed below:

e extension of the scope to cover electrical insulating material and insulation systems;

e removal of references to short time dielectric breakdown strength measurements as an

indicator of voltage endurance;

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

Enquiry draft Report on voting
112/88/DTS 112/95/RVC

Full information on the voting for the approval of this technical specification
the repjort on voting indicated in the above table.

und in

anged until

the mdintenance result date indicated on the IEC web sife er XN ebstore.ieg¢.ch" in

the datp related to the specific publication. At this date

« transformed into an International standard,
* recpnfirmed,

+ withdrawn,

* replaced by a revised edition, or
*+ ameénded.

A bilingual version of this later date.

9,
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ELECTRICAL INSULATING MATERIALS -
A.C. VOLTAGE ENDURANCE EVALUATION -
INTRODUCTION

1 Scope

This technical specification explains many of the factors involved in voltage enduranc

e tests

on electrical insulating materials and systems. It describes the voltage endurance graph, lists

test me¢thods illustrating their limitations and gives guidance for evaluati he a.c;
endurapce of insulating materials and systems from the results of the tests

The te
emphasi
may ng

Voltag
their vi
materiz
endura
consid
plannirlg and analysis. Some documen
being developed.

2 Ndrmative references

The fo

of the 1
IEC 60

IEC 62
(IEEE §

3 Te

For thel purpases of this document, the following terms, definitions and symbols apply.

3.1 Terms and definitions

3.11

voltage endurance

VE

measure of the ability of solid insulating materials to endure voltage

NOTE In this technical specification, only a.c. voltage is considered.
3.1.2

life
time of any technical system until its failure or loss of serviceability

voltage

uld be
results

gard to

qulating

voltage
bnly be

implified

ers are

ument.
edition

n data
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3.1.3

voltage life

time for solid insulating materials to dielectric dielectric breakdown under constant voltage
stress

3.1.4

voltage endurance coefficient

VEC

numerical value of the reciprocal of the slope of a straight line log/log VE plot

3.1.5

specirI_en
repres¢ntative test object for assessing the value of one or more physical propecties

3.1.6
sample
group of nominally identical specimens from the same manufacjri

3.2 $ymbols

c,c constants in the inverse-power model
E electric stress

E, short-time electric strength

frequency

f
h, k constants in th

L time to dielectric d

m scale pa

M scale para

n exponent

ny differe

n; [

R dimen

t time

te time to dielectric breakdown at constant stress

ts time to dielectric breakdown at constant stress E
tp time to dielectric breakdown with progressive stress
tpo time to dielectric breakdown with progressive stress producing dielectric breakdown at

stress E,
tan & dissipation factor

p shape parameter in the Weibull distribution of times to dielectric breakdown at
constant stress

/4 shape parameter of the Weibull distribution of the dielectric breakdown stresses from a
progressive stress test

1% number of dielectric breakdown stress values

v number of dielectric breakdown times
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4 Voltage endurance

4.1 Voltage endurance testing

To evaluate the voltage endurance of insulating materials or systems, a number of specimens
are subjected to a.c. voltage and their times to dielectric breakdown are measured. In practice,
several samples of many specimens are tested at different voltages to reveal the effect of the
applied voltage on the time to dielectric breakdown. The mean time to dielectric breakdown of

each sample is the average time to dielectric breakdown of all specimens tested
voltage. The time at which a certain percentage of specimens has broken down
estimated time to dielectric breakdown with a probability equal to this percentage.

at that
is the

The statistical treatment of the data (either by analytical or graphical methods) atlo

4.2 lectrical stress

In gengral, it is advisable to make reference to electrical st
instead of voltage. For uniform field, electrical stress is
divided by the thickness of specimens.

If the e]ectric field is not uniform, the maximum valu

4.3

This is
electrig

\_versus the corresponding v

linear . hreakdown are plotted on the ab
usually . durance line on this graph gives th
result ¢ As i omplete evaluation of voltage endurancg
specim oCifj conditions. For maximum significance, mater

system

An acc

require g times to dielectric breakdown.
The vo S i \ be straight or curved. In the latter case, its trend can o
approx : ight regions, sometimes a first part for short times with a lov

trend i ing¥a tendency to become horizontal (see Figure 1, where a gen;s

line is $hown)-
another.

ve shape of the VE graph may change greatly from one material or sy

plotted as the ordinate with 6

’many tests at different voltages and some te

ws the
s and,

igkness)

value)

hlue of
ither a
scissa,
e final
of the
ials or

sts are

ften be
v slope,
further
eral VE
stem to
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Log E

Eo

Eq

to

4.4 $hort-time electric strength

The shprt-time electric strength is generally measured using a h pcreasing voltage. The
duratioh of such a test, as used in this specification)js of t econds
up to spme tens of minutes. These shorixti ectri surements can be lsed to
indicat¢ the degree of ageing of spesimens s ge by comparing the|values
after vgltage exposure with the initial ones.

The results of electric stre i ésts with increasing voltage) pre not
reported directly in the VE g 3 voltage test at the same stress|as the
mean glectric strength, E, S i N8 or 0,9E,), is made to determine the time

to dieldgctric breakdow

More jetails on this
following preca @,

i) Thdq
the

. The point (E,, t,) is the origin of the \
.5. However, when this procedure is us

4.5

The slpp€,of the VE line is an indicator of the response of a material or system to ele

E line.
ed, the

uld be
ensure
tested

ctrical

stress.—Theparameter s dimensiontess—Withatowstopeof the—VE—time;—even
reduction of stress produces a great increase in life. The reciprocal of the slope is ta
be consistent with the numerical value of the exponent n in Equation (1). A large value
VEC does not necessarily accompany a high electric strength. It may happen th
material with lower VEC has a longer time to dielectric breakdown at the same stres
short-time electric strength is so high that its poorer endurance is compensated fo
value of n should be associated with a high mean electric strength before attributing

small
ken to
of the
at the
s if its
r. The
a high

endurance to the material. What is most significant is the retention of usable electric

strength for long periods of time.

4.6 Differential VEC (ny)

If the VE line is curved in log-log coordinates, its slope may be measured by means

of the

tangent at any point. For any electrical stress, and thus for any point on the line, the

differential voltage endurance coefficient, ny, can be defined as the numerical value

of the
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reciprocal of the slope of the curve at that point (Figure 2) according to the life model
described in Clause 5.

E
Log [EJ VE line

/Line for determining nqg

fo

Figure 2

— Determination of th
at a generic point P

4.7  Electrical threshold stress (E;
The VE line may tend to become hofizontal Wit
stress,

4.8

The V
electrig

the

where

L
E

\

VE]li

E,, below which electrical ageing b
threshqld stress. The tendé i
by mesz
such a
stress

ey of-the Nne

tical model of voltage life, i.e. the equation
breakdown, whose graphical representation is g
on log-log graph paper, the equation is of the type:

L=cE™"N

is the.time to dielectric breakdown;

imiting
bctrical
ptected
vealing
eshold

elating
ven by

(1)

is the electrical stress;

¢ and n are constants dependent on temperature and other environmental conditions.

Equation (1) constitutes the so-called inverse-power model, which is the voltage-life model
often encountered with voltage endurance data on solid electrical insulation. When data are
available for time to dielectric breakdown at two voltage stresses, this model may be used to
estimate the value of n by using Equation (2):

L (E)T
L, (E;

(2)
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If the VE test data do not form a straight line on log-log paper, the use of the inverse-power
model is incorrect. If the line approaches an electrical threshold stress, E;, other models have
been proposed, among them:

L=c (E-E)™" (3)

which becomes the inverse-power model if E; tends to 0 and is preferably used when the
data for short and medium times fit a straight line on log-log coordinates. Alternatively,
another model is:

[ kexp(-hE) (@)
E-E;

which |derives from the simple exponential model, correspondjr 3 imately
straight line in semilog coordinates for E > E; } S lectric
breakqown when E tends to E;. In Equations (3) and (4), 7 and E;
depenf on temperature and other environmental conditions?.
Equations (3) and (4) can be used to generate two new-equati ichhdgfine the trend of
the VE line between any two points, (L, E{) ang The following equatiops are
obtaingd:

()
(6)
The equations of the f gl g or a straight-line segment on log-log plot are (1)
and (2). When tis ard\a’threshold after an approximately linear trend on
log-log|or semilog graph X
By takipg the loga
In(L)=In(c)—nlIn(E) (7)

This is| the eq e straight VE line in log-log coordinates. Its slope is -1/n. |As the
numerital value<g e reciprocal of the slope is equal to the VEC, the VEC can 4lso be
defineq as the exponént n in the inverse-power model.

5 Test methods

5.1 Introductory remark

In this clause, different methods of carrying out the VE test are described. The differences to
be discussed concern the way of applying voltage (constant or increasing with time), the
frequency (service or higher) and the time at which the test is interrupted (the time
to dielectric breakdown or a shorter time at which destructive diagnostic measurements are
performed).

1 Other models have been proposed where (E - E;) is raised to an exponent v, dependent on the material or
system under consideration.
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In general, the type of ageing cell or test object can be the same, whatever the choice of the
parameters above. However, with respect to the choice of the frequency of the applied
voltage, the amount of heating from either dielectric loss or from partial discharges should be
such that the temperature rise from these causes is less than 10 K.

When testing materials, the ageing cell or test object should preferably be such that the
applied stress is uniform. This can be achieved by electrodes having a flat surface rounded at
the edges. The surface of specimens can be metallized in order to avoid partial discharges at
the specimen surface but only within the area of contact of the electrodes. Furthermore, to
avoid flashover along the specimen surface, the specimen should extend an appropriate
distance beyond the edges of the electrodes. If preliminary tests indicate that this is not
enough to avoid flashover after some time, due to deterioration of the specimen surface
around|the electrodes caused by partial discharges, then the electrodes be embedded
in an appropriate dielectric having permittivity close to that of the material\under

The foqm and processing of the specimen will depend on the purpose o . search
purposgs, internal degradation studies as a function of cavity~si b been
performmed. However, this lies outside the scope of this technicg on and
compatrison of materials from the point of view of degradatjc e dealt
with in [EC 60343.

For insulation systems, the test objects should repr service.
5.2 Tests at constant stress

5.2.1 Conventional VE test

In the [constant stress test, the magn tud g applied to each specimen |is kept
constant during the test. Thi i ¢ted in such a way that the mean time
to dielgctric breakdown of\the“sample s tens to a few thousands of hours. The
time to dielectric brea es, egpecially at the lower stresses, may be so
long thpt it is impractigable i dielec bfeakdown of all specimens of the sample. In

this case, the int 8 bectric breakdown of the majority of the samples
requires the use atiStical procedures forcensored data (see IEC 62539).

Usually, ¢ entwoltages are used, thereby providing three or four points|for the
voltage ints—are often not enough to demonstrate curvature of the line.
On the of data required for tests at more than four voltages may not

be ecohomic

The fit traight line may be established through regression analysjs (see
IEC 62p39). Jf ity of fit is considered reasonably poor, the VE line can be fitted to a
straight liné W|th the/negative reciprocal of the slope of the line being the VEC. This is an

averagp.of different values of the differential VECs if the line is curved.

For any test voltage, the times to dielectric breakdown can be tested for their fit to various
probability functions. If the data fit the Weibull distribution, the experimental data give rise to
a straight line (on Weibull paper) whose slope is the shape parameter, g, of the distribution
(see Annex A). Proceeding in the same way for every test at different voltages, the constancy
of f can be checked.

5.2.2 Diagnostic measurements

Diagnostic quantities such as tan & or partial discharge activity may be monitored during the
test. When tan & or partial discharge versus time curves obtained at different voltages are
compared, a similarity to the VE curve may be found. This may provide a contribution to
understanding ageing behaviour and may predict the behaviour of the VE line for other
samples. Without such a comparison, a diagnosis of the state of ageing through diagnostic
measurements of tan d or partial discharge is often unreliable.
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Short-time electric strength measurements can also be carried out on specimens that remain
unfailed, or after a fixed ageing time, in order to evaluate their state of ageing. Thus the short-
time electric strength can be a diagnostic quantity to determine the degree of ageing caused
by electrical stress.

To investigate the ageing process thoroughly, chemical and microscopic analyses can be
employed. The results can often be related to the variation of macroscopic properties such as
short-time electric strength, conductivity, tan 9, etc.

5.2.3 Detection of an electrical threshold

much lpnger times to failures at the lower levels of stress than expected\jrom extrapolation of
the trgnd at higher voltages. These results may indicate the exi ectrical

A check for the threshold voltage may be made by a test at el \& strated
in 5.3. resses
is desdribed in 5.6. The threshold stress is influenced by te AU, 5ing as
temperpture rises. For temperatures higher than ro \ i is usually
displaced towards the left of the graph and the timg¢s tg i rter for
the same electric stress. The VE test is often gayri Mmperature but tests at
higher femperatures may provide inforpration on ine and, in particular,on the

5.3
In order to reduce the test imes used is to increase the frequency of
the applied voltage. The Q di i d L, at power frequency f is often derived
from t [ i i st frequency, f,, by means of the following
relatior

(8)
Howeve S more
than 1 3 1. y ratio
raised . t from unity. This may be due to the different stress condifions to
which i je l tan &
depend on fregquency\and temperature. Hence dielectric heating, proportional to the prdduct of
the frequeney, peritiivity and tan 6 may affect the time to dielectric breakdown. Also,| partial
dischalfges in micro-voids or defects inside the material and/or on the specimen surfgce can
have a different influence at a different frequency. It would be necessary to perform

comparative tests in order to determine the relationship to be used for the various test
conditions. This relationship might be different for high and low stresses. Therefore, one
should be very cautious in the interpretation of frequency-accelerated experiments.

High-frequency tests at low stresses may provide an indication if a threshold stress exists. If
the results of power-frequency tests seem to indicate the possible presence of a threshold,
a high frequency test may be made at a voltage very slightly below the voltage of the
suspected threshold. If the time to dielectric breakdown at that voltage is considerably
longer than it would be expected to be according to the trend of the VE line at higher
voltages combined with Equation (5), the presence of the threshold is almost certainly
confirmed.
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5.4 Progressive stress tests

In the progressive stress test, the magnitude of the stress applied to each specimen increases
with time. The rate of the stress rise should be the same for all specimens but must be
changed from one sample to another to obtain the VE line with progressive stress (see
Figure 3).

The mean, the median or any other percentile of the dielectric breakdown voltage may be
used. In this test, all specimens fail. Statistical treatment of the data is particularly useful due
to the large quantity of information obtainable at low additional cost. If the data relevant to
each sample fit the Weibull distribution, the corresponding points fit a straight line in Weibull
paper. The slope of the line is the shape parameter yof the distribution (see Equations (A.2)
and (A|3). Note that If yIs the same at different rates of voltage rise, the can be flerived
from tHe ratio of yto S (see Equation (A.4)). For this reason, in the V ials and
systemls for which constancy of the VEC is expected in the test voltag ractice
is to carry out a progressive stress test in order to determine ¢ be i ith the
constant stress tests. The VEC can then be derived theoretically \is N [ heck of
the valpie of the VEC and thus the likely duration of the test prog S

Voltage

Vi

ta Time
IEC 728/08

Knowlg alue of yis of great importance when the results have to be repofted for
specim ifferent\argas or volumes. The dielectric breakdown probability at theg same
voltage ' ed an increasing function of the dimensions of specimens. In grder to
refer the data.— forinstance the dielectric breakdown stress with a given probability — fjom the
specimlens for which these data have actually been obtained to elements of dffferent
dimensi it | i ' ili s and
dimensions. In the case of validity of the Weibull distribution, the ratio between two stresses,
E; and E,, corresponding to the same dielectric breakdown probability for two elements,
1 and 2, of different dimensions is given by:

E1 _pur
E, =R (9)

where R is the dimensional ratio, i.e. the ratio of dimensions (area or volume) of element 2 to
those of element 1 (see Equation (A.2)).
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The progressive stress test data are usually less scattered than those from constant stress
tests. If the VE line is straight on a log-log plot, its slope is also the same for progressive
stress. The progressive stress data may be related to those at constant stress by the
following formula:

ty = te (n+ 1) (10)

where t, and t, are the times to dielectric breakdown at progressive and constant stress,
respectively, for the same value of stress and n is the VEC.

Since n is usually in the range 8-15, t. is much shorter than t, The dielectric breakdown times
with pfogressive stress correspond to times with constant stress whic rmally,
considg¢rably shorter. Therefore, the progressive stress test is useful on of the
VEC inl the short-times range. If the VEC is not constant, it is not pgssible time to
dielectfic breakdown at constant stress starting from progressive s \ hse, no
informgtion on the long-time behaviour of the test material,
obtaingble by progressive stress test.

5.5 Preliminary tests to determine the initial part of t

In cerfain cases, preliminary tests may be useful i tial high-voltade part
of the [VE line, as well as an initial estimate for . ests provide data for
plannipg the future lower voltage tests. They inlclude:

a) A|progressive stress test or a sie 8 stesimilar to/a short-time electric sfrength
tgst. The mean dielectric breakdown\ voltags istest is E,. The failure must not be
alflashover and should resembl i i akdowns obtained at lower vpltages

and longer times. The time to dig in this test may be longer than the
value suggested in |

b) A formance of this test, the voltage must be
rdised to the valueNof &, wi : (St and time t, should be measured from the
time the voltage . Azero crossing switch may be used to initiate the test and
alcounter t be of anc. eycles to dielectric breakdown.

C) Cor[stant stress t ‘ i

Accord vn with

progres s, tg, is

n+1, nhay be

calculalte

5.6

oint of

a) Performance of preliminary tests at high stress, as mentioned in 5.4.

b) Constant stress tests at lower stresses. Sufficient tests at different stresses should be
performed to plot the VE graph and obtain a reliable prediction of the long-time behaviour
of the material under test. In any case, no fewer than three test voltages are required.
Other diagnostic measurements are also useful.

When the material or system under test shows a linear trend of the VE graph on log-log plot,
tests with progressive stress and low rate of voltage rise are useful to check the value of the
VEC.

When the graph shows a tendency towards a threshold stress, a test at a stress about 5 %
below the expected threshold stress, interrupted after a few thousand hours and followed by
short-time electric strength measurements, may be a useful tool to check for the existence of
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a threshold. No decrease of electric strength should be found if the voltage applied is actually

below t

he threshold.

6 Evaluation of voltage endurance

6.1 Significance of the VEC

By considering the normal VE line, it is clear that the larger the VEC, the longer the time to
dielectric breakdown for the same value of the ordinate (E/E,), all other parameters being

equal.

In other words, when a stress equal to the same percentage of E_ is applied

to two

materials havmg different VECs, the t|me to d|electr|c breakdown is longer for the one having

the la
evaluali

Since

the str
not bee
curved

It can pe noted that ny gives direct information on

specifi
of E,",

6.2 $i

If the
technic
threshg

6.3 Dispersion of

ation such as: "ny decreasing from 15 to
is a useful way to describe the VE line i

ess of
£), this

Whenjhe stress’@ stress,

the diglectric breakd ata, as

descrifjed i Z

a) the om the
sanhe manufac

b) spg

c) idg test objects are used for every specimen and that the gmbient
copditionsade not xhange significantly during each test or from one test to another.

In marfy.cCases, the VE line for very low dielectric breakdown probabilities has a preater

interesttianmthemeamorthe medianm VEtine—Statisticattreatmentof the—testdata—is then

carried out to calculate times to dielectric breakdown at low probabilities, generally using the

Weibull

distribution, besides checking the linearity of the graph.

The difference between the mean or median time to dielectric breakdown and the time to
dielectric breakdown with a given low dielectric breakdown probability is a function of the
dispersion of times to dielectric breakdown inherent in the material under test. By increasing
the number of specimens or of punctures for each specimen, more precise estimates of this

dispers

ion and thus low dielectric breakdown probability times can be obtaine

reasonable confidence.

d with

To have an immediate view of test accuracy, the confidence bounds for each experimentally
determined point on the VE graph should be reported.
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An F-test may be effective to check that the data satisfy tolerance regarding departure from
linearity. The data should span several decades in time. The higher the value of the VEC, the
larger the number of decades required to define it with precision.

6.4 Presentation of the results

In order to have a complete evaluation of a material's voltage endurance, the VE line
(preferably the lines corresponding to different percentiles) should be shown, including the
confidence intervals. This graph is difficult and expensive to obtain and can rarely be plotted
in a reliable way over long time spans. Nevertheless, the VE graph should always accompany
the test report, which should include all the data necessary to understand the graph and its
reliability. The following items should be indicated in the report:

— lunique identification of the material;
— |thickness and shape of specimens;
— |preparation technique;

— |conditioning of specimens (if any);

— |shape and dimensions of electrodes;
— |test method and apparatus used;

— |rate of voltage rise for any progressive stress
— |frequency of the test voltage;

If the n

satisfigd. pplied,

togethgd
The ty phs on
probabili kind of

VE tes
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Annex A
(informative)

The Weibull distribution

A.1  Weibull distribution times to dielectric breakdown

The two-parameter Weibull distribution of the times to dielectric breakdown is usually written

P(t)=1-exp [—(é)ﬁl (A1)

where

P(t) is the dielectric breakdown probability at time ¢

yij i$ the shape parameter;

o i$ the time corresponding to P =

By takipg logarithms twice one obtains:

(A.2)
which, | in coordinates
The Weibull pap@a » rdinate
system|.
A.2 |Weibull d
The Weibull a
P(E) = 1 — exp (-mE") (A.3)

where

/4 is the shape parameter
m is proportional to the dimensional ratio, R (see 5.4)

On Weibull paper, a straight line of slope yis obtained.

If two elements of different dimensions are stressed by two stresses, £4 and E,, so that their
dielectric breakdown probability is the same, P, then;

1-P=exp (- my E;) = exp (- my E;”) = exp (- Rm4 E,/) (A.4)

From Equation (A.4), relationship (10) of 5.4 is easily derived.
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