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Abstract

The resufts of determination af activation energies (K.} of polymeric cable insulations ob-
tained by conventional methods (usually based on the evaluation of changes of mechanical prop-
crtics of insulations after their ageing in thermal chamber at different temperatures) have becn
compared with results obtained by methods employing the differential scanning calorimelry
{DSC). Three BSC methods have been tested: the method according the ASTM E 698; measuring
of DSC characteristics in the isothermal mode at several different temperatures; and the method
hased on evaluation of DSC characteristics of insulations after their thermal ageing in thermal
chamber. The last method — which can be called as a modified conventional method, because in-
stead of mechanical properties, the DSC characteristics are determined - has been found as most
acceptable and giving similar values of L, as the other conventional methods.
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Introduction

The electric cables play a very important role among the components performing
safc and reliable operation of any nuclear power plant (NPP), Their insulations have
to be made of such materials which arc sufficiently resistant to the effect of aggres-
sive environment (enhanced temperatures, radiation, humidity, attack of chemicals,
cte.). These cffcets result, during the long-term operation, to the gradual loss of elec-
trical and mechanical propertics of their insulating materials. It is why the control of
degradation of all safety-related cables and the qualification tests before their NPP
installation are neccssary [1, 2]. The procedure used for the cable qualification in-
cludes in-laboratory accelerated ageing using enhanced lemperatures and dose rates
of radiation which should simulate the cable ageing in long-term scrvice conditions
(=40 years at 60°C) [3].

Because one of the most degradative factor causing the cable ageing under NPP
service conditions is the enhanced temperature the parameters for simulating the
NDPP thermal ageing have to be determined very carefully. The determination of ap
propriale temperature and time of accelerated thermal ageing of a cable polymeric
material depends, among others, on activation energies (E,) of the thermooxidative
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degradation of individual polymeric components. Hence, a correct determination of
the E4 is the basic condition for a reliable asscssment of the cable service lifetime.

The conventional method of estimating the E4 usually used in cable industry con-
sists in accelerated ageing of cables in a thermal chamber at various temperatures for
different times and subsequent determination of their mechanical properties [4].
From the ageing curves (Fig. 1), thalt show the plot how the mechunical properttics
change with time and temperature of ageing, the £, can be estimated. The standards
[4, 5] permit to use, instead of mechanical properties, also many other propertics,
that change with ageing, like color, stifTness or break at bending, cte. From the prac-
tical point of view the end-point criterion used for estimation of the E, should be
bascd on such a property that is joined with the determination of material lifetime
(serviceability). In the case of polymeric cable insulation materialy the strain at
break is often used as an end-point criterion. The activation energy is calculated
from the points of 50 percent deterioration of prime strain at break (or an other prop-
erty), according w the Arrhenius cyuation.
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Fig. | Ageing curves for a PVC sheathing material. The K, is calculated from the points of
50% deterioration of primary properties, according to the Arrhenius equation

But this procedure takes a fong time: at least 5 000 h of ageing are necessary 1o
cvaluate the thermal endurance curves from the ageing curves. Also the material
consumption cannot be neglected; according to the recommendation of IEC 216 [4]
at least 240 tensile specimens (dumb-bcells and/or tubes) should be used. Hence, this
paper tries to describe how to replace this conventional procedure by a fasier one,
also saving the material consumption — by measuring the IXSC characteristics.

DSC is widely used for kinetic analysis (cstimation of E,), because it is a quick
testing procedure and employs a small amount of sample at once. A review on re-
scarch of degradation kinetics of clectrical insulating materials by thermal analysis
gives Ozawa ef al. [6]. Thermal analysis is also used for the lifetime prediction of
polymers [e.g. 7-10]. But in these cases the lifctime assessment of plastics is joined
with a high uncertainty. Therefore, the DSC kinctic resuits are used in this paper
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only for calculating the appropriate parameters of accelerated thermal ageing and
not for direct prediction of lifetime of NPP cables. This can be done only after the
accelerated ageing by determining such properties, which directly reflect the func-
tionality of cable insulations in their applications (strain at break, electric strength,
insulation resistance, ete.) [3].

Experimental

The cables manufactured on the hasis of crosslinked polyethylene (XPE), poly-
vinylchloride (PVC) and cthylene-propylene rubber/cthylene-vinylacetate copoly-
mer (EPR/EVA) have been tested. Long-term ageing experiments have been carricd
out in thermal chambers Heraeus with forced air circulation (10 air changes per
1our). The mechanical properties have been evaluated by using the tenstle testing
maching INSTRON 4301 at a test speed ol 200 mm/min at the room temperature.

The DSC measurements have been performed with Perkin-Elmer DSC 7 and
with DuPont 910/TA 2100 system (with autosampler). The experiments have been
rarricd out in pure oxygen, both in the isothermal and in the dynamic mode. The
sample weight was in the experiments 1.5 to 2,5 mg and the sample geometry (thin
slices) was in all cascs the same. The peak extreme of the degradation (in depen-
lence on the instrument, it was minimum or maximum) has been previously chosen
18 the end-point criterion (this DSC characteristic is further called as the DSC re-
sponse). In this work it has been assumed that the Arrhenius equation is applicable
“or all systems.

Three methods of estimation of E4 by using DSC have been tested:

1. According to ASTM E 698 [9]:

Unaged samples were heated in oxygen environment with up to 7 dilferent heat-
ng rates from 1 1o 20 K min™', The starting point was 50 K below the start of the
:xothermic reaction.

2. Measuring in isothermal mode at various temperatures:

These experiments have been carried out with new samples in isothermal mode
it 5 to 7 dilferent lemperatures between 180 and 250°C, in the dependence on the
naterial. As the DSC response, the lime to the peak extreme or oxidation induction
ime — OIT (laying between 5 and 400 min) have been chosen. The Ex has been cal-
:ulated according to Arrhenius equation from the slope of the plot of the logarithm
» DSC response as a function of reciprocal absolute temperature.

3. Madified conventional method:

At first, small samples had been aged in a thermal chamber at the temperatures of
120, 150 and 180°C for the time up to 76 days, at least for 5 different times at cach
1geing temperature. Then the mechanical properties measurements have been re-
rlaced by measuring the DSC response (time to the peak extreme or QIT) in isother-
nal mode. For each temperature the points corresponding to the time of 50% de-
rrease of DSC response has been evaluated from the plot of DSC response as a func-
ion of ageing time in the thermal chamber (Fig. 2). These points have been used for
he calculation of the E,.
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Fig. 2 The ptot of DSC response as a function of ageing time (PYC sheath) at various tem-
peratures. The doted line corresponds to the 50% declination of OI'T in comparison
with the OIT for a new sample

Results and discussion

Summarization of all values of activation energics are given in Table 1. These re-
sults show that different test methods give different values. Activation energies of
thermooxidative degradation ohrained according to the ASTM E 698 method (No. 1)
and according Lo the isothermal method (No. 2) are in most cascs higher in compari-
son with results oblained by conventional methods. The difference is usually about
15-50 kI mol~". which corresponds to the difference up to 50%.

The reason for this phenomenon consists in the temperature range for the deter-
mination of E,. In the case of methods Nos 1 and 2, the tesling lemperatures are
about 50-80°C higher than the temperatures for determination of 25 by conventional
methods. The modeling of short-term thermooxidative degradation by using the Ar-
rhenius equation may not be generally valid for long term ageing, because the fun-
damental chemical and physical processes included at higher temperatures may be
significantly different from those, which occur under more typical low-temperature
thermal ageing. In other word, the temperatures usually used by DSC can be too high
for reliable transmission of activation energy valucs for their application at lower
temperatures.

Higher values of E, (obtained by methods Nos 1 and 2) can also be the conse-
quence of the selection of the end-point criterion. which practically corresponds (o
the total degradation of insulating materials. As end-poeint criteria at conventional
methods the 50% change of chosen property is used.
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Conclusions

The direct determination of Es of a thermooxidative degradation by using of
DSC is very quick and almost non-destructive method, which requires only a little
amount ol samples. But, if the E, is estimated according to the ASTM E 698 or ac-
cording 1o the isothermal method, oo high values are very oflen obtained in com-
parison with the conventional methods. The difference between these values and the
valucs obtained from conventional methods usually changes from material to mate-
rial and there is no possibility to assess il before the testing. This fact may have dis-
agreeable practical consequences: the higher E4 is determined, the shorter acceler-
ated ageing time is then applied. It could result in unrealistic and optimistic data (too
high lifetime prediction).

If the DSC is applied as a modified conventional method (this means that samples
arc ¢valuated by DSC after prior ageing), onc can obtain acceptable results. For ca-
bles used in the hermetic zone of a nuclear power plant, where a sufficient length of
sample for estimating E, by classical clongation at break can not be often obtained,
the application of DSC seems to be the solution, which is also in compliance with
IEC 216 [4] and IEC 610 |5]. But this method can be recommended and used {or nu-
clear power plant cables after measuring the large number of materials and after its
verification. This program is now under progress.

References

1 ANSI/IEEE Std 323-1974/1984: IEEE Standard for Qualifying Class 1E Equipment for

Nuclear Power Generating Stations.

ANSI/IEEE Std 383-1974/1982: IEEE Standard for Type Test of Class 1E Electric Cables,

Field Splices, and Connections for Nuclear Power Gencerating Stations.

B. BarteniCek, V. Hnat, 1. Janovsky and V. PlaCek, Nucleon, 2 (1997) 21,

4 Standard 1EC 216: Guide for the Determination of Thermal Endurance Properties of Elec-
trical Insulating Matenals, Parts [-5.

5 Standard [EC 610: Principal Aspects of Functional Evaluation of Electrica! Insulation Sys-
tems: Ageing Mechanisms and Diagnostic Procedures.

6 T. Ozawa, T. Sunose and T. Kaneko, Part 1: J. Thermal Anal., 44 (1995) 205; Part 2: J.
Thermal Anal., 47 (1996) 1105,

7 Z. Dubkowski and E. Rudnik, J. Thermal Anal.; 48 (1097) 1343,

8 L. Rosik, J. Kovafovéd and J. Pospisit, J. Thermal Anal,, 46 (1996) 465.

9 ASTM E 698, Standard Test Method for Arrhenius Kinetic Constants for Thermally Un-
stable Materials.

10 I. Kononenko and E. V. Bystritskaya, Proceedings of the 1AEA Research Co-Ordination
Meceting on ‘Management of Ageing of In-Containment [&C Cables’, Bordeaux, 8-12 June,
1998.

(o]

w

A Therm. Anal. Cal., 56, 1999



