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AGING ASSESSMENT OF ELECTRICAL CABLES
FROM NPD NUCLEAR GENERATING STATION

A report prepared by D.J. Stonkus and K. Anandakumaran, Ontario Hydro
Research Division, Chemical Research Department, under contract to the
Atomic Energy Control Board.

ABSTRACT

Degradation of NPD Nuclear Generating Station control and power cables
after approximately 25 years of service was assessed. The PVC- and
SBR-insulated cables were also exposed to radiation, accident and post-
accident conditions, and accelerated aging to simulate extended service
life. The degradation of the samples from the containment boiler room
was minimal, caused mainly by thermal conditions rather than radiation.
Although irradiation to 55 Mrad, simulating normal operation and
accident radiation levels, caused degradation, the cables could still
function during accident and post-accident conditions. Accelerated
thermal aging to simulate an additional 10 years of service at 4 5° C
caused embrittlement of the PVC and a 60% decrease in elongation of the
SBR. Comparison of test results of aged NPD cables with newer PVC cables
obtained from Pickering NGS "A" shows that the newer cables have
improved aging stability and therefore should provide adequate service
during their design life of 31 years.

Le present rapport fait suite a 1'evaluation de la degradation des
cables de commande et d'alimentation de la centrale nucleaire NPD
(Nuclear Power Development) apres 25 annees de service. Les gaines de
chlorure de polyvinyle et de caoutchouc au styrene-butadiene des cables
ont ete exposees aux rayonnements dans des conditions existant pendant
et apres un accident et ont ete soumises a un vieillissement accelere
pour simuler un long cycle d'utilisation. Les echantillons de 1'enceinte
de confinement de la chaudiere ont montre une degradation minime, attri-
buable principalement a des conditions thermiques plut6t qu'aux rayonne-
ments. Bien que 1'irradiation de 55 Mrad simulant des conditions d'ex-
ploitation normale et d'accident ait degrade les cables, ceux-ci
pourraient toujours servir pendant et apres un accident. Le vieillisse-
ment thermique accelere pour simuler 10 annees de service supplemen-
taires a une temperature de 45 'C a provoque une fragilisation du chlo-
rure de polyvinyle et une diminution de 60 pour 100 de l'allongement du
caoutchouc au styrene-butadiene. La comparaison des resultats des
epreuves de vieillissement des cables plus anciens de la centrale NPD et
des cables plus recents de chlorure de polyvinyle de la centrale
Pickering A indique que les cables plus recents sont plus stables et que
leur rendement devrait etre satisfaisant durant leur vie utile nominale
de 31 ans.

DISCLAIMER

The Atomic Energy Control Board is not responsible for the accuracy of
tne statements made or opinions expressed in this publication and nei-
ther the Board nor the authors assume liability with respect to any
damage or loss incurred as a result of the use made of the information
contained in this publication.



EXECUTIVE SUMMARY

Recent decommissioning of the Nuclear Power Demonstration Station
(NPD) at Rolphton after approximately 25 years of service
provided an opportunity to assess degradation of field-aged
cables. The objectives were to determine whether the field-aged
cables could function during an accident condition and whether
the cables could withstand further aging.

Analysis of insulating material on cable samples removed from the
containment boiler room and the control room identified the
compounds as polyvinylchloride (PVC) and stvrene butadiene rubber
(SBR). The predominant material was PVC with a few power cables
insulated with SBR. Cables from the containment locations were
contaminated with low levels of tritium and could not be
effectively decontaminated.

After the extent of degradation was assessed, the cables were
irradiated to a total dose of 55 Mrad. This irradiation level
represents the maximum total dose to be received during 31
years of operation and an accident condition. The irradiated
cables were subjected to pressurized steam and a period of high
humidity to simulate a loss of coolant accident (LOCA) and a main
steam line break (MSLB) followed by a post-LOCA/MSLB condition.

To determine whether the field-aged cables could function an
additional 10 years at an ambient of 45°C, cable samples were
accelerated-aged. The aging duration and temperature were
obtained from Arrhenius plots for typical PVC and SBR compounds
available in the late 1950s.

The degradation of the cable materials was assessed after each
aging step by measuring the physical, chemical and electrical
properties. The cables were in relatively good condition after
25 years of service in the NPD containment area. The low
dose-rate experienced by the materials did not cause severe
degradation. From the limited study it appears that the major
cause of degradation was thermal rather than radiation aging.
After irradiation to 55 Mrad the insulations were flexible and
functioned through accident and post-accident conditions.
Accelerated thermal aging to simulate an additional 10 years of
service at 45°C caused embrittlement of the PVC and a 60%
decrease in elongation of the SBR. The PVC insulation cracked
when flexed and consequently was not exposed to an accident
condition which required flexing the cable to fit in the pressure
vessel.

Comparison of PVC insulations found in the more recent nuclear
generating station with the NPD samples shows that the aging
resistance of PVC compounds has been improved. Consequently the
PVC cables in the newer stations should perform adequately for
their design life of 31 years and maintain sufficient margin to
operate during accident conditions.
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SOWAIRE

Le déclassement récent de la centrale NPD {Nuclear Power Development) de
Rolphton après 25 années de service a fourni une occasion d'évaluer la
dégradation des câbles en place. L'objectif était de déterminer si les
câbles d'origine pouvaient servir en cas d'accident et si ces câbles
pouvaient continuer à servir dans des conditions normales d'exploitation.

Selon l'analyse des échantillons de câbles prélevés dans l'enceinte de
confinement de la chaudière et dans la salle de commande, leur gaine iso-
lante est faite de chlorure de polyvinyle ou de caoutchouc au styrène-
butadiène. Le chlorure de polyvinyle prédomine, tandis que la gaine de
quelques câbles d'alimentation est faite de caoutchouc au styrène-buta-
diène. Les câbles de l'enceinte de confinement montraient des traces de
contamination au tritium et n'ont pu être décontaminés correctement..

Après évaluation de la dégradation, les câbles ont été soumis à une
irradiation totale de 55 Mrad, soit la dose maximale totale durant une ex-
ploitation de 31 ans et en cas d'accident. Les câbles irradiés ont été
soumis à de la vapeur sous pression et à une période d'humidité élevée
pour simuler un accident de perte de caloporteur et une rupture de canali-
sation de vapeur primaire, dans les conditions existantes après un acci-
dent ou une rupture.

Les échantillons de câble ont également été soumis à un vieillissement
accéléré afin d'établir s'ils pouvaient servir pendant 10 autres années à
une température ambiante de 45 °C. La durée du vieillissement et la tempé-
rature ont été déterminées d'après des courbes d'Arrhenius pour des
composés types de chlorure de polyvinyle et de caoutchouc au styrène-
butadiène disponibles vers la fin des années cinquante.

L'évaluation de la dégradation de la gaine des câbles après chaque étape
de vieillissement portait sur ses propriétés physiques, chimiques et élec-
triques. Après 25 années de service dans l'enceinte de confinement de la
centrale NPD, les câbles étaient dans un bon état relatif. La faible dose
de rayonnement absorbée par les gaines n'a pas entraîné de dégradation
marquée. D'après cette étude limitée, il semble que les conditions thermi-
ques soient la principale cause de dégradation plutôt que le vieillis-
sement par irradiation. Les gaines sont demeurées souples après une irra-
diation de 55 Mrad et étaient utilisables dans des conditions types
pendant et après un accident. Le vieillissement thermique accéléré pour
simuler 10 années de service à une température de 45 "C a provoqué une
fragilisation du chlorure de polyvinyle et une diminution de 60 pour 100
de l'allongement du caoutchouc au styrène-butadiène. Comme l'isolant de
chlorure de polyvinyle soumis à une flexion se fendillait, il n'a pas été
soumis à des conditions d'accident puisqu'il aurait fallu plier le câble
pour le placer dans la cuve sous pression.

La comparaison entre les gaines de polyvinyle utilisées dans des centrales
nucléaires plus récentes et les échantillons de la centrale NPD indique
que les composés de polyvinyle résistent mieux au vieillissement. Les
câbles en polyvinyle des centrales plus récentes devraient donc donner un
rendement acceptable pendant leur vie utile nominale de 31 ans et offrir
une marge de sécurité suffisante en cas d'accident.
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1.0 INTRODUCTION

Electrical cable is one of the critical components in the safe
operation and life extension of nuclear power plants and the
cost of replacing cable is significant. Excessive thermal and
radiation conditions cause degradation of cable by embrittlement
of the insulation. Recently there have also been concern that low
field radiation and temperature conditions cause more severe
damage than predicted by accelerated aging qualification. The
recent decommissioning of the 2 0 MW Nuclear Power Demonstration
(NPD) plant after approximately 25 years of service provided an
unique opportunity to assess cable damage caused by actual field
conditions. It must be pointed out that these cables were never
formally qualified.

Within Ontario Hydro a Nuclear Plant Life Assurance (NPLA)
program has been initiated with the main objectives to assure
long-term reliability of nuclear plants during service life and
to preserve the option of plant life extension. The program
involves removal of field-aged cable for assessment of
degradation and capability to withstand accident environments,
and it includes development of diagnostic techniques used to
assess insulation degradation. Life assessment programs are
in progress and chemical assessment techniques are being
developed[1,2]. This NPD-cable assessment project is an
extension of the NPLA program.

This study evaluated the NPD cables using physical, chemical, and
electrical procedures. Aging of electrical insulation involves
both chemical and physical changes, which may or may not be
reflected in the electrical characteristics of the cable system.
The physical and electrical requirements are stated in cable
standards such as Ontario Hydro Standard M-592SM-81 and Canadian
Standards Association (CSA) Standard C22.2 No. 38, and C22.2 No.
48 - M1989. The chemical tests which can indicate the mechanism
and degree of degradation are not included in current cable
standards.

Electrical cables must function through their actual service life
during both normal and postulated accident and post-accident
conditions, which may expose cables to high radiation fields,
moisture, and other environmental conditions. Embrittled and
even cracked insulation can function in a dry environment,
however, exposure to moisture imposes severe stress. Therefore
the ability of an aged cable to function through a loss of
coolant accident or main steam line break is an important
feature.

To obtain the desired accelerated aging conditions to expose the
insulating material beyond the design life requires a knowledge
of the materials1 activation energy. The cable insulation used
at NPD are typical materials and activation energies are readily
available[3]. With the use of the Arrhenius equation it is then



fairly straightforward to select the duration and accelerated
temperature to represent aging at a lower service temperature.

2.0 OBJECTIVES

1. To assess degradation of NPD cables.

2. To determine the functional capability of naturally-aged and
further accelerated-aged cable samples under LOCA and
post-LOCA conditions.

3.0 TEST PROCEDURE

3.1 Cable Selection and Material Identification

Four cable samples were removed from accessible areas within the
containment (upper boiler room) and represented typical
containment cables exposed to radiation. The layout of the NPD
station is illustrated in Figure 1. For comparison purposes
similar cables were taken from the air-conditioned control room.
Table 1 lists the description, operating history, tritium
content, and physical properties of the cable samples. All cable
samples were tested for tritium contamination by complete
oxidation and scintillation counting.

The insulation and jacket materials were identified by pyrolytic
infrared spectroscopy. Two representative cables, PVC-insulated
control cable and SBR-insulated power cables, were selected for
detailed analysis and exposure to an accident condition. The
cables are identified in Table 1 as No. lb and No. 3b.

3.2 Assessment of Material Degradation

Following is a brief outline of the procedures used to assess
material degradation. Detailed descriptions of the experimental
techniques are given in Appendix 1.

3.2.1 Tensile and elongation tests were carried out on five
specimens of each insulation in accordance with CSA
Standard C22.2 No. 75-1966, Thermoplastic-Insulated Wires
and Cables. The PVC insulation was evaluated in the
tubular configuration. The SBR insulation was tested
using Die-C specimens.

3.2.2 The structural changes were measured with a Mattson Cygnus
Fourier Transform Infrared (FTIR) spectrometer using the
technique of attenuated total reflection (ATR)-FTIR
spectroscopy.

3.2.3 Relative hardness values, obtained using a
thermo-mechanical analyzer (TMA) are expressed as the
degree of penetration of a flat-ended metal indentor into
a polymer sample under a uniform force.



3.2.4 The glass transition temperature (Tg) of PVC was
determined with a Du Pont 990 thermal analyzer using
indium as the standard for calibration.

3.2.5 The insoluble fraction (gel content) of PVC was calculated
from the residue regaining after extraction in
tetrahydrofuran (THF), for SBR, swelling ratio in Toluene
was measured.

3.2.6 The concentration of plasticizer was obtained by
extracting approximately 1 g of sample with ethyl ether as
described in American Society for Testing and Measures
(ASTM) Standard Test Method D2124-88.

3.2.7 Insulation resistance and electric withstand measurements
were performed in accordance with CSA Standard 22.2 No.
0.3-M1985, Test Methods for Electrical Wires and Cables,
paragraphs 4.28.2.1.5 and 4.28.1.1.4.

3.3 Exposure to LOCA/MSLB and Post-LOCA/MSLB Conditions

Cable samples were cut into 2-m lengths and irradiated to
total doses of 27 (Group A) and 55 (Group B) Mrad. The
irradiation level of 55 Mrad represents the total dose
that is used to qualify current nuclear cable, and is
specified in Ontario Hydro Standard M-5925M-81. This
dose includes 31 years of service life, accident dose
plus 10% margin. The dose of 27 Mrad represents accident
condition irradiation only and is taken from current
Darlington NGS requirements. The cable samples were
irradiated at the Canadian Irradiation Centre in Montreal,
using a Co-60 gamma source at a dose rate of 0.61 Mrad/h
(Appendix 2) and resulting physical and electrical changes
were measured. The irradiated samples were exposed to an
accident condition combining a LOCA and MSLB as shown in
Appendix 3. The conditions are the latest Darlington NGS
'A' reauirement and are described in Darlington Document
No. NK3*8-57300P.

Following the LOCA/MSLB exposure the cable samples were
exposed to 100% relative humidity for 12 days at 55°C to
simulate a post-accident condition as defined in the above
documents. The data acquisition instruments with
stated accuracies are listed in Appendix 4.

3.4 Extended Service Life

Control room cables were used in the extended service life
test procedure because containment cables could not be
sufficiently decontaminated to permit extensive work.
Washing containment area specimens with water and vacuum
drying at 50°C for 1 month failed to remove tritium



contamination. The as-received physical and chemical
values were similar for specimens from both locations so
the aging data are applicable to cables from both
locations. The samples were aged in ovens with
self-contained temperature recorders. The oven
temperature controlled to +1°C was verified by standard
thermocouples.

To determine whether the cables could function for an
additional 10 years of service at an ambient of 45°C,
cable samples were exposed to accelerated thermal aging.
The temperature of 4 5°C represents the average ambient
condition found in the NPD containment area. The aging
temperature and duration were obtained using the
activation energy values obtained from Arrhenius plots for
standard grades of PVC and SBR. Typical activation energy
values for PVC and SBR compounds manufactured in the late
1950's are 0.87 eV and 0.94 eV respectively[3]. Using
these values and Arrhenius equation ten years of service
at 4 5°C would be represented for PVC by aging at 121°C for
7 days or at 100°C for 40 days. For SBR the aging
conditions were 100°C for 25 days. A more detailed
explanation of the Arrhenius technique is presented in
Appendix 5.

Specimens of PVC insulation 15 cm long were prepared by
removing the conductor and plugging the ends of the tubes
with room-temperature vulcanizing (RTV) silicone adhesive.
For SBR, tensile Die-C specimens were used. The specimens
were suspended vertically without stress.

4.0 RESULTS AND DISCUSSION

4.1 Assessment of NPD Service Cables

Radiation- and temperature-induced degradation causes insulation
to embrittle which may result in cracks and thus failure during
cable movement. Elongation-at-break which decreases nearly
linearly at very low dose-rate radiation exposure, provides a
good indication of the remaining life of these naturally aged
cablesf4]. The end-of-life criteria for cables has been
established as 50% absolute elongation-at-break and the minimum
CSA requirement for new PVC and SBR insulations is 200%. The
elongation value of SBR was found to be in excess of 200% while
the PVC insulations elongated approximately 185%, well above the
end-of-life criteria. As shown in Table 2, elongation values are
almost identical for PVC insulation samples from the containment
area and those from the control room. Elongation values for SBR
insulation samples from the containment area are lower than those
for control room specimens.

In electrical tests, control and power cables both showed high
insulation resistance and high dielectric strength, passing the



2400 V ac 1 min withstand test (Table 3). However, even an
embrittled SBR insulated pump motor cable (2 kV power cable)
from the containment boiler room withstood a high voltage hipot
test[5].

Chemical properties of the specimens were measured to evaluate
the aging process. Oxidized SBR and PVC generally exhibit a
carbonyl and hydroperoxidic-OH absorbance at wavenumbers of
1720 and 3600 respec_ively[6]. FTIR spectroscopy was used to
measure the structural changes associated with the oxidative
aging process of the specimens used in this study. These
specimens exhibited no absorption in the carbonyl or
hydroperoxide region (Figures 2 and 3).

Samples of PVC were also tested for solubility in THF.
Solubility measurement is a good indicator of changes
accompanying the oxidative crosslinking, for gamma irradiated
PVC. Gel content (insoluble fraction) increases rapidly upon
gamma exposure[7]. PVC specimens from both the control room and
the containment area were found to be completely soluble in THF
and therefore were not crosslinked. For SBR, swelling ratio in
toluene was measured. Thermal- or radiation-aged SBR, when
compared with the unaged specimens generally swells less in
toluene due to increased crosslinking. However, specimens of SBR
from the control room and containment area swelled to the same
extent (167%) suggesting that the radiation and temperature
levels in the containment room were insufficient to cause severe
degradation.

The decrease of elongation-at-break (below CSA requirement) for
PVC can be explained by the loss of the plasticizer content. PVC
insulations usually contain 25-30% by weight of plasticizer,
which imparts flexibility[8]. The plasticizer content for the
samples studied in this report was only 18-20%, indicating a loss
during service. Glass transition temperature was found to be
96°C indicating that cable had been exposed to a temperature of
approximately 70°C during service[2] however, the period of
exposure to this temperature cannot be ascertained. Plasticizer
loss would occur at 70°C. Considerable work has been done to
quantitatively relate plasticizer loss to reduction in
elongation. For example, it has been shown that when no other
changes occurred in a PVC compound, a 10% weight loss,
attributable to evaporation of plasticizer, correlated to a 60%
elongation decrease compared with the original[8,9]. Similarly
slightly lower elongation values obtained for SBR specimens
located in the containment boiler room (Cable 3b, Table 2),
together with the observed embrittlement of the SBR insulations
only near motor end of the pump motor cable (Cable 4b, Table 1)
indicate that deterioration of the insulation was mainly caused
by temperature rather than radiation.



4.2 Serviceability of the Cables During
LOCA/MSLB and Post-LOCA/MSLB Conditions

Cables irradiated to 2 7 and 55 Mrad remained flexible and could
be manipulated without cracking. For PVC the elongation decrease
was not severe reducing to approximately 150% from 185% after
irradiation to 55 Mrad. The irradiation effect on SBR was more
pronounced the elongation decreasing from 240% to 97%.

The irradiated cables when exposed to LOCA/MSLB and
post-LOCA/MSLB functioned without any problem. The LOCA/MSLB
condition does not cause severe insulation aging. Especially for
SBR which showed virtually no decrease in physical properties
compared with irradiation only samples. For PVC there was some
decrease in physical properties as shown in Table 4. The
electrical characteristics as measured by insulation resistance
(IR) and dielectric withstand test showed no significant changes
after irradiation or LOCA/MSLB exposure (Table 3).

Chemical analysis of the materials after irradiation, LOCA and
post-LOCA exposure showed evidence of aging. As illustrated in
Figures 4 and 5, both insulations exhibited a noticeable FTIR
hydroperoxidic-OH peak at 3400 cm"1. The solubility of the PVC
in THF decreased from completely soluble to about 56% gel content
and the swelling ratio of the SBR was reduced by approximately
50%, indicating crosslinking.

4.3 Extended Service Life

Oven-aged PVC insulation samples became hard and brittle while
SBR elongation decreased by 60% to 132% (see Table 5). As
explained in section 4.1, the PVC specimens lost a large
proportion of their plasticizer during the oven aging at 121 °C
(remaining plasticizer content only 10%). This indicates that
the high volatility of the plasticizer incorporated in this
particular PVC insulation was the main cause of the
embrittlement.

Cable manufacturers have been working since the 1970s to improve
the aging characteristics of cables by decreasing the volatility
of the plasticizers. As a result, a PVC-insulated cable obtained
from Pickering NGS 'A' boiler room after 13 years of service
functioned through a rigorous accelerated-aging test (irradiated
to 25 Mrad plus 40 days aging at 100°C and a LOCA/MLSB/10/. Test
results recorded in Appendix 6 show that the elongation values of
PVC insulations were still above 100%.

The oven-aged PVC insulations cracked when flexed and
consequently were not exposed to an accident condition which
required flexing the cable to fit the pressure vessel.



5.0 CONCLUSIONS

1. After approximately 25 years of service inside the
containment area of NPD, PVC and SBR insulations showed
minimal degradation as indicated by physical, chemical and
electrical property measurements. From the limited study it
appears that thermal rather than radiation conditions were
the major cause of degradation. The degradation was not
accelerated by the low dose-rate experienced in the
containment area.

2. Analysis of the glass transition temperature of the PVC
insulation indicated that the cables had experienced an
operating temperature of about 60-70°C during service.
However, the duration at these temperatures is not known.

3. After 25 years of service the PVC- and SBR-insulated cables
were able to withstand an additional irradiation dose of up
to 55 Mrad and to function through a LOCA/MSLB and
post-LOCA/MSLB conditions.

4. Accelerated thermal aging, to simulate an additional 10 years
of service at 45°C, caused embrittlement of the PVC
insulation and a 60% decrease in elongation of the SBR cable
insulation. Manipulation of the cables caused cracking.

5. Comparison of test results of aged NPD and Pickering NGS 'A'
cables indicate that the newer PVC cables have superior
resistance to aging/10/. Therefore, it can be expected that
the newer PVC cable designs found in Ontario Hydro nuclear
generating stations will provide adequate service during
their design life and postulated accident conditions.
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Table 1

Description of WTO Cables Used for Evaluation

Cable
Swple
§

la)

1b)

600
No.
PVC

600
No.
PVC

Cable DescriDtion

V Control Cable 7C
10 AUG PVC Ins
Jkt

V Control Cable 7C
10 AUG PVC Ins
Jkt

Insulation
(Ins)
Tvoe

PVC

PVC

2a) 600 V Control Cable 12 C PVr
No. 12 AUG PVC Ins
PVC Jkt

2b) 600 V Control Cable 12 C PVC
No. 12 AUG PVC Ins
PVC Jkt

3a) 600 V Power Cable 1 C SBR
1/0 AUG Cotton 8raided,
SBR Insulation
Phillips RU 60

3b) 600 V Power Cable 1 C SBR
1/0 AUG Cotton Braided,
SBR Insulation
Phillips RU 60

4a) 2 kV Power Cable Pump SBR
Motor 3C SBR ins
Neoprene Jkt
Northern Electric

Insulation
Thickness Sample

(mm) location

13 Control Room

13 Containment*

13 Control Room

13 Containment*

25 Control Room

25 Containment*

45 Control Room

Tritium Total Years
Count X Elongation Radiation Ambient In
UCi/g (Ins)

190

188

195

0.021 206

320

1.780 240

1.570 575

Dose Temp C Service

25

-1 Hrad 40-45 25

25

-1 Mred 40-45 25

25

-1 Mrad 40-45 25



Table 1 Cont'd

Cable
Sanple

#

4b)

5

Cable Description

2 kV Power Cable Punp
Motor 3C SBR ins
Heoprene Jkt
Northern Electric

1 kV Power Cable RW90-40

Insulation
Type

SBR

XLPE

Description of

Insulation
Thickness

(mm)

45

WO Cables Used

Sample
Location

Containment*

Control Room

for Evaluation

Tritium
Count
PCi/g

2.530

X Elongation
(Ins)

42

(brittle)

>475

Total Years
adiation Ambient In

Dose Temp °C Service

-1 Mrad 40-45 25

25
1C No. 2 AUG. Industrial
Wire t Cable

Containment location it the upper boiler room.



Table ?

PHYSICAL «•> CHEMICAL TEST »ESULTS FO» AS-KECEIVED swin.ES OF lire IM-CCTITAIMHEIIT CABLES

Glass FTIR
Cable Tritium CSA Hin. Reg. Relative Transition Solubility Carbonyl Plasticiier
Sample Cable Count Hardness Temp X Swelling or Peroxide Content

MO. Description (UCi/g ) X Elong X Elong Ref (urn) (°C) Ratio Absorbance X_

1b) 600 V Control 0.021 188 (190)* 200 CSA 22.2
Cable PVC 4B-M1989
(Ins)

3b) 600 V Power 1.780 240(320)* 200 CSA 22.2 130
Cable SBR (Ins) 38-M1986 (120)*

*NOTE: The numbers ihoun within the brackets correspond to the control room specimens.

96
(81)*

Soluble in
THF

167
(164>*

NONE

NONE

18
(20)*



Table 3

ELECntlCM. TEST HESUtTS

Wet Insulation Resistance £1) 600 V dc 1 min.

In i t ia l
After

27 Mrad 55 Mrad

(3?

After
27 Mrad +
LOCA and
POST-LOCA

55 Mrad +
LOCA and
POST-LOCA

2400 V ac 1 min.

Dielectric Withstand Test

ill ill ill iil ill

lb

1b

3b

3b

600 V Control Cable
PVC Insulation
Group A

600 V Control Cable
PVC Insulation
Group B

1.8x1011(W)

4.9x1010(R)
6.0x1010(G)
1.0x1010(Y)
5.0x1010(B)
1.1x1011(OR)
4.5x1010(BLK)

1.6x1011(W)
4.0x1010(R)
4.5x1010(G)
8.6x1010(Y)
3.2x1010(B)
9.0x1010(ORG)
3.3x1010(BLK)

1.3x109

1.42x10

1.6x109

1.9x109

2.6x109

2.4x109

2.3x109

600 V Power Cable 3.5x10
SBR Insulation Group A

,12

600 V Power Cable
SBR Insulation
Group B

2.8x10,12

1.22x10v

3.4x10v

3.2x109

3.4x109

4.0x109

4.2x109

4.0X109

3.5x109

1.28x10r

1.5x10
1.1x10
1.0x10
1.3x10
1.0x10
1.2x10
9.3x10

2.2x1012

1.25x10 11

6.9x10
7.0x10
9.6x10
7.0x10
8.5x10
7.2x10

1.5x1012

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p
p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

P * Pass



Table 4

Cable
Sample

*

1b

3b

PHYSICAL M O CHEMICAL

Cable Sanole

600 V Control Cable
PVC Insulation

600 V Power Cable
SBR Insulation

Property

X Elongation

Plasticizer
Content

Gel Content

X Elongation

Relative
HardrwssQJm)

Swelling
Ratio

TEST RESULTS

As Received

1S5
185
187
191
187
191

18

0

210

130

1.67

AFTER LOCA/HSLB AMD POST

Irradiated
27 Hrad

18

191

140

1.24

55 Hrad

146
156
152
150
169
166

17

97

169

0.98

-LOCA/HSLB TESTS

Irradiated
27 Mrad +
LOCA and

Post-LOCA

128
116
120
103
109
109

18

39

154

143

Irradiated
55 Mrad +
LOCA and
Post-LOCA

130
110
118
113
123
113

18

57

109

160

Phase

Orange
Green
Red
White
rellow
Brown



TABLE 5

PHYSICAL AMD CHBIICAL TEST RESULTS
AFTER THERMAL ACIHG EQUIVALENT TO 10 TEARS Of ADOITIOMAL SERVICE AT 45°C

Cable
Sample
# Sample

Glass
Transition
Temp

X Elong

Solubility
Swelling
Ratio

Plasticiier
Content

X

la 600 V Control 7 days
Cable PVC (Ins) at 121°C

Brittle 58 Soluble
in THF

10

1a 600 V Control 40 days
Cable PVC (Ins) at 100°C

Brittle 58

3a 600 V Power
Cable SBR
(Ins)

25 days
at 100°C

132 1.3850

14



APPENDIX 1

DEFINITIONS

Elonqation-at-break

Elongation of a material is measured by pulling the sample at a
constant speed in an Instron machine until breakage. The percent
elongation is calculated from the formula

L2 -
X 100

where L^ = initial gauge mark spacing
L2 = gauge mark spacing at rupture

FTIR Spectroscopy

The amount of light absorbed/transmitted/reflected by a sample
placed in the light path at various wavelengths of an infrared
light range is measured. The energy-absorption spectrum is
characteristic of the structure of material absorbing the
infrared light and therefore can be used to identify the
material. For instance, an aged polyethylene sample can be
distinguished from an unaged sample by the presence of a carbonyl
peak attributable to oxidation in the aged sample.

Relative Hardness in Terms of
TMA Penetration Distance

The relative hardness of the material is measured using a
thernto-mechanical analyzer (TMA) with 5-mm long flat specimens. A
cylindrical aluminum probe (diameter 0.63-mm), with a flat end to
indent the sample is coupled through a Linear Variable
Differential Transformer (LVDT) core to the weight tray. The
LVDT senses the amount of penetration into the sample, in this
case, caused by a 100 gm weight. After applying the load for 3 0
seconds, the change in penetration distance is measured. A
smaller penetration indicates an increase in material hardness,
whereas larger penetration indicates a decrease in material
hardness.

Gel Content, Swelling Ratio

Gel content is a measure of the amount of insoluble polymer
(crosslinked) present in the chosen solvent. Swelling ratio is a

15



measure of the degree of crosslinking, which is obtained by the
following equation:

mass of swollen gel
% S.R = x 100

mass of dried gel

LOCA/MSLB

Loss of coolant-accident/main steam line break are postulated
abnormal events used to establish design criteria for structures,
systems and components.

16



APPENDIX 2

CENTRE D IRRADIATION

DU CANADA

£ I C CANADIAN iRRADIATION
U CENTRE

"

CERTIFICATE OF IRRADIATION
CUSTOMER Ontario Hydro Research Div is ion IRRADIATION LOT No N/A

PRODUCT DESCRIPTION

Two (2) x 10 gallon canisters containing contaminated
( < 37 kBq) electr ic cables

PRODUCT LOT No PRODUCT CODE No No OF CASES

N/A N/A N/A

The i r radiat ion dose rate was 0.61 Mrad/h.

IRRADIATION LOT START TIME & DATE:

IRRADIATION LOT FINISH TIME & DATE

HUN ABNORMALITIES None

7/6/89 12:28
7/6/89 12:28

10/6/89 14:11
12/6/89 12:15

MINIMUM SPECIFIED

MAXIMUM SPECIFI

APPROVED-^.

27Hrad 27 Mrad •
SE: 55 Mrad MINIMUM DELIVERED DOSE: 55 Mrad

N/A Mrad MAXIMUM DELIVERED DOSE: Mrad
TITLE Supervisor of Operations DATE 3/7/89

*: t 5%

CANADIAN IRRADIATION CENTRE. 535 BOULEVARD CARTIER.CP 320.SUCL-D-R.
VILLE DE LAVAL. QUEBEC.H7N 4Z9. PHONE (514)687-2223 TELEX 0556187

TELEFAX (514) 687-5792

17
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APPENDIX 4

LOCA/MSLB

INSTRUMENTATION

1. Steam Supply

Low pressure steam provided by a Chromalox electric boiler
and piped to the test vessel

2. Data Logger

IBM-PC/XT computer with a data acquisition system. The
system accuracy is +0.03% full scale

3. (a) Temperature Monitoring

Resistance temperature detector (RTD), Thermo Electric, 100
ohm platinum with an overall accuracy of +0.1°C

3. (b) Conditioning Instrument

Analog Devices conditioning module Type 3B34
Inr-ut: Platinum 100 RTD (3 wire)
Accuracy: +0.1% span (repeatability, linearity, hysteresis)
Non-Linearity: +0.05% span
Stability: Zero +0.02% span/°C

Span +0.0025% reading/°C

4. (a) Pressure Monitoring

Differential pressure transmitter (DP cell)
Rosemount Model C1151DP22BIGE with an overall accuracy of
0.25% of calibrated span (includes combined effects of
linearity, hysteresis and repeatability)

(b) Conditioning Instrument

Analog Devices conditioning module Type 3B31
Isolated input device
Accuracy: +0.1% span
Non-Linearity: +0.01% span
Stability: Zero ^0.0025% span/°C

Span ±0.0025% reading/°C
Bandwidth: 3 Hz (-3 dB)
Range: 0 to +10 V

19



APPENDIX 5

Derivation of Aging Period to Simulate
10 Years of Extended Service at 45°C

The Arrhenius equation can be written as follows,

tx E 1 1
In = _ ( - )

t 2 R T 2 Tj.

where, E = activation energy
R = gas constant

t-j_ = service time
t 2 = aging time
T-^ - service temperature
T 2 = aging temperature

The above equation shows that, with the knowledge of activation
energy (E), the additional service life (t-j_) at a known service
temperature (TjJ can be simulated by accelerated aging at an
appropriate elevated temperature (T2) to a derived aging period
of t2.

Sample: PVC

Activation Energy: .87 eV*
Aging temperature: 374.6 K (103=t:oC)
Service time: 3.1536E+08 s (10a)
Service Temperature: 318 K (45°C)
Aging time: 30 d

Sample: SBR

Activation Energy: .94 eV*
Aging Temperature: 373.0 K
Service time: 3.153 6E+08 s
Service temperature: 318 K
Aging time: 23 d

•Obtained from digital Engineering System 1000 Library.

20



APPENDIX 6

% ELONGATION TEST RESULTS AFTER AGING
EVENTS FOR PICKERING NGS "A" PVC INSULATIONS

Cable Sample

No. 1 600 V Control
(Phase)

Red

White

No. 2 600 V Control
(Phase)

Red

White

As Rec'd

225

225

238

257

LOCA/
MSLB

220

223

242

245

Irradiated
25 Mrad

215

200

200

225

Irradiated
25 Mrad+40d

aging

125

125

150

130

21



Figure 1
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FTIR Spectra of SBR Insulat ion
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Figure 3

FTIR Spectra of PVC Insulation
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Figure 4

FTIR Spectra of SBR Insula t ion After LOCA/MSTiB and Post-LOCA/MRLB Tests
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Figure 5
0

FTIR Spectra of PVC Insulation After LOCA/MSLB and Post-LOCA/MSLB Tests
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