
5. LOSS OF COOLANT ACCIDENT (LOCA) TESTING OF CABLES

During the design life of a nuclear power plant, cables used to operate safety-related equipment must be
capable of delivering electric power, controlling equipment, and transmitting data to prevent and mitigate the
consequences of an accident. To ensure this, the environmental qualification process simulates the postulated
accident environments, which include simultaneous exposure to radiation, steam, thermal, and possibly,
chemical sprays (PWR) or deionized water sprays (BWR). The cables are generally pre-aged or pre-
conditioned, in most cases, to an equivalent age of 40 years (ie., the original license period of a nuclear power
plant) before their exposure to these accident conditions. IEEE Std 323-1974 (Ref. 5.1) describes the
principles, procedures, and methods for qualifying Class E equipment, such as cables. Its daughter standard,
IEEE Std 383-1974 (Ref. 5.2) delineates specific details on qualification parameters applicable to cables. The
IEEE Std 323-1974 is endorsed by the NRC in Regulatory Guide 1.89, Rev. 1 (Ref. 5.3) and its guidance

,meets the requirements of OCFR50.49 (Ref. 5.4). The Regulatory Guide recognizes that qualification may
be accomplished in several ways, i.e., through type testing, operating experience, analysis, or a combination
of these methods. Most cable qualfications are type tested, by subjecting the cables to the environments and
operating conditions for which they are designed.

Qualification by testing is satisfied only when the cables to be tested are aged (except those qualified to older
requirements, DOR Guideline, NUREG-0588/Category II), subjected to potential environmental influences,
and operated under post-accident conditions to provide reasonable assurance that they can perform their
intended functions for a specified time. One of the practical difficulties encountered in early development of
the qualification process was to apply all test environments simultaneously. In particular, radiation testing
usually was done sequentially and separately from the other environments. A typical qualification test
-consisted of the following sequence:

- thermal aging equivalent to a 40-year service life
- gamma radiation which simulates the effect of 40-year ambient radiation plus that released by the

raccident (e.g., typically a LOCA event)
steam/chemical-spray exposure which simulates the non-radiation portions of a LOCA.

Such tests are referred to as sequential-exposure tests, or simply, sequential tests. In a few cases,
simultaneous-exposure tests were conducted which consisted of the following exposures:

- - combined accelerated thermal and radiation aging
- combined radiation-, steam-, and chemical spray-exposure simulating a LOCA.

Although the sequential test is not as realistic as the simultaneous test, intuitively it is conservative, primarily
because the cables are thought to be more degraded (after exposure to radiation) when they are exposed to
severe thermal transients and high temperatures of the steam/chemical-spray exposure than they are in a
simultaneous test at the start of the combined exposure. Because sequential tests are intuitively conservative
and are substantially less expensive than simultaneous tests, most qualification programs have been sequential'.
In addition to these qualification tests, SNL-has built facilities to perform EQ-related research where any
combination of sequential and simultaneous procedures are simulated to verify these contentions.

Since its inception in 1975, the Qualification Testing Evaluation (QTE) Program at SNL has outlined and
performed research on a number of broad issues in the EQ process, including both aging and accident

'According to Dr. S.P. Carfagno, Franklin Research Center (RC) performed several similtaneous simulation tests for
cable manufacturers (i.e., Anaconda, Kerite, Boston Cables, Rockbestos, Okonite). Tests were conducted at a special
test facility built by FRC at Isomedix.
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simulation methods (Ref. 5.5). Recently, the EQ-Risk Scoping Study used the probabilistic risk assessment
(PRA) techniques to assess the impact of various EQ requirements on plant risk and to identify any needed
modifications to the current EQ practices to reduce the risk or its uncertainties stemming from lacking of
qualification of safety-related equipment (Ref. 5.6). The study suggested that (1) EQ should focus on assuring
equipment's operability for the first few days of the accident rather than over a long term, (2) operability of
the equipment during steam conditions is more important than during irradiation2 , (3) the equipment's
reliability might increase the estimates of core damage frequency, and (4) instrumentation and control devices
for accident management and plant status indicators are important, although it is difficult to assess their impact
from the PRA techniques. To date, PRA techniques have not played a role in EQ. Therefore, the
uncertainties and the differences among various test conditions and parameters associated with the qualification
for accident conditions are discussed in this section.

Table 5.1 summarizes typical EQ requirements for the qualification of electric cables in several countries
including the United States3, for both aging and accident simulation requirements. Some details on test
durations, chemical sprays, and post-design basis are not available. Nevertheless, this comparison of
requirements in different countries with nuclear programs provides a basis for the results presented in this
literature review which includes studies from the U.S. and abroad. Significant differences exist in the total
radiation doses and dose rates used during both aging and accident irradiation. Some irradiations were
performed at room temperature and others at elevated temperatures. -Based on the information presented in
the previous section, irradiation at elevated temperatures can degrade certain organic materials significantly
when compared to iradiation at room conditions. Another area with large variations is in the definition of the
accident steam'conditions (e.g., pressure and temperature profiles) and their durations. Since these accident
conditions are specific to the design of a plant, such variation from plant to plant, and hence, from country
to country can be possible. However, the variation in the duration of an accident transient for different
countries is noteworthy.

As indicated in Table 5.1, the total radiation doses used in qualification testing vary from as low as 4Mrad to
5OMrad for aging, and 2OMrad to 15OMrad for accidents (except for Spain where the LOCA radiation values
are uncertain). Results from one nuclear power plant (Ref. 4.12) presented in the previous section indicated
that with the exception of hot spots,'the majority of cables inside the containment are exposed to an TID of
10 Mrad during 40 years of design life. Also, based on results from the TMI accident discussed in this section,
the TID absorbed by cables during that accident was less than 12 Mrad. This disparity between actual plant
data and typical qualification values, specifically in U.S., may need further examination of the current EQ
requirements.

In early years, most of the industry's qualification as well as research tests, were conducted at the Franklin
Institute Research Laboratories (FIRL), Philadelphia. Over the last two decades, significant research was
carried out at Sandia National Laboratory (SNL) sponsored by the NRC (Ref. 5.7). The following four major
facilities were built to simulate the environmental qualification conditions: Low-Intensity Cobalt Array (LICA),
High-Intensity Adjustable Cobalt Array (HIACA), I-Steam, and V-Steam with transient superheat capability.

2 Note that LOCA testing results have indicated radiation causing more degradation than steam exposure. In fact, for
certain insuLation materials, steam conditions had enhanced cable's elongation properties. However, most cable failures
were reported during the saturated steam exposure (I.e., post-transient duration) of the LOCA testing.

'Personal communication with Mr. D.J. Stonkus of DJS Associates.
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Table 5.1 Typical EQ Requirements for Cables Used in Different Countries (Mr. D.J. Stonkus)

Aging Simulation' LOCA Simulation

Country S Radation Comments | iation | C t Chemiad D (u Commet| Post-Design Basis
Thermal Radatin CmmntsRadatin ondtios Sra Pot- ommnt

________ I __________ _________ __________ f (extrem es) S r y T ransient T t _ _ _ _ _ _ _ _ _ _ _ _ _

168 hrs 50 Mrad Irradiation at 150 Mrad 174°C@880kPa Boron Sol. 624 Total 30-day 93°C @ 100% RII for
USA @150°C(air) _lMrad/hr room temp (radtemp.) 100°C@IOOkPa pH 10.5 LOCA test 100 days

30 Mrad 1000C Y215kPa
240 hrs 20 Mrad Irradiation at 200C490kPa Boron So.n

Japan @ 150C(air) 0.IMrad/hr o 0 C @lO.Mrad/hr 50°ClkPa Pe 8.5 nta none nta
____________ (90-C) __ _ _ _ _ _ _ _ _ _ _ _ activation energy

25 Mrad 6OMrad
France 950 bra @0.05- Irradiation at 1r 015- 1570 C@56OkPa Yes 96 n/a none n/a

@135TC(air) OlS1Mad/hr 70'C 0.75Mradlhr
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~~~~(70 0

C )_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

240 ha 5 Mrad 20 Mrad 180C@tO B00 n S 241 n/a none 4 hurs
Gemn 1350C(air) 0.05MradIhr none @0.05Mrad/hr 50C____________

168 bra 50iMrad - mdiation at 150 Mrad
Jaa 1210C(air) @dlMrad/hr room temnp. @dcMrad/hr 10CYsnanann /

3Byears life 2 Mrad 30 Mrad 149°C@467kP Bori acid Negative Steam20 Mrad 115'C~~~~~~196kPa Boric acid p 90~~~~~Pdays @400C andCanada based on @~Ma/r none @glMrad/hr 654 0 10 12 n/a press. for 610%H
Arrhenius (room temp.) hours

Itly n/a 35 Mrad Irradiation at 18Mrad y' and 130'C@280kPla Yes 12 n/a none 100 days @ 50'C
_________ 5SIM 27Mrad 800C@lOOkPa____

4Oyears life ~ r ~150 Mrad 10C10kaBrnSt
Begu @900C based @'clMrad/hrIraiioat@Mrdb 12ClOkap1051 504* n/a none 1 year @ 700C
Belgium ~ ~ ~ leMrd/r 30'C (30C). 12_____pH ___-

on Arrhenius 3

165'C Total radiation
Spain n/la n/a none &714 Mrad 570C n/a 24 100 days*1530Ma? V

Brazil n/a none 200 Mrad 49C47aBocaid 240* n/a none n/a
__________ @~ ~glM rad/hr __ _ _ _ _ _ _ _ _ _ _ 1220C @2 Sk pH 8-8.5 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

NOTES: * Presumably these numbers represent total LOCA duration including transient and post-transient durations.
Accident radiation doses for Spain are uncertain.

n/a = not available
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In addition to verifying industry's claims on the current qualification requirements, the goals of this research
were to understand the effects of each of the enviromnental conditions and any of their synergistic effects.
Additional studies were carried out on oxygen effects, post-accident environments and their durations,
sensitivity to aging methods, post-accident tests, and comparisons were made with actual accidents (e.g.,
TMI).

5.1 Simultaneous/Sequential Exposures

Bonzon (Ref. 5.8) reported test results on nine generic LOCA type tests conducted on electric cables, cable-
connector assemblies, and cable field-splice assemblies, including sequential and simultaneous exposures to
LOCA radiation, steam, and chemical sprays. For all tests, saturated steam conditions (without air) were
employed. The materials tested were EPR/CSPE, XLPE/XLPE, Neoprene/Neoprene, and XLPE/no jacket.
The cables showed no obvious synergistic effects in either the electrical or material properties. Some of the
conclusions from this study were: (1) elongation is an inverse function of total radiation dose, (2) radiation
is a principal mechanism of damage in the LOCA type test environmente, (3) there is no correlation between
the extent of damage and the type of test (sequential or simultaneous), (4) in terms of elongation, all cables
failed at the bend area, (5) although all cables failed at the bend area, visual examination would not necessarily
reveal the failure or the relative failure, and (6) there was no significant difference in the response of the
cable types tested.

Tensile specimens of two compounds of typical radiation-crosslinked, highly flame-retardant polyolefins were
tested under sequential and simultaneous conditions; Table 5.2 summarizes the results. One general comment
that can be made is that the effect of aging is apparent, and the pre-aged samples are more severely degraded
than those that were not pre-aged by the manufacturers. It may be noted that the radiation doses were low by
comparison with the values used in typical cable qualification programs.

The compound B data shows that increasingly severe degradation correlates well with the increasingly severe
environment or environments. The normalized elongations are almost identical from both environment
conditions, indicating no synergisms exist.

The NUREG also reported on FIRL's study (Ref. 5.9) of their own 1969-1977 historical data to determine the
synergistic effects resulting from sinultaneous applications of radiation, steam, and chemical spray during
qualification of safety-related electric cable. Among the 49 test programs examined, only a single pair of tests
(one sequential and one simltaneous) met certain basic requirements for synergistic comparison; i.e., that the
cable specimens and the accident test profiles are essentially the same in both tests. The cables were
multiconductor 600 Vac control cables with primary insulations of flame-resistant XLPE, EPR, and SR. The
outer jackets consisted of flame-resistant Neoprene and silicone-saturated asbestos.

All of the cables in the sequential test exposure maintained their electrical load during the 30-day steam and
chemical-spray exposure, whereas in the simultaneous test, none maintained their loads beyond 13 days. Two
of the three cables used in the simultaneous test program failed before the LOCA exposure. An analysis of
these two tests revealed significant differences in cable handling, thermal aging conditions, and gamma-
irradiation dose rates.' These differences might account for the fact that all three cables in the simultaneous
test failed, whereas none failed in the sequential test. Because of these uncertainties, this comparison was not
regarded by the authors as a clear source of information on synergisms.
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Table 5.2 -Comparison of Sequential and Simultaneous LOCA Test Data on Two
Compounds (A and B) of Radiation-XLPO Insulation Samples (Ref. 5.8)

eIe.
Radiation

Sequence Dose Range Sequential Simultaneous

A | P-A | B | P-B A P-A B P-B

Aging T .39 | .58 .94 l59'39 
______…_____ - _ _ _ _------------ --+- - X- ---- t-

Aging I 5-8.5 3 1.58 .57 .92 .58

Aging+LOCA 1*- X .59 .47 .40' .19 a
…1 - ---------------------------- … ---- -------

Aging+LOCA 3 20.5-38.5 3 3 ' ' ' .46 I .38 ' .26 ' .30

Aging+Radiation ' 38-95 1.16 1.14 1.46 1.311 1 ' '

_ _ _ _ _ _ _ _ _ _ _ _ + _ _ _ _ _ _ _ _ _ +_I_ _ I __ _ _ _ _ _ _ _ _ _ __ _ _ _ + _ _ _ _ _ _
- … -------1------ +--- --------- …--- --------- --------

Aging 1 10.5-18.5 1 .70 -.43 1.83-- .58
______________+__________+______+ ______+______+_____+_____--_-_ _ _ _

Age+Rad.+LOCA 38-95 I .30 1.24 1.27 1.13 1 a 1
------ - ---- …---4-----f

Aging+LOCA I 45.5-78.5 I ' 1 1 .30 .26 ' .21 I .24
-- ------ *---- --- I. 4--+v---I--,

Radiation 12-31 1 .86 .48 .92 .47 1
__________________+___________+______+_ -- ------- ------

Radiation+LOCA 12-31 l.55 1 .32 .38 .18 1 1
……-------'----------- …--- …----------------------------…--

LOCA 15.5-30 1 1 - 1.53 .36 .30 .21
…-I … 4… +…--------------…------------- 1 …--

LOCA - 1.81 .39 .44 .27 ' 1 1
- … -------- ------ - - ---- - ----------- … 4 ------

_ _ _ _ _ _ _ _ _ ~ ~ ~~~~ . . I __ _ __ _ I __ + _ _ + _ _ _ _ _ _ I _3+_ _ _ _ + _

LOCA 1 35-60 1 1 1.38 .261 .28 .24

Notes:
1. Initial percent ultimate elongation for A and B was 530% and 468 %, respectively
2. Radiation dose varies from top(lst figure) to bottom (2nd figure) of sample
3. AR values are the average of 3 tests
4. P-A/P-B: Pre-aged samples received additional thermal aging of 168 hrs at 1750C
5. Sequential:Themal 1300C/5 days-Ambient Radiation at 1 Mradth (Aging+Accident) -LOCA(Steam+Chemical)

Simultaneous:(rhermal(13 0 C/Sdays) +Radiation at .2 Mrad/h) - (Accident Rad. + (LOCA) Steam +Chem.)

Bustard (Ref. 5.10) discussed the electrical and mechanical properties of seven commercial EPR materials
subjected to three simulations of pre-aging and accident conditions. One set of cables and separate tensile
specimens underwent accelerated thermal aging (140°C for 168 hours), then irradiation to a combined aging
and LOCA total dose of -160-170 Mrad (at .75 Mrad/hr), and then steam exposure (saturated) for 4 days
with 17 additional post-transient days. For a second and third set of cables and separate tensile specimens,
simultaneous applications of elevated temperature (140 0C for 168 hours) and radiation ('40-45 Mrad at .35
Mrad/hr) were used for pre-aging, followed by simultaneous exposure of accident radiation (.8 Mrad/hr for
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Mrad/hr) were used for pre-aging, followed by simultaneous exposure of accident radiation (.8 Mrad/hr for
4 days followed by much lower dose rates for the remaining 17 days of post-transient exposure; total accident
dose of 105-115 Mrads), and steam exposures to simulate accident environments. In all three simulations,
saturated steam conditions (without air) were employed but no chemical sprays. The cable samples included
both single and multiconductor specimens. Reference 5.11 summarizes the results from three similar sets of
accident simulation tests applied to three commercial XLPO insulation materials.

Except for the EPR-D cables, leakage currents were comparable (0.6-1.9 mA) for simultaneous and sequential
testing. For multiconductor EPR-D cables, there was a significant difference in leakage current between
sequential (1.2 mA) and simultaneous exposures (#1:180-750 mA; #2:150-550 mA). Surprisingly, the
electrical properties for EPR-D single conductors remained small (< 1.0 mA) for all LOCA conditions.
Periodic measurements of insulation resistance (Figure 5.1) throughout the LOCA simulation indicated that
electrical degradation of the EPR-D multiconductor began several days after the start of the simultaneous
LOCA simulation. EPR-D insulation also exhibited substantial dimensional swelling, more, in fact, than any
of the EPR or XLPO materials. The dimensional swelling was more severe with simultaneous exposure.

Bustard (Ref. 5.10) suggested that the substantial absorption of moisture and dimensional changes produced
mechanically damaged the EPR-D multiconductors leading to their electrical degradation. It was hypothesized
that dimensional swelling of the insulation caused buildup of stresses within the multiconductor geometry.
When the jacket split to relieve the stress, the sudden release of constrictive force on the insulation may have
caused it to crack or breakup. Alternatively, sections of the insulation which adhered to the jacket during
splitting were pulled away from the conductor. Bare copper conductors, observed at the completion of
simultaneous testing are suggestive of such a process. The report also presents two additional hypotheses
which are less acceptable. One relates to chemical interactions of the jacket and insulation such as evolution
of HCL from the jacket and its interaction with the EPR-Difisulation. The other relates to dimensional
swelling of the EPR-D single conductors spirally wound around each other in a multiconductor geometry,
resulting in the buildup of stresses.

Table 5.3 shows data on the tensile property for EPR-A after aging and sequential LOCA irradiation testing
fbr a variety of aging sequences (compare, Table 4.6). Those samples which degraded significantly after aging
simulations, also degraded significantly after the LOCA steam exposure. Table 5.4 shows the wide variation
in the tensile properties of different EPR samples. Also, the tensile properties do not predict electrical
degradation for multiconductor cables (see EPR-D data). Sequentially exposed EPR-D multiconductors
performed substantially better electrically than did simultaneously exposed ones, even though the former's
insulation tensile properties were equally degraded by the end of test.

Table 5.5 gives the results from the same study for the EPR-1483 material. There were six different aging
simulations (as defined in Table 4.6) followed by three distinct LOCA conditions; steam only, sequential
radiation followed by steam, and finally, simultaneous radiation and steam. This particular material degraded
to a range of 0.32-0.47 in its elongation at break values after aging, suggesting that there is very little effect
on aging degradation under various simulation procedures. On the other hand, the LOCA responses to these
pre-aged specimens vary significantly from one LOCA simulation to another. In regard to their relative
variations in elongation data after different aging simulations, all aged specimens under each LOCA conditions
responded similarly. However, the increase in weights during each LOCA simulation shows significant
variation from one pre-aged specimen to another. Samples aged simultaneously have significantly higher
weight increases than those exposed to sequential aging conditions.
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Based on the test results on EPR cables, the report concluded that single conductor specimens should not be
used to establish qualification for multiconductors. Both jacket-insulation interactions and the helicity of
multiconductor geometries need to be considered in a qualification program. Since there is a large variation
in EPR behavior, generic EPR responses should be avoided. The qualification tests should correlate test
conditions to actual installed conditions (e.g., bends). Also, no final conclusion on the simulation technique
(simultaneous or sequential) could be made for this material.

id2
10i

LU
-

u

1 0

9

-J

c1 8
= I10

. 7

10,

UNAGED

Figure 5.1 Insulation resistance for EPR-D multiconductor cable #2 during
simultaneous test #2 (Ref. 5.10)
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Table 5.3 Relative Tensile Properties of EPR-A after Aging and Sequential LOCA Irradiation
(Ref. 5.10)

After Aging

Aging Method

Ultimate Tensile
Elongation

e/e 0

After Senuential

Ultimate Tensile
Strength

T/To

Ultimate Tensile
Elongation

e/eo

Accident Irradiation

Ultimate 'Xensile
Strength

T/To

Unaged

4 d T + R

30 T + R

28 d T 28 d R

28 d R 28 d T
**

1.00 + .08 1.00 ± .03
1.00 + .08
(360 + 30%)

0.88 ± .08

< .03*

0.33 + 04

. .03*

1.00 + .03
8.7 + 0.3 MPa)

0.98 + .06

.X 0.2*

0.85 .03

0.26 + .07*

28 d T 55 h R

55 h R 28 d T

7 d T + R

ZIOTESs (1) Errors reflect one standard deviation of three measurements.
(2) Insulation thickness is nominally 0.8 mm.

A Samples were extremely brittle and sometimes cracked in the pneumatic jaws
tensile measurements.

** Samples were too brittle to measure.

used or tne

z

$)

0
av

V.

LA

.32 + .04

.26 + .03

*

.18 + .03

.65 ± .03

.61 ± .05

.59 + .14

**

0.31 + .04

0.06 + .03

0.03 + .03

0.99 + .21

0.21 + .02

0.26 + .02

.19 + .04

*6 .03

.%. .03*

.64 + .06

.18 + .U1

< .36*

. . _ _ _ _ _ _ _ _ _ _ _



Table 5.4 Tensile Properties of EPR After Aging and LOCA exposures (Ref. 5.10)

e/en

Sequential Test Simultaneous Test #1

Material After Aging After LOCA After Aging After LOCA

EPR-A .29±.03 Uncertain .05.03 Uncertain

EPR-B .37±.06 .20±.04 .28±.08 .14±.03

EPR-C .38±.05 .13±.03 .58+.16 .15±.03

EPR-D .41±.04 .06±.04 .19±.02 .13±.02

EPR-E .34±.04 .05±.01 .49+.07 .19±.03

Table 5.5 LOCA Responses for EPR-1483 Material (Ref. 5.10)

Aging After Steam Only Seauential R-S Simultaneous R+S
Conditions Aging After After Weight After After Weight After After Weight

4 days LOCA Increase 4 days LOCA Increase 4 days LOCA Increase
(ele.) (e/e,) (e/e. ) G (e/e^ (e/ej % (ele.) (elei (%

Unaged 1.00 0.96 1.02 -1 0.14 0.16 34 0.27 0.16 17

30d T + R 0.41 0.43 0.42 55 0.12 0.11 66 0.21 0.16 45
7d T + R 0.41 0.36 0.32 46 0.11 0.09 53 0.21 0.08 67

28d T-R(LDR) 0.47 0.42 0.44 5 0.11 ... ... 0.23 0.16 22
28d T-R(IIDR) 0.35 0.40 0.38 8 0.12 0.11 55 0.21 0.14 24

28d R-T(LDR) 0.41 0.43 0.46 12 0.12 0.11 63 0.22 0.16 30
28d R-T(HDR) 0.32 0.31 0.41 10 0.09 0.12 58 0.18 0.13 30

NOTES: LDR=Low dose rate (0.065Mrad/hr); HDR=High dose rate (0.85Mradlhr); Aging+LOCA Radiation= 175Mrad.
Afler 4 days=Post-transient; After LOCA=Post-LOCA; Weights were measured after LOCA.
7day T+R was performed at 0.29Mrad/hr and 139C; 30d T+R was performed at 0.06Mrad/hr and 120'C. All other thermal aging

was performed at 120°C.

Bustard (Ref. 5.11) presented the results for XLPO material from similar tests to those performed on EPR
samples. XLPO-B was tested for all three test procedures (one sequential test, two simultaneous tests).
XLPO-A and XLPO-C were tested for one of the simultaneous test program, in which both multiconductor
and single conductor specimens were included for A and B, and multiconductor specimens for C. All thermal
aging was done for 7 days at 139°C. An aging radiation dose of 4OMrad and accident dose of l1OMrad,
with a total dose of approximately 15OMrad, were used. The LOCA included a 21-day exposure to saturated
steam wii 4 days of transient and 17 days ofpost-transientperiod; chemical spray was not used. XLPO-A
and XLPO-C also were tested by the manufacturer for sequential conditions, including 7-day thermal aging
conditions for XLPO-A at 1500C and that for XLPO-C at 136°C. Both were exposed to a total radiation dose
of 200 Mrad before they were LOCA-tested for 30-day saturated steam conditions.
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Bustard concluded that the electrical properties for XLPO-A and XLPO-B cables did not depend on whether
single conductor or multiconductor was tested. The results for XLPO-B, which was exposed to all three test
methods (aging and accident conditions for all three test methods were almost the same), indicated that there
was no significant difference in the insulation resistance values between the three and that the testing technique
did not impact the leakage current during post-test measurements. The electrical performances of XLPO-C
during the simultaneous test and the sequential test performed by the manufacturers (with higher radiation
doses and temperatures) were comparable.

Table 5.6 LOCA Responses for XLPO Materials (Ref. 5.11)

Material Unaged Samples Aged Samples
Specimens 4d LOCA 16d LOCA Weight Gain Aging 4d LOCA 16dLOCA Weight Gain

(e/eO) (e/eO) (So (e/e,) (e/e,) (e/e) (So

XLPO-A 0.30 0.23 10 0.58 0.25 0.16(60%)* 15
XLPO-B 0.50 0.41 32 0.79 0.42 0.30(96%)* 58
XLPO-C 0.47 0.30 37 0.64 0.29 0.17(56%)* 25
* Values within bracket are absolute values of corresponding elongation at break.

Table 5.6 summarizes results from the simultaneous test sequence #2 for the three different XLPO materials.
Aged samples absorbed more moisture than unaged samples except XLPO-C. It was suggested that XLPO-C
underwent additional crosslinking during LOCA with a resultant reduction in moisture absorption. The weight
and dimensional changes for these materials are substantially less than that observed for EPR-D whose jacket
for multiconductor samples opened, presumably due to excessive dimensional changes during LOCA
conditions.

Visually, the CSPE jacket on XLPO-C cables appeared substantially degraded by the simultaneous #2 test,
consistent with the results from the previous study on EPR cables with an CSPE jacket. On the other hand,
the CSPE jacket on XLPO-A showed no evidence of degradation after the same LOCA test. Thus, the
degradation of this jacket material depends strongly on the specific manufacturer and cable product. Based
on the manufacturer's data for XLPO-A and XLPO-C, sequential testing more severely degraded this jacket
material than did simultaneous testing. Longitudinal and circumferential cracks were reported, as well as
complete loss of the jacket from parts of the cable. The manufacturer's test was to high steam temperature
(196°C versus 171°C) and the effect of this LOCA peak temperature has not been reported.

XLPO-B's Neoprene jacket also was substantially degraded by simultaneous test exposures compared with
sequential testing. This was further verified by the Japanese tests (Refs. 5.12-5.14), discussed later, where e

more tensile degradation was observed for simultaneous than for sequential exposures.

The aging results in Reference 4.81 (see Section 4.3.3) were extended to include the influence of accident
irradiation, steam, and chemical spray exposures on the behavior of pre-aged polymer samples. Both U.S.
and French samples were tested at the French laboratories and the results were reported in Reference 5.15.
The purpose of these tests was to observe the effect of the following factors on cable insulation materials
during accident simulations: (1) the aging simulation method, (2) the order of accident simulation phases, (3)
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the comparison of reference accident simultaneous or sequential simulation, (4) the temperature during
accident-phase irradiation and, (5) the presence or absence of oxygen during the accident simulations.

The following four accident simulations were performed on each of the five groups of pre-aged French
samples (A,B,C,D, Unaged: as explained in Section 4.3.3):

LI =R70-LOCA(air): Accident irradiation at 70°C, followed by thermodynamic and post-accident
exposures with air.
L2=LOCA(air)-R70: Reverse of Li.
L3=R+LOCA(air): Simultaneous accident irradiation and thermodynanic exposures with air
followed by a post-accident exposure with air.
L4=R28-LOCA(air): Same as LI, except accident irradiation at 28°C instead of 70°C.

Experimentally, the LOCA simulation included both a thermodynamic (steam and chemical spray) and post-
accident exposures. Results on French materials are not presented in this section; however, the reference
documents give details.

For U.S. samples pre-aged by the six methods (A,B,C,D,E,and F=Unaged: as explained in Section 4.3.3),
the accident simulation cycles were as follows:

L5=R70-Stearn(air): Same as LI.
L6=R70-Steam(N 2 ): Same as L5, but air was replaced by nitrogen.
L7=R28-Steam(air): Same as IA.
L8=R28-Steam(N2): Same as L7, but air was replaced by nitrogen.
L9=R+Steam(air): Same as L3.
L1O=R+Steam(N 2): Same as L9, but air was replaced by nitrogen.

Experimentally, the LOCA simulation included both thermodynamic (steam and chemical spray) and post-
accident exposures. The terminology LOCA(air) and Steam(air) refer to similar accident simulations. The
average dose rate used in the French test program was approximately 300 krad/hr, and the irradiation time
was calculated to obtain a maximum of 60 Mrad at the midpoint of each oven and each container. The vapor
temperature, pressure, and chemical spray profiles were recommended by French nuclear safety organizations.
Each test was comprised of two thermodynamic transients, followed by exposures to temperature, pressure,
and chemical spray. During the second thermodynamic exposure, beginning 220 seconds after the start of the
test, the sample were sprayed with borated solution (H13B03= 15 g/l and NaOH =6 gil) at pH 9.25; the spray
rate was 6.1 liters/mn per square meter of horizontal section of the chamber, and lasted for 24 hours. After
the LOCA exposure was over, the samples were exposed to OOC and I100% relative humidity for ten days.

Figures 5.2 to 5.13 show the results from this test program for the U.S. samples only. The report has similar
plots for the French materials. The tensile elongation plots are normalized by their unaged values which allows
an evaluation of the most conservative combinations of aging and accident simulation techniques. Plots
indicating accident effect only" have the tensile elongation value normalized by their after-aging values to
illustrate the accident method's contribution to the degradation of mechanical property. Since the tensile
properties alone may not indicate the severity of degradation in the insulation materials after the LOCA
exposures, the moisture-absorption data (i.e., weight gain) also are plotted. For all these plots, the aging
technique employed is displayed in the X-axis and the measurement location in the test sequence is indicated
by the plotting symbols.

NUREG/CR-6384, Vol. 15-11



Figures 5.2-5.4 present the test results for the U.S. CSPE material. Figure 4.52 in section 4 shows the aging
results from different combinations of the environmental conditions. Figure 5.2 shows that there is not a large
difference in results between alternative accident-exposure techniques. The influence of the aging technique
is more pronounced; the R70-T and the R120 aging exposures lead to the most severe degradation. Since after
the R70-T aging sequence, elongation already was substantially degraded (to 6% of the original value), the
large scatter in additional degradation due to different accident simulation strategies is shown in Figure 5.3.
Figure 5.4 shows the weight gains up to 35% for certain CSPE samples. For this material, the R70-T aging
sequencefollowed by any accident sequence is considered appropriate.

For the French material, the R+LOCA(air) exposure was less damaging than all the sequential aging and
accident techniques. Hence, any sequential accident exposure qualification procedure is appropriate.

Figure 4.53 shows the tensile properties for different aging sequences. The two R-T sequences reduced the
ultimate tensile elongation to approximately 10-15 % of its original value. After the accident exposures, most
CPE samples had a value less than or equal to 0.1. Samples pre-conditioned by R120, T-R70, R27-T, and
T-R27 yielded similar elongation values (see Figure 5.5). Moisture-absorption data is shown in Figure 5.6;
the weight gains generally appear to be independent of the preaging technique used before the start of the
accident simulations. For this material, the R70-T aging technique followed by any accident simulation is
considered appropriate.

EE
Two U.S. and three French samples were tested in this program. Figures 5.7 - 5.9 show the results for one
U.S. EPR-1 material. Each material underwent a different combination of aging and accident simulation
procedures. However, the R-T aging sequence satisfied all five materials. For French materials, the R70-
LOCA (air) simulation approached the R+LOCA(air) results best. For U.S. materials, the use of a nitrogen
atmosphere during the accident simulation was found to be less conservative, unless the containment is inerted.
Also, the R120 and T-R27 aging techniques would be less conservative than the other three aging techniques.
Although each sample of this material had a different simulation scenario, a R-T aging sequencefollowed by
the R70-LOCA (air) accident simulation is the preferred combination.

XLPO
Two U.S. and one French samples are represented this material; Figures 5.10 - 5.12 show the results for one
U.S. sample. The U.S. materials were irradiation cross-linked, while the French material was chemically
cross-linked. The effect of alternative accident simulation techniques on the two U.S. materials is vastly
different than that for the French material. However, the choice of aging simulation is less important than the
choice of accident simulation. For both U. S. naterials, any sequential simulation is appropriate. For French
naterial, any aging simulation followed by the R70-LOCA (air) accident simulation is preferred.

Te
Two U.S. samples were included in this category. Figure 5.13 shows the weight loss for one of these
materials. A similar trend also was observed for the other samples. For each combination of aging and
accident simulations, four samples were successively wrapped around tubes of smaller diameter until insulation
cracking or breakage was observed visually. Both materials were more degraded when oxygen was present
during simultaneous LOCA simulations (R+Steam). If sequential qualification procedures are employed, then
it is desirable to perform the aging and accident irradiation at elevated temperatures (i.e., 70"C). The aging
sequence should be R70-T. Any accident simulation consistent with these constraints is acceptable.

NUREG/CR-6384, Vol. 1
5-12



UNAGED R120 RO>T T>R70 RZ7>T T>RZ7
Aging Techniques

Figure 5.2 Ultimate tensile elongation of CSPE (Ref. 5.15)

UNAGED Ri20 R70>T TR70 i RZ>T 7>RZ7
Aging Techniques

Figure 5.3 Ultimate tensile elongation of CSPE (accident effect only) (Ref. 5.15)
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UNAGED R120 R70>T T>R70 RZ7>T T>R27
Aging Techniques

Figure 5.4 Weight gain of CSPE (Ref. 5.15)
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UNAGED R120 R70>T T>RM RZ7>T l>RZ
Aging Techniques

Figure 5.5 Ultimate tensile elongation of CPE (Ref. 5.15)
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UNAGED R120 R70>T T>R70 R27>T T>R27
Aging Techniques

Figure 5.6 Weight gain of CPE (Ref. 5.15)
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UNAGED R120 R70>T T>R7O RZ7>T T>R27
Aging Techniques

Figure 5.7 Ultimate tensile elongation of EPR-1 (Ref. 5.15)
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UNAGED R120 R>T TR? RZ7>T T>R27
Aging Techniques

Figure 5.8 Ultimate tensile elongation of EPR-1 (accident effect only) (Ref. 5.15)

UNAGED R120 R70>T T>WR7 RZ7>T T>R27
Aging Techniques

Figure 5.9 Weight gain of EPR-1 (Ref. 5.15)

NUREG/CR-6384, Vol. 1

v i�

5-16



UNAGED R120 R70>T T>RO RZ?>T T>RZ7
- Aging Techniques

Figure 5.10 Ultimate tensile elongation of XLPO-1 (Ref. 5.15)

R?O>T T>R70
Aging Techniques

Figure 5.11 Ultimate tensile elongation of XLPO-1 (accident effect only) (Ref. 5.15)
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UNAGED R120 R70>T 7>?70 RZ7>T T>R27
Aging Techniques

Figure 5.12 Weight gain of XLPO-1 (Ref. 5.15)
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Summarizing the results in this program, cable materials were subjected to a thermal aging, radiation aging
of 25Mrad @0. IMrad/hr and 700C, accident radiation of an additional 6OMrad @0.3Mrad/hr and 70°C, 4-day
LOCA transient at saturated steam condition and chemical spray, and 10 days of post-transient period at 0O°C
and 95 % humidity. U.S. materials were aged in six different procedures in addition to unaged samples(see
Section 4.3.3) and exposed to six different accident conditions (L5 to L10 discussed earlier). Based on the
results presented from all possible combinations of the aging and accident sequences; the following
observations are made:

(1) Two XLPO insulation materials behaved differently and both still possessed at least 70 of
elongation (absolute) at the end of testing. One material exhibited a small weight loss (<1 %) during
steam exposure, while the other had weight gain of 2-6%. In sequential accident simulations, the
elongation values improved from their post-radiation conditions after being exposed to steam. The
results from sequential tests were more severe than from simultaneous tests.
(2) Two EPR insulation materials behaved differently. One material exhibited weight gain of 1-12%
during steam exposure, while the other gained 8-50%. Both materials had a remaining elongation of
7-150%(absolute), with a large number of cases exhibiting less than 50%(absolute) at the end of
testing. The elongation values did not improve, in general, during steam exposure from their post-
radiation conditions. Both sequential ad simultaneous simulations yielded almost similar results.
(3) For the CSPE jacket material, the weight changes ranged from -5 % to 37 %, while the remaining
elongation values after testing were below 50%(absolute) excepting unaged samples which possessed
about 100%(absolute) or larger. No particular difference was noted between all possible different
aging and accident simulations. No significant change in elongation occurred during steam exposure.
(4) The results for CPE were more or less similar to those responses observed for CSPE.

Bonzon and his colleagues (Ref. 5.7) discussed several Japanese studies. The tensile properties for two EPR
materials were monitored in simultaneous, sequential (150 Mrad - Steam/Chemical), and reverse- sequential
tests (Ref. 5.12); there was very little difference between the results. However, the sequential method was
most destructive and the simultaneous method was intermediate between the sequential and the reverse-
sequential methods. Reference 5.7 indicated that one Japanese manufacturer's study compared the tensile
properties of a flame-resistant EPR with Hypalon jacket and concluded that there was no synergistic effect.
In Reference 5.13, both BWR and PWR LOCA conditions were simulated with and without air. The total
accident radiation doses were 150 Mrad for PWR and 26 Mrad for BWR. Pre-aging for all specimens was
a sequential exposure to high temperatures (7 days at 121°C) followed by irradiation (50 Mrad). When air was
not included during the PWR accident simulations, sequential techniques seemed appropriate for most materials
including EPR and XLPE. However, when air was present, simultaneous techniques were more damaging.
In BWR simulations, the radiation dose was not sufficient enough to promote oxidative degradation. Similar
observations were presented in Reference 5.14. For both Hypalon and EPR materials, the ultimate tensile
elongation was dominated by the total radiation dose and affected only slightly by the test sequence. However,
the ultimate tensile strength for both materials was affected considerably by the test sequence. Simultaneous
tests with air was the most degrading, and without air the least.

5.2 Effect of Superheated and Saturated Steam Conditions

Bennett, Clair, and Gilmore (Ref. 5.16) discussed the results of a superheated steam test conducted on three
different EPR cable products. Unaged and simultaneously aged (282T for 168 hours and 40 Mrad, 40 year
equivalent) cable specimens were tested in a simultaneous radiation and steam environment. The cables were
energized at 480 V and 0.6 A throughout the exposure, and insulation resistance was measured periodically.
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They compared the results obtained by Bustard (Ref. 5.10), in which similar cable products were tested under
saturated steam. The cables were exposed to the same IEEE Std 323-1974 (Ref. 5.1) temperature profiles
in both tests (340E peak), but the chamber pressure was maintained at 77 psia for the two peaks and the first
320°F plateau during the superheat test. Cable specimens included single conductors and multiconductors;
however, only one cable set was the same for both tests. The report summarizes the following comparisons
of results:

(1) Single conductor cables exhibited high IR readings and low leakage currents in both tests.
(2) Both tests showed the following results for the multiconductor cables:

- the jacket had a longitudinal split;
- the exposed gap in the jacket was approximately 0.6 cm wide;
- bare conductors were visible;
- the circumference of the jacket increased during the test, although the increase was not large

enough to contain the bundle of conductors;
- the cables had large leakage currents after one minute at the following voltages:

Saiurated Steam Superheated Steam
600 V: 180-750 mA 600 V: 2 mA

1200 V: 5 mA
1800 V: 750 mA

- the values for insulation resistance followed the same pattern throughout the tests except that
in the superheated-steam test the readings were below the instrument's range at 19-21 days,
whereas in the saturated-steam test, the readings were below the instrument's range at
approximately 8, 12, and 18 days into the accident.

The report concluded that (1) the results from single conductor cable tests may not be conservative for
qualifying multiconductor cables; (2) superheat has little effect on cables other than slightly delaying the time
of failure; and (3) the differences between the electrical degradation of single and multiconductor cables do
not appear to be generic to all cables.

5.3 Effect of Radiation Dose-Rates During Accident Simulations

Bustard (Refs. 5.10 and 5.11) discussed the effects of LOCA simulation procedures on EPR and XLPO
insulation materials, respectively. The test series include both sequential and simultaneous aging and LOCA
radiation exposures in the range of 0.08 - 0.7 Mrad(air)/hr. Material degradation was monitored twice during
a saturated-steam LOCA simulation. Some samples were removed after a 4-day LOCA exposure that
included a simultaneous exposure to radiation (-65 Mrad at -0.68 Mradlhr); the remainder of the samples
were tested after another 12-17 days of exposure that included simultaneous exposures to an additional 44
Mrads at lower dose rates (-0.2 and -0.08 Mrad/hr). Examination of the two sets of data (Table 5.7), allows
a qualitative assessment of the importance of the low dose-rate "tail" of the LOCA exposure to material
degradation.

Ito and his co-workers (Ref. 5.17) reported a test of electric cable materials conducted to simulate post-LOCA
conditions on an accelerated basis. A tree-month, 55 krad/hr test was compared against a one-week, 925
kradlhr test, both with and without oxygen present; Table 5.8 summarizes some of these results. Degradation
at low dose rates used in 3-month testing were higher than at high dose rates in one week. These results should
be taken as a qualitative indication of accident dose-rate effects on the materials tested, since other factors
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(such as presence of oxygen) may not have had an effect. The effect of oxygen was significant during the
three-month LOCA simulation.

Table 5.7 Comparison of Tensile Elongation and Weight
Gain for EPR and XLPO (Refs. 5.10 and 5.11)

4-day LOCA Exposure 21-day LOCA Exposure
Material e/e0 %Wt. Gain e/e0 %Wt. Gain

A: Properties for EPR During Simultaneous Test #1

EPR-B 0.17 0 0.14 -1
EPR-C 0.21 9 0.15 23
EPR-D 0.13 120 0.13 173
EPR-E 0.27 N/A 0.19 N/A

B: Properties for EPR and XLPO During Simultaneous Test #2

EPR-D (Unaged) 0.33 16 0.25 23
(Aged) 0.16 144 0.18 172

EPR-F (Unaged) 0.28 8 0.10 20
(Aged) 0.22 59 0.10 94

XLPO-A(Unaged) 0.30 4 0.23 10
(Aged) 0.25 9 0.16 15

XLPO-B(Unaged) 0.50 15 0.41 32
(Aged) 0.42 33 0.30 58

XLPO-CQJnaged) 0.47 26 0.30 37
(Aged) 0.29 14 0.17 25

Table 5.8 Rate of Decrease (K) in Ultimate Elongation Under LOCA (1/100 Mrad) (Ref. 5.17)
Non Air Air 0.05MPa

Sample One Week Three Months One Week Three Months

EPR-A 0.40 0.40 0.83 1.57
EPR-B 0.46 0.46 0.74 1.46
CSPE-A 0.56 1.00 0.77 1.60
CSPE-B 0.80 1.11 1.09 2.14
Decay curves are taken as Maxwellian (i.e. e,/e 0=exp(-Kt) where K is rate of decrease and similar to
activation energy for a total irradiation of 100 Mrad.

Kusama and his colleagues (Ref. 5.18) studied five different Japanese cable materials irradiated at different
dose rates and steam/spray at different temperatures. Figure 5.14 illustrates radiation effects at different dose
rates on the elongation at break values for these materials. All had lost their elongation by the end of 2MGy
(200Mrad) radiation dose. The XLPE and, to some extent, Hypalon exhibited some dose rate effects.
However, when these aged specimens (with 1.5 MGy irradiation) were exposed to steam/spray conditions at
120°C, the LOCA responses for each of these materials were quite different, as shown in Figure 5.15.
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For EPR, specimens irradiated at low dose rates degraded significantly more than those at high dose rates.
In the case of XLPE, which indicated dose-rate effects during irradiation, degradation during steam exposure
was not significant; instead elongation improved. The results for SR indicated no significant dose-rate effect
during steam exposure. Both Hypalon and chloroprene jacket materials exhibited a large decrease in
elongation with some dose-rate effects. All materials aged at elevated temperatures and in a pressurized
oxygen environment underwent significant loss in elongation when compared to those irradiated in non-
oxidative conditions.

The volume resistivity of EPR and XLPE decreased remarkably when the samples were irradiated at lower
dose rates; EPR showed a more significant decrease. It was hypothesized that unstable oxidized species
formed during irradiation did not affect the tensile properties, but decomposed during steam exposure
promoting mechanical degradation. Formation of these species depends on oxygen diffusion during irradiation
and at low dose rates, this diffusion through samples can be significant. This diffusion process also can be
enhanced at high temperature or in pressurized oxygen. Higher water absorption on these oxidized samples
was observed during steam exposure, as well.

Figure 5.16 shows the effect of steam temperature on tensile properties and water sorption for Hypalon and
EPR. Samples irradiated to 1 .5MGy with a dose rate of lOkGy/hr were exposed to steam conditions at 120°C,
140°C, and 160°C for 264 hours. Both electrical and mechanical properties degrade significantly with the
increase in steam temperature, especially in air-containing environment. The decrease in volume resistivity
was presumed to be due to water molecules absorbed in the material and the process was further promoted in
an elevated temperature and air-containing environment. In case of SR, this effect was not noted; however,
a larger decrease in elongation at a higher steam temperature was assumed to be caused by hydrolysis of the
material in the presence of chemical spray.

5.4 Effects of Beta and Gamma Radiation During LOCA Exposures

Bonzon (Ref. 5.19) was the first to define the radiation exposure during a LOCA event and his study had three
significant results: (1) A definition of the expected magnitudes of combined gamma and beta dose and rates
for a typical PWR containment; typical values of initial dose rate are 3.5 and 70 Mrad/hr, and of 30-day dose
are 50 and 300 Mrad, respectively; (2) The beta dose and rate are about six times greater than the
corresponding gamma values; (3) The gamma and beta spectra exhibit a changing energy with time, not typical
of mono- or fixed-energy simulators. For both, the spectra are initially "hard", then "soften" until a minimum
at about 4 days post-LOCA, then "reharden".

Leadon and Lurie (Ref. 5.20) identified five different failure mechanisms caused by the radiation exposure:
(a) The failure mechanism is basically chemical, resulting in crosslinking and then chain scission, accompanied
by evolution of gas. This occurs generally in low-dose rate and high dose environments. Gas evolution can
result in bubble formation on the cable materials. (b) Radiation-induced heat can cause deterioration of cable
polymers and their bondings. Synergistic effects could be important. (c) Non-uniform charge distributions in
insulation can result from either incident gamma rays or electrons. (d) High incident dose rate can cause
transient electrical signals in the cable. (e) Discharge of trapped electrons can cause transient electrical signals
and noise in the cable. An evaluation by the authors on nuclear power plant cables concluded that chemical
and mechanical deterioration of the insulation, exacerbated by a large temperature rise, would be the most
significant. These damages depend on the total dose and hence, can be adequately caused by nearly any type
of radiation source.
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Buckalew and his co-workers (Ref. 5.21) investigated charge breakdown from beta irradiations of EPR
insulation material slabs and typical electric cables. Under certain conditions, charge accumulated and
spontaneous breakdown occurred during irradiation in a vacuum; however, there was no evidence of
breakdown during ambient air exposures. It was concluded that buildup and breakdown of electron charge
is not apt to occur in EPR insulation exposed to electrons from a LOCA radiation environment, provided that
the insulation is in contact with an ionized medium.

They were concerned with the adequacy of isotopic photon sources (e.g., wOCo) to simulate the combined beta-
gamma radiation environment accompanying a LOCA. A multi-year NRC/French/SNL cooperative test
program was initiated, including a study of any synergistic effects associated with a mixed beta/gamma
radiation field. They discussed the first results obtained by the complementary beta-gamma equivalence test
program at Sandia (Ref. 5.22). These tests attempted to identify the degree to which factors, such as (1)
differences in energy deposition profiles between electrons and photons, (2) differences in energy deposition
for each particle type, and (3) differences in radiation-induced damage mechanisms (e.g., cross-linking, charge
build-up/breakdown) might influence the dose-damage equivalence in certain organic materials.

These tests considered one EPR formulation in slabs of three different thicknesses (1, 1.5, and 2 mm), exposed
to wCo or accelerated electrons at energies ranging between 0.235 and 0.85 MeV. In each case, the samples
were irradiated at 2 Mrad/hr to 10 Mrad/hr. Analyses of the radiation-exposure data (tensile elongation and
strength) suggest that the observed damage is a slowly varying function of absorbed energy and independent
of particle type, within experimental uncertainty. Absorbed energy, particle energy, and surface dose are all
interrelated parameters, and the data analysis on the basis of these parameters yields similar results. Data on
material thickness indicates that, for the energies and thicknesses considered, the distribution of energy
deposition within the sample is not significant; rather, damage is a function only of the total energy absorbed.

They provided the results of the U.S./French research program which investigated the relationship between
the damage from beta and gamma radiation in polymer base materials used for cable insulations and jackets
(Ref. 5.23). The results obtained for the thinner slab-geometry specimens reinforced the conclusions of the
earlier studies, namely, that beta- and gamma-ray induced damage could be related on the basis of average
absorbed radiation dose. However, data from thicker (4 and 6 mm) slabs were in disagreement, and displayed
some effects of the material's thickness on its response. However, the preponderance of the results predict
an equivalence between beta and gamma radiation damage on the basis of radiation-absorbed dose.

The results obtained for the EPR and Hypalon materials in a cylindrical cable geometry were similar to those
obtained for the EPR materials in a slab configuration. Again, some slight deviations in the data were
observed. However, the preponderance of data for cylindrical specimens indicate that electron beams and
cobalt gamma-ray induced damage can be related on the basis of average absorbed radiation dose. Thus, it
appears possible to qualify materials for beta radiation damage by exposing them in gamma ray irradiators.
The study concludes that the results also can be used to estimate radiation damage to polymers exposed to the
large beta dose rates associated with the release of fission products into a containment during accidents.

They concluded that 6WCo irradiators represent a conservative method of simulating the LOCA environment
which is a mixture of both beta and gamma radiations (Ref. 5.24). Results for a cable with EPR insulation
and Hypalon jacket predicted that conventional LOCA radiation simulation testing of jacketed cable
components would overstress the jacket and insulation materials by factors of two and five, respectively.
Shielding of the insulation (EPR) by the Hypalon jacket and enhancement of the EPR gamma dose by
reflection from copper conductor also were noted. They considered that this conclusion may not be
appropriate for radiation exposure of 1000 Mrad level.
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5.5 Effect of the Presence or Oxygen During LOCA Exposures

The effects of oxygen on polymer materials were discussed in Reference 5.15, and Figures 5.2-5.13 illustrate
the results with air and nitrogen environments for various simultaneous and sequential tests. For some
materials, the presence of oxygen during accident simulations enhanced the degradation of tensile properties.
For EPR materials, the tensile elongation was more degraded by LOCA simulations that included oxygen than
those that did not. Oxygen also was important to the degradation of Tefzel materials for some aging and
accident simulation techniques. For example, simultaneous steam, chemical spray, and radiation exposures
typically were more degrading if there was an overpressure of oxygen rather than an overpressure of nitrogen.
The presence of oxygen was not important for CSPE and CPE samples. For XLPO materials, a simultaneous
accident simulation with oxygen typically was the least degrading. The report concluded that the presence or
absence of air during accident simulations can influence the degree of degradation in some materials.

Gillen and his colleagues (Ref. 5.25) presented the results of the cooperative U.S.-French test program where
nine materials commonly used as electric cable insulations and jackets were monitored in terms of mechanical
properties, weight increases, solubility measurements, and infrared spectroscopy. Three different LOCA
simulation tests were employed. In addition to a steam environment, the three simulations used 0% oxygen
(L-0: containing nitrogen), 10% oxygen (L-10), and air (L-21: 21% oxygen) with constant gas pressures.
Figures 5.17 - 5.24 illustrate the ultimate tensile properties for the different polymer materials. In each Figure,
the circles give the results measured at Sandia, and the triangles denote those obtained from CEA-ORIS-STBR,
France. The numbers on the abscissa refer to four aging conditions: (1) unaged; (2) 21 Mrad at 880 krad/hr;
(3) 45 Mrad at 880 krad/hr; and (4) 23 Mrad at 24 krad/hr.

The chloroprene material, shown in Figure 5.17, appeared to suffer significantly more damage in LOCA
simulations containing oxygen, a conclusion which was valid even for samples which were not aged. EPR (see
Figure 5.18) also had substantially decreased tensile properties when oxygen was included; solubility, swelling
ratio, and FTIR results indicated that increased oxidative scission enhanced the degradation. On the other
hand, for a PVC material, the damage may become more severe as the oxygen content is lowered, as shown
in Figure 5.19 (slightly greater mechanical damage, substantially greater swelling). Thus, a LOCA simulation
without oxygen may underestimate the changes which occur in some materials, while overestimating the
changes in others.

These results have important implications for material qualification testing relative to a LOCA. Since very
low leak rates are designed into containment, it appears that the original oxygen content in the air is largely
trapped in the containment area for the duration of the accident. Since there is no mechanism for replenishing
oxygen, its concentration might decrease as the accident progresses due to leakage and its reaction with the
material in containment. Therefore, it is important to estinate the time-dependent oxygen concentration during
a LOCA more precisely, and to use it as a guide to the proper oxygen concentration to use in LOCA
simulations.

For EPR insulation, which previously showed dose-rate effects during aging, evidence was found for dose-
rate-induced effects being further amplified during the LOCA simulation. Another finding includes the widely
varying responses of different materials to the aging and LOCA simulation sequences in terms of the kind and
magnitude of the induced degradation. PVC and chloroprene exhibited huge steam-induced swelling. CLPO
(Figure 5.20) and Silicone (Figure 5.22) were degraded by aging, but showed little or no further deterioration
in a subsequent LOCA simulation. Tefzel (Figure 5.23), chloroprene, and PVC showed moderate to
significant aging-related degradation, which was strongly amplified by the subsequent LOCA simulation.
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Figure 5.19 Tensile property results for PVC (Ref. 5.25)
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Figure 5.20 Tensile property results for CLPO (Ref. 5.25)
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Figure 5.21 Tensile property results for CLPE (Ref. 5.25)
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Figure 5.22 Tensile property results for silicone (Ref. 5.25)
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Figure 5.23 Tensile property results for Tefzel (Ref. 5.25)
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Figure 5.24 Tensile property results for CSPE (Ref. 5.25)
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Materials, such as Tefzel, EPR, and PVC exhibited substantial degradation from the combination of aging and
LOCA simulation, yet showed little or no damage when inaged samples were exposed to the LOCA
simulation. Tefzel, chloroprene, and PVC were badly degraded (i.e., tensile values reduced to near zero)
after exposure to the various aging and LOCA simulation sequences. Finally, CLPE (Figure 5.21), CSPE
(Figure 5.24), and CLPO exhibited only modest damage in all the tests.

Based on the results presented, the effects of various pre-conditions and conditions during LOCA simulation
on material responses were evaluated; this qualitative assessment is shown in Table 5.9. Because of the
different behavior of cable insulation and jacket materials, the researchers suggested using thermal ovens in
screening the importance of aging conditions on a material's response to LOCA. This sequential procedure
could offer a relatively easy method for choosing materials and optimizing material formulations for
applications to electric cables.

The results from Japanese studies discussed in some of the earlier sections indicate that oxygen may have some
effects during LOCA simulations. Reference 5.13 presents data on volume resistivity for EPR, Hypalon, and
Neoprene both with and without air in the steam, showing that it was degraded by 2 to 3 orders of magnitude
in air-containing simulations, but only by 0-2 orders of magnitude when air was absent (see Figure 5.43). A
relationship between swelling of materials and decrease in volume resistivity reveals that materials which show
a larger drop in volume resistivity swelled easily under LOCA conditions, especially with air. Reference 5.14
concluded that the tensile properties for Hypalon were slightly degraded by simulations containing air, but
reached no clear conclusion about EPR.

Ito (Ref. 5.17) compared the behavior of cable's EPR insulation and Hypalon jacket materials to the electrical
performance of cables. Insulation resistance did not exhibit large effects, as indicated by the tensile and
volume resistivity properties. Figures 5.25 and 5.26 demonstrate that differences in insulation resistance
between air and non-air LOCA simulations are small. When the results of slab specimens were compared,
it was found that the cable's jacket apparently reduced the oxygen available for interacting with the insulation.

5.6 Effect of Chemical SDray During LOCA Simulations

The chemical spray commonly used in qualification tests consists of 0.28 molar boric acid, 0.064 molar
sodium thiosulfate, and sodium hydroxide added to obtain a pH between 10 and 11 at 770C (IEEE Std 323-
1974, Table Al). Chemical spray, deposited on the surface, affects the properties of electrical insulators.
Most LOCA simulations at Sandia did not include chemical sprays. Some French studies and practically all
qualification tests by the Franklin Research Center did include chemical sprays, but did not address specific
effects due to their presence.

Yagi and his co-workers (Ref. 5.26) considered eight elastomer formulations exposed to boiling spray solutions
(water and IEEE Std 323-1974 solution). Figures 5.27 and 5.28 summarize the results for the Hypalon and
EPR materials. The study found that (1) all eight elastomers showed remarkable swelling with an increase
of radiation dose when they were irradiated in air, (2) swelling in boiling water was about twice that in
chemical solution, and (3) some types of Neoprene and Hypalon showed maximum swelling at a particular

5 In a test program on the effect of different sprays on coating materials, the Franklin Research Center found that
demineralized water sprays produced much more damage than three different chemical sprays; and there was very little
difference among the effects of different chemical sprays (Personal communication with Dr. S.P. Carfagno).
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Table 5.9 Material Behaviors under Radiation Aging and LOCA Simulations (Ref. 5.25)
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LOCA: No Chemical Spray; LO: Nitrogen Environment; LIO: 10% Oxygen Environment; L21: Air Environment
Insignificant = Minor Changes; Significant = Moderate changes; Very Significant = Large changes; N/A = Not applicable; Mixed = Changes involve both large ind minor changes under
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samples were extremely brittle.
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CLPO(Rad Radiation aging caused significant
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effect.
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PIVC IsgiiatiVeySgfiatE,Because of large dimensional changes,
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Insuilion Resistance

Figure 5.25 Electrical cable performance during a non-air LOCA exposure (Ref. 5.14)

Insulction Resistance Changes of Electric Cables under LOCA.

Figure 5.26 Electrical cable performance during an air LOCA exposure (Ref. 5.14)
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Reproduced with permission from Dr. Toshiaki Yagi, JAERI, Japan.

160~7

0

-

hW

8c

0
0 50 100

Dose (Mrad)
150

Figure 5.28 Comparison of swelling behavior of EPR in water and chemical
solution (Ref. 5.26)

Reproduced with permission from Dr. Toshiaki Yagi, JAERI, Japan.
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Figure 5.29 Effect of chemical spray on Japanese materials (Ref. 5.18)
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dose, above which the swelling ratio decreased with dose. Reference 5.18 gives the results for material
responses to spray conditions shown in Figure 5.29. Spray promoted degradation of Hypalon and XLPE,
while SR showed no such influence. On the other hand, spray did not affect the electrical degradation of
XLPE and SR, but enhanced that of EPR. The resistivity of Hypalon degraded when irradiated at elevated
temperature. Chloroprene samples degraded severely after steam/spray exposure, and therefore, the effect
of spray was not evaluated further.

5.7 Effect of Acceleration of Post-Transient Environments

The qualification of safety-related equipment must demonstrate that the equipment can perform its safety
function during normal operations, and for the duration of a design basis event. A post-transient environment
is defined as the fully saturated steam condition with 100% relative humidity at ^100°C; this simulates the
conditions and durations of the inside containment after design-basis event transients. To reduce the cost and
time, it is common industry practice to time-compress the post-transient environment simulation. The results
by Gillen and his co-workers (Ref. 5.25) on the effects of various concentrations of oxygen during LOCA
simulations have the potential for post-transient acceleration. Table 5.10 compares the 10% oxygen LOCA
simulation (L-l0) tests with air oven tests consisting of 96 hours exposure at 145°C. The temperatures during
the LOCA simulations ranged from 171°C at the beginning and dropped off to 1210C after 4 days. Many
materials exhibited comparable degradation during both tests, which suggests that similar degradation
mechanisms may be involved. Hence, they suggested that this may provide a basis for post-transient
acceleration.

Table 5.10 Sequential Screening Comparisons (Ref. 5.25)
ele

MNterial Aging Condition Air Oven L-10
CLPE 1 0.65 0.68

3 0.05 0.42
4 0.56 0.53

Tefzel 1 0.92 1.02
4 0 0.04

silicone 1 0.93 0.96
2 0.24 0.38
4 0.17 0.38

CLPO 1 0.79 0.98
2 0.33 0.70
3 0.24 0.49
4 0.26 0.72

CSPE 1 0.40 0.74
2 0.27 0.61
3 . 0.19 0.48
4 0.15 0.58

PVC 1 0.57 0.53
2 0.18 0.09
4 0.04 0.03

CP 1 0.01 0.05
2 0.01 0.03

EPR 1 0.77 0.89
2 0.49 0.38
3 0.12 0.17
4 0.14 0.12

Aging: 1-Unaged; 2-21 Mrad at 880 kradlhr; 3-45 Mrad at 880 kradlhr; 4-23 Mrad at 24 krad/hr
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Ito and his colleagues (Ref. 5.17) discussed a limited Japanese experiment on this subject; the results are given
in Table 5.8. They claimed that oxygen partial pressure should be included in the LOCA simulation if the
samples are sensitive to the presence of oxygen. They had observed some differences in material and electrical
properties during post-transient acceleration experiments.

Okada and his co-workers (Ref. 5.27) studied Hypalon and EPR subjected to LOCA testing. Simultaneous
exposure of radiation and steam/chemical spray was performed in two distinct cases: one for a week at a high
dose rate of 10 kGy/hr up to 1.5MGy (Sim-A and Sim-C) and the other for three months at a dose rate of
0.6kGylhr up to 1 .4MGy (Sim-B and Sim-D). Both were performed in air-free (Sim-A and Sim-B) and air-
containing steam conditions (Sim-C and Sim-D). Sequential tests included irradiation performed first in air
at high dose rate of lOkGy/hr and room temperature (Seq-a and Seq-b). Low dose rate conditions included
dose rate of lkGylhr at room temperature in air, dose rate of 5kGy/hr at 70°C in air, and dose rate of
4.2kGylhr at room temperature inpressurized oxygen(0.5MPa). Both groups were irradiated up to 1.5 MGy.
Steam/chemical spray followed irradiation and several other variables such as steam temperature and oxygen
pressure were changed to evaluate their effects on the mechanical and electrical properties of the two cable
polymers.

Figures 5.30 and 5.31 illustrate the results for Hypalon and EPR materials, respectively. Both materials under
one week LOCA simulations degraded less than those simulated for three month exposures. The Hypalon was
more sensitive to presence of oxygen than EPR. Compared with sequential simulations, the degradation in
both materials was less severe than simultaneous conditions (except Sim-A). Therefore, accelerating the
simulation of the post-transient duration to a shorter period may underestimate the material's responses to
LOCA conditions.

5.8 Effect of Aging Methods on LOCA Simulations

An important question is which combination of alternative sequential aging and accident simulations closely
represent the real-time degradation of cable materials in the containment of a nuclear power plant in normal
and accident environments. Most studies discussed have addressed various aspects of this question including
the relationship between the aging simulation and the accident simulation techniques, synergistic and
sequencing effects in various combinations of these techniques, and the importance of the aging pre-
conditioning to the subsequent performance of cables during accident simulation. Results from the U.S.-
French test program in Reference 5.25, test results on EPR and XLPO materials given in References 5.10 and
5. 11, respectively, and accident simulation results in Reference 5.15 concluded that choice of aging simulation
method does affect the cable's behavior during an accident simulation.

Reference 5.25 gives the results of a U.S.-French test program in which the mechanical properties, weight
increases, solubility measurements, and changes in infrared spectroscopy.of nine different materials were
monitored. Three different LOCA simulations and four different aging simulations were employed. For the
LOCA simulations, the only planned difference among the three tests was the composition of the overpressure
gas. The study noted that aging conditions are a parameter that helps define the material's response during
subsequent LOCA simulations. Table 5.11 has the data on weight change for a PVC material. The moisture
absorbed during the LOCA simulation depended strongly on the aging technique (total dose and dose rate).

EPR-1483 (Ref. 5.10) is similar in composition to EPR-A and EPR-B discussed earlier, and is qualified for
control and instrument cables in nuclear facilities. This material also was exposed to the eight different aging
techniques (given in Table 5.3 for EPR-A), followed by the three accident simulations. After the 21-day
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LOCA exposures, its tensile properties, weight changes, and dimensional changes were measured (Figures
5.32 - 5.34). There was not a large variation caused by alternative sequential aging techniques nor by dose-
rate effects. Rather, differences between the simultaneous and sequential aging techniques were more
important; the former caused more degradation during accident simulations than did the latter. Moreover, the
degradation in tensile strength caused by simultaneous aging was amplified by subsequent LOCA exposures.
However, thermal aging at 139°C istead of 120°C might have been the reason for such increased degradation
for simultaneous aging. The data also illustrates the importance of aging to total material degradation. For
example, specimens unaged before LOCA exposures tended to gain less weight and less volume than did aged
ones.

Table 5.11 Weight Change Due to LOCA Simulation for a PVC Material (Ref. 5.25)
LOCA Test Aging* Percentage Weight Change After
%Oxygen Method 6 Hour 1500 Hour 5000 Hour

- 0 1 93 14 -4
2 220 50 -1
3 347 46 -4
4 330 62 -7

10 1 53 -2 N/A
2 150 -4 NIA
3 360 -3 N/A
4 230 -4 N/A

21 1 0 -1 -1
2 18 0 -2
3 39 4 -2
4 35 4 -3

* Aging: 1-Unaged; 2-21 Mrad at 880 kradlhr; 3-45 Mrad at 880 krad/hr; 4-23 Mrad at 24 kradhr
N/A=Not Applicable

Table 5.12 Effect of Accelerated Age on EPR Moisture Absorption (Ref. 5.10)

Material Accelerated Age Moisture Absorption (% Weight Increase)

EPR-D Unaged 16
40-year Equiv.* 172

EPR-F Unaged 20
40-year Equiv.* 94

Japanese EPR-5 Unaged 49
40-year Eqlliv. 77

EPR-1483 Unaged 17
5-year quiv.** 22
40-year Equiv.*** 67

* 7-day 139'C with simnultaneous irradiation for 6 days to 40 Mrad.
** A 94-day simultaneous exposure to 1200C and 4.9 Mrad Irradiation.
*** A 30-day simultaneous exposure to 120°C and 39 Mrad Irradiation.

Unlike EPR-A and EPR-1483, unaged and simultaneously aged specimens of other EPR materials were
exposed to the simultaneous accident simulations. Table 5.12 shows that accelerated aging was important to
subsequent moisture-absorption during simultaneous steam and irradiation LOCA simulations. A higher weight
incrdase in some EPR material might have been due to pre-aging at 139°C.

NUREG/CR-6384, Vol. 15-41



AGING
W = SEQUENTIAL IRRADIATION

TREATMENT THEN STEAM LOCA

UNAGED

5 yr equiv.
94h T+R1

40 yr equiv.
7d T+R2

3d T+R1

28d T-28d R3

28d R-28d T3

28d T-55h R4

55h R-28d T4

1.1 0.9 0.7 0.5 0.3
NORMALIZED TENSILE STRENGTH (T/To)

NOTES: 1: 120°C and 53 krd/h (air-equiv.)
2: 139 0C and 250 krd/h (air-equiv.)
3: 120°C; 57 krd/h (air-equiv.)
4: 120°C; 750 krd/h (air-equiv.)
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In Reference 5.11, none of the XLPO products exhibited as much degradation as some of the EPR products.
XLPO-A and XLPO-B experienced the same effects from aging as did the EPR products; namely, there were
larger increases in weight and dimensions for the aged specimens than the unaged ones. In contrast, unaged
XLPO-C absorbed more moisture than did aged material. The ultimate tensile strength was enhanced by
aging, suggesting additional crosslinking of the polymer matrix; this might explain the reduced moisture-
absorption of the aged compared to the unaged specimens.

One of the goals of the accident simulation studies discussed in Reference 5.15 was to evaluate whether some
combinations of alternative aging and accident simulation techniques were better suited for qualification than
others. As shown in Figures 5.2 to 5.13, for some materials, the effects of the accident simulation technique
were sensitive to the aging method, but for others, the aging method had very little impact on material
properties subsequently (e.g., EPR and XLPO-2).

The study examined whether age pre-conditioning techniques might reduce synergistic and sequencing effects
during accident simulations. Section 5.1 identifies the appropriate sequential simulation procedures for each
material included in the test program. These sequential techniques produced deteriorations similar to those
achieved during simultaneous irradiation and LOCA (with air) accident simulations except for a fire-retardant
French EPDM material (EPDM-8219). The study considered the simultaneous accident simulation to be the
best representation of postulated design-basis accident conditions. For several materials, irradiation followed
by thermal exposure is the most appropriate technique for age pre-conditioning.

References 5.28 and 5.29 give tensile data for two chemically cross-linked polyolefm insulations. Both
materials were exposed to three different aging exposures:

1. A high dose rate (865 kradlhr) irradiation to a total dose of 42.5 Mrad followed by thermal
aging for 240 hours at 150°C.

2. Reverse of 1.
3. Same as 1, but the dose rate was 48 krad/hr.

After aging, the specimens were firther irradiated at 865 krad/hr dose rate, in increments of 50 Mrad, up to
a total dose of 200 Mrad. Figures 5.35 and 5.36 present the results for one of the materials. The effects of
alternative aging techniques is clearly evident at completion of the aging exposures. However, after the
accident irradiations, the insulations had very little remaining life and all three groups approached the same
level of mechanical degradation6 . The results for the other material are shown in Figures 5.37 and 5.38; this
material exhibited similar behavior, but showed much more variability.

The Japanese studies described in Ref. 5.13 include tensile properties and volume resistivity data after both
PWR and BWR LOCA testing (with and without air) for several polymers. Both pre-aged and unaged
specimens were tested. Pre-aging for all specimens was a sequential exposure of thermal agirg followed by
irradiation (50 Mrad). The total accident radiation-exposure for PWR conditions was 150 Mrad, while that
for the BWR was 26 Mrad. Simultaneous and sequential accident simulations were employed. Figures 5.39
to 5.42 compare the mechanical properties for different materials. Not unexpectedly, the effect of aging is
more noticeable for the BWR simulations because there the accident irradiation is approximately half that of
the aging irradiation, while for the PWR accident, irradiation is three times the aging irradiation.

6 This finding tends to diminish the importance of differences among different methods of accelerated aging, because it
iDdicates that the conliton of cable insulation before the steam/chemical spray portion of the LOCA simulation might be
nearly independent of the aging method.
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Figure 5.39 Comparison of mechanical properties after simultaneous and sequential
LOCA testing (PWR Conditions) (Ref. 5.13)
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Figure 5.40 Comparison of mechanical properties after simultaneous and
Sequential LOCA testing (PWR conditions containing air) (Ref. 5.13)
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Figure 5.42 Comparison of mechanical properties after simultaneous and
sequential LOCA testing (BWR conditions containing air) (Ref. 5.13)
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Figure 5.43 shows data on volume resistivity for several insulating materials after LOCA simulations. For
EPR, Hypalon, and Neoprene, volume resistivity was degraded by two or three orders of magnitude in
simulations in air, but only degraded by zero to two orders of magnitude when air was absent. In the former,
the simultaneous method degraded for the resistivity of the unaged samples the most, while the reverse
sequential was least degrading. For the pre-conditioned samples, however, the degradation from both was
equal. Hence, perceptions about which accident simulations are the most severe are influenced by pre-aging.

Kawakami and his colleagues studied the effect of pre-conditioning on several cable materials (Ref. 5.30).
The Japanese materials studied include CSM (Hypalon), EPR, XLPE, CR (chloroprene), and SR. The testing
included a sequential procedure. The pre-conditioning was done by either thermal aging (168 hrs @ 121°(C)
followed by irradiation of 0.5 MGy at a dose rate of 10 kGy/hr in room temperature, or irradiation of 0.5
MGy at a dose rate of 5 kGy/hr in an oxygen environment followed by thermal aging (168 hrs @ 121°C). The
LOCA simulation included irradiation of 1.5 MGy for PWR or 0.26 MGy for BWR followed by a 120°C
steam/spray exposure. Testing also included other pre-conditioning methods, including thermal exposure
followed by irradiation in oxygen environment, and irradiation without thermal aging (see Figure 5.44).

Oxygen consumption was strongly dependent on the pre-conditioning state of the material; irradiation followed
by thermal treatment caused larger oxygen consumption comparable to the simultaneous method with a similar
radiation dose and thermal conditions. The effect of pre-conditioning on material degradation is not
significant, except for Hypalon in a BWR environment. However, the study concluded that pre-conditioning
of cable materials prior to accident simulations is an important factor in the EQ process.

5.9 Life Extension, Submergence, and High Temperature Test Results

Jacobus (Refs. 5.31-5.33) studied aging, condition monitoring, and accident testing of several safety-related
cables. Table 5.13 lists the cable products included in this program. One objective was to determine the long-
term aging degradation behavior of popular cable products. The experimental program consisted of two
phases. Phase I was simultaneous thermal (-100°C) and radiation (0.10 kGy/hr) aging exposures for 3
months, 6 months, and 9 months in three different chambers. (A fourth chamber, containing unaged cables,
was used only for the accident exposure). Phase II was an accident exposure of the aged and unaged cables,
consisting of high dose rate irradiation (-6 kGylhr) to a total dose of 1100 kGy (110 Mrad), followed by a
LOCA steam exposure. The tests followed the guidance of IEEE Std 323-1974 (Ref. 5.1) and IEEE Std 383-
1974 (Ref. 5.2). No chemical spray was used during the steam exposure, but a 1000-hr post-LOCA
submergence test (in a chemical solution similar to the chemical spiay at 95i5C with a slightly positive
pressure) was carried out on the cables that had been aged for 6 months and accident-tested. The accelerated
aging temperature was determined by equating the 6-month exposure to a 40-year life, and assuming an
activation energy of 1.15 eV and a plant ambient temperature of 55°C. The accelerated radiation-aging dose-
rate was determined by assuming a 40-year radiation dose of 400 kGy. Therefore, the 3-month chamber was
nominally equivalent to 20 years of aging, and the 9-month chamber to 60 years of aging. Similar to the
submergence test using the cable group subjected to 6-month aging and accident-tested, cables that were aged
for 3 months and then LOCA-tested, were subsequently exposed to a high-temperature steam-fragility test that
included a peak temperature of 400°C (7500F) to study the ultimate fragility level of typical types of cables.
Insulation resistance was monitored throughout the high-temperature steam test and at discrete times during
the submergence test. Dielectric withstand testing was performed before both test programs. Cables that
passed the post-submergence dielectric test subsequently were wrapped around a 40 times cable diameter
mandrel and subjected to a final dielectric withstand test. The results of the submergence and high-temperature
steam tests are given in Reference 5.34. The following is'a summary of findings for each material group.
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Figure 5.43 Log mean values of volume resistivity after simultaneous, sequential
and reverse sequential LOCA tests (Ref. 5.13)
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Table 5.13 Cable Products Included in the Test Program (Ref. 5.31)

Sup2lier

1. Brand Rex

2. Rockbestos

Group Description

XLPO XLPE Insulation, CSPE Jacket, 12 AWG, 3/C, 600 V

XLPO Firewall III Irradiation XLPE, Neoprene Jacket, 12 AWG,
3/C, 600 V

3. Raychem XLPO Flantrol, XLPE Insulation, 12 AWG, 1/C, 600 V

4. Samuel Moore XLPO Dekoron Polyset, XLPO Insulation, CSPE Jacket, 12
AWG, 3/C and Drain

5. Anaconda EPR Anaconda Y Flame-Guard FR-EP, EPR Insulation, CPE
Jacket, 12 AWG; 3/C, 600 V

Sa. Anaconda * EPR Anaconda Flame-Guard EP, EPR Insulation, Individual
CSPE Jacket, CSPE Jacket, 12 AWG, 3/C, 1000 V

6. Okonite EPR Okonite Okolon, EPR Insulation, CSPE Jacket, 12 AWG,
1/C, 600 V

7. Samuel Moore EPR Dekoron Dekorad Type 1952, EPDM Insulation, Individual
CSPE Jackets, Overall CSPE Jacket, 16 AWG, 2/C TSP,
600V

8. Kerite Misc Kerite 1977, FR Insulation, FR Jacket, 12 AWG, 1/C,
600 V

9. Rockbestos Misc RSS-6-104/LE Coaxial Cablei 22 AWG, 1/C Shielded

10. Rockbestos Misc Firewall Silicone Rubber Insulation, Fiberglass Braided
Jacket, 16 AWG, 1/C, 600 V

11. Champlain Misc Polyimide (Kapton) Insulation, Unjacketed, 12 AWG, 1/C

12. BIW EPR Bostrad 7E, EPR Insulation, Individual CSPE Jackets,
Overall CSPE Jacket, 16 AWG, 2/C TSP, 600 V

This cable was only used for the multiconductor samples in the 3-month chamber.

Abbreviations used in table:

XLPO - Cross-linked polyolefin CPE - Chlorinated polyethylene
XLPE - Cross-linked polyethylene, EPR - Ethylene propylene rubber

a subset of XLPO .. EPDM - Ethylene propylene diene monomer
CSPE - Chlorosulfonated polyethylene TSP - Twisted shielded pair,
AWG - American Wire Gauge FR - Flame retardant
/C-number of conductors BIW - Boston Insulated Wire
FR-EP- Flame retardant ethylene propylene
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(1) Out of 40 conductors tested, one from one of three conductors of a Rockbestos multiconductor cable
failed during the accident tests. The failed cable was exposed to the 9-month aging chamber.

(2) The three multiconductor cable products had accident IRs7 that were within an order of magnitude of
each other. The single conductor cable tested had an IR that was 2-3 orders of magnitude higher than
the multiconductor.

(3) With the exception of one conductor that failed during the accident test, all conductors afterwards
successfully passed high-voltage tests at an applied voltage of 80 Vac/mil (dielectric strength as high
as 400-700 Vac/mil). Three conductors (Dekoron Polyset XLPO) failed a similar high-voltage test
after the post-accident mandrel-bend test, and cracking extending through to the conductor was
observed.

(4) For 3 of the 4 XLPO materials aged for 9 months, elongation was greater after the accident than
before; this may be the result of melting and reforming of the crystalline structure, or of moisture
being absorbed into the cable and acting as a plasticizer.

(5) Most properly installed XLPO cables should survive an accident after 60 years for total aging doses
up to 400 kGy (40 Mrad), and for rnoderate ambient temperatures about 500C-55 0C.

(1) Four conductors out of 72 failed during the accident tests. Failures also were recorded for one
conductor of a Dekoron Dekorad multiconductor aged for 3 months, two conductors of the same
manufacturer's multiconductors aged for 9 months, and one Okonite Okolon single conductor aged
for 9 months. In addition, the aged BIW conductors had minimum IRs that were potentially low
enough to affect the accuracy of some sensitive instrumentation circuits.

(2) The multiconductor cable products showed accident IRs differing by more than 3 orders of magnitude,
indicating significant variation in the behavior of EPR products from different manufacturers. The
single conductor-cable product from the same manufacturers had an IR generally within the range of
the IRs of the multiconductors.

(3) After aging and accident testing, several conductors failed a 5-minute withstand test at a nominal
voltage of 80 Vac/mil; these included the four failed during the accident test, one additional Okonite
Okolon, and eight more Dekoron Dekorad conductors.

(4) The cables that survived aging for 9 months, accident testing, and post-accident dielectric tests then
underwent a mandrel-bend test and a second dielectric test. All of the single conductor cables with
bonded CSPE jackets cracked through to the conductor during the mandrel bend; only the Anaconda
single and multiconductors and the BIW multiconductors remained functional. Part of the reason why
the BIW multiconductors passed while the single conductors did not is that the latter were bent around
a mandrel of much smaller diameter than the multiconductors.

(5) Most properly installed EPR cables should survive an accident after 60 years for total aging doses of
about 150-200 kGy and for moderate ambient temperatures of 45°C-550C. By 200 kGy, the residual
elongation of the EPR materials that had a bonded CSPE jacket approached zero. Some of the cables
with essentially zero elongation remaining at the end of aging performed acceptably in the subsequent
LOCA tests.

71R represents insulation resistance in this section.
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Miscellaneous Cable Types

(1) Three conductors out of 35 failed during the accident tests, one Kapton conductor from each of the
three aging exposures. In each case, the conductors had been damaged during installation or handling.
The Rockbestos coaxial cables had minimum IRs, in some cases low enough to affect the accuracy
of radiation monitoring circuits.

(2) The accident IRs of the Rockbestos coaxial cable decreased slightly as aging increased. The accident
IRs of the Kerite cable decreased more significantly with aging, with up to about a two orders of
magnitude difference between unaged and aged cables.

(3) After aging and accident testing, several conductors failed a 5-minute post-accident dielectric
withstand test. They included conductors that had failed during the accident tests, as well as an
additional five Kapton conductors after the accident test on unaged cables, one Kerite conductor after
each of the accident tests of cables that had been aged for 3 and 6 months, and all three Kerite
conductors after the accident test of cables that had been aged for 9 months.

(4) AU the conductors from the accident test that followed the 9-month aging exposure were subjected to
a mandrel bend and an additional dielectric test. All passed, including the Kerite conductors that had
failed the post-accident dielectric test, and the Kapton conductor that had failed during the accident
test. The Kerite conductors apparently had dried sufficiently to allow them to pass the test.

(5) If properly installed, most of the various miscellaneous cable products tested should survive an
accident after 60 years for total aging doses of at least 150 kGy or higher, and for moderate ambient
temperatures of 450 C-550C. By 200 kGy, the residual elongation of the silicone rubber cables
approached zero. The cables with essentially zero elongation remaining at the end of aging performed
acceptably in subsequent LOCA tests.

Submergence and High Temperature Steam Testing

(1) EPR cables generally survived to higher temperatures than XLPO cables. XLPO-insulated conductors
had no insulation remaining at the end of the test (after a 400°C peak exposure).

(2) XLPO cables generally performed better than EPR cables in submergence tests and in post-
submergence dielectric testing. By the end of the final dielectric test (after a 40 time cable diameter
mandrel bend), only I of 11 XLPO-insulated conductors had failed, while 17 of 20 EPR-insulated
conductors had failed.

(3) Several cables that performed well during the submergence test failed post-submergence dielectric
withstand testing (either before or after the mandrel bend) indicating that both the IEEE Std 383 tests
can cause otherwise functional cables to fail.

(4) The IEEE Std 383-1974 dielectric withstand tests are very severe, even if a mandrel bend is not
performed. This is evidenced by the failure of 9 conductors and near-failure of 3 more in the post-
submergence dielectric withstand test, only 2 of which were showing strong indications of degradation
during submergence.

Based on the results from LOCA testng on three groups of cables for life extension possibilities, several
important conclusions are cited in Reference 5.35. Most cables successfully passed the accident exposures
following accelerated aging (with a factor of 80) to normal service life of 20, 40, and 60 years (see Table
5.14). However, further studies with lower acceleration factors or naturally-aged cables are necessary. There
are several cable samples which opened 1 amp fuses during accident exposures, with earliest failure (other than
the damaged polyimide cables) at 80 hours into the accident simulation. Other samples had IR readings early
in the accident exposure that might be marginal for some applications. Several polyimide failures were
attributed to handling damages during test setup. Qualification using single conductors for multiconductor
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cables was found to be non-conservative, specifically in estimating accident IRs. Total thermal lag time was
typically 3 minutes for the multiconductor cables and 30 seconds for the single conductors tested. Finally, the
IR measurements were found independent of applied voltage range, and discrete time IR testing appeared
suitable for monitoring performance. However, IR values had very little correlation with the amount of aging
in the cable's insulation and jacket materials. The elongation-at-break measurements were the best condition-
monitoring method to assess the physical condition of the polymeric materials. Indenter modulus testing
mirrors the effectiveness of the elongation data on certain polymers. None of the electrical tests detect
incipient degradation in cable's insulating system. Rather, by the time any electrical parameter indicates
trouble in an electrical circuit, the degradation in the cables may have reached a point where their replacement
is needed to eradicate the problem.

Based on the results presented in Tables 4.11 on aging degradation and Table 5.14 on LOCA responses of
several commonly used cables in U.S. nuclear power plants, the following conclusions are made from this
review:

Most cable materials, except a few insulation materials, become completely brittle at the end of
5OMrad irradiation together with standard thermal aging conditions. At the end of accident
irradiation, and before DBA steam exposure all have zero elongation values. Jacket materials degrade
much faster than insulation products. Therefore, issues relating to aging sequence, synergistic effect,
dose rate effect, and other relevant considerations during pre-aging of the EQ process can have very
little impact on the final state of the cable before testing for the accident steam conditions.

Even with zero elongation properties before the DBA steam testing, most cables survived saturated
steam conditions during LOCA. Some Dekorad and Okolon multiconductors, and Kapton-insulated
cables failed during LOCA after being exposed to at least 174 hours of saturated steam. Failures of
Dekorad and Okolon cables presumably are attributable to severe degradation of bonded Hypalon
jackets on individual conductors and the mechanical failure of the severely degraded Hypalon overall
jacket. Failures of Kapton-insulated cable are found to be due to mishandling of specimens during
testing. The findings from these studies indicate that accident steam conditions used in the EQ process
may not be that detrimental to cable performances during an accident, as long as cables are not
physically disturbed from their installed positions (which might cause cracking).

Minimum R values during accident steam exposure are important for cables qualified for certain
applications. Therefore, cables passing EQ requirements should demonstrate adequate IR threshold
for specific applications, especially for I&C use. To assess the physical condition of these cables,
parameters such as tensile properties, indenter modulus should be monitored at each juncture of the
EQ process.

5.10 TMI-2 Experience

The TMI-2 accident provides a unique opportunity to evaluate cables after a real accident. Reference 5.37
reports on TMI-2 cable sections, connected to the HP-R-214 Dome Monitor, that were removed after the
accident. The testing showed:

1. No detectable difference between cable in conduit or out of conduit.
2. No damage to the cable compared to a virgin cable.

Reference 5.38 discusses analyses of the dome radiation monitor at TMI-2; this was the only instrument inside
containment capable of measuring the high radiation levels which might be present during a LOCA. The
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Table 5.14 Summary of Results from NUREG/CR-5772 on LOCA and NUREG/CR-5655 on Fragility (Ref. 5.36)

Cable InuainJcktMtrasSamples ~Peak DBA** Max. TD** Fragility* Rmak
Manufacturer etMaterials Passed DBA TemperaturesffMrad TernperaturesRearks

Brand Rex XLPE w/CSPE Jacket 9 of 9 345/385 133/200 329/725 Minimum IR105 -100 m

I of 4 cnergized 9 month
Rockbestos Firewall Im; XLPE w/Neoprene Jacket 11 of 12 345/346 169/200 412/608 samples whose fuse opened

at about 84 hrs into LOCA

Raychem Flamtrol; XLPO w/CSPE Jacket 7 of 7 345/340 163/200 627/726 Minimum IR10'-100 m |

Samuel Moore Dekoron Polyset; XLPO w/CSPE Jacket 12 of 12 345/unknown 146/unknown 408/569 Minimum IR5xl0' L4-100 m

Y-Flame Guard FR-EP; EPR w/CPE Jacket 9 of 9 345/385 140/200 453/742

Anaconda Flame Guard EP; EPR w/individual CSPE Jacket and 12o 2353515205677Minimum IRIO4 a1-100 m
overall CSPE Jacket 12 of 12 345/385 155/200 546/717

Okonite Okolon; EPR w/CSPE Jacket 10 of 11 345/355 169/200 320/729 Minimum IR10 i-100 m-

Dekoron Dekorad Type 1952 Single Conductor; 6 of 6 345/340 161/200 474/698 Minimum 1R10 (n-100 m.
EPDM w/individual CSPE Jacket Three failed after 178,181,and

Samuel Moore 220 hours into LOCA.Hypalor
Dekoron Dekorad Type 1952 Multi-conductor; EPDM 13 of 16 345/340 166/200 345/345 bonded jacket and insulation

w/individual CSPE lackt and overall CSPE Jacket (Failed during DBA) interaction effect.

Kerite 1977; FR w(FR, Jacket 4o 4/4 5/0 1/0
Thicker insulation w/thinner Jacket 4 of 4 345/340 158/200 218/702

Kerite Minimum 1R350 (1-100 m.|
Kerite ~~Kerite 1977; FR w/FR Jacket Miu R5 110m

Thnner insulation w/thicker Jacket 5 of 5 345/340 158/200 218/702

RSS-6-104/LE Coax 6 of 6 345/331 136/200 430/712 Minimum IR10' -lo0 m

Rockbestos_____ Firewall; SR w/Fiberglass braided Jacket 7 of 7 345/295 133/100 7421744 Minimum IR10 0-100 m

Champlain Polyimide; Kapton w/o Jacket 10 of 13 345/360 144/140 743/751 4 beaved irratic including 3 a

Bostrad 7E; EPR w/individual CSPE Jacket 273/723(single) Minimum IR2100 0-100 m
BIW and overall CSPE Jacket 18 of 18 345/340 167/200 289/707 Can affect low current ckts.

NOTES: Except fragility temperature values (from NUREG/CR-5655), all other information are taken from LOCA test results prcsented in 3 volumes of NUREG/CR-5772 and Ref. 5.36.
Statements in the Remarks' column are based on results from DBA testing of 0-, 3-, 6-, and 9-month simulations.
* Minimum high tcmperature test values for two failure criteria; Failure Criteria slOO ka-100 m / gO.1 ko-100 m.
*First values are taken from NUREG/CR-5772 reports for all four LOCA simulations and the second values are industry's qualification test values on similar cables given in Ref. 5.36.
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detector failure modes included moisture intrusion into the electronics package, DC feedback in the
preamplifier, MOS transistor degradation, and electrolytic capacitor failure. Using degradations in transistor
current gain and elastomeric material properties, the total gamma-radiation dose received by the Dome
Monitor (HP-R-214) electronics inside the stainless-steel vessel and the dose to the multiconductor cable
outside the vessel was estimated. Table 5.15 lists the doses received by the radiation detectors, which were
analyzed at Sandia.

Table 5.15 Estimated Gamma Radiation Doses Received at TMI-2 Radiation Detectors
(Ref. 5.38)

Containment Elevation (Feet) Instrument Dose (Mrad)
305 HP-R-211 0.25
305 HP-R-212 0.45
347 HP-R-213 0.99
372 HP-R-214(Cable) 7.90
372 HP-R-214(Detector) 0.22

Bennett (Ref. 5.39) presented information on the accident environment at TMI-2:

Peak Temperature:
Pressure:

Atmosphere:
Total Dose:

Relative Humidity:

185°F
Atmospheric
Air
1-10 Mrad
100%

These parameters were used to establish exposure conditions for the laboratory control samples. None of the
techniques (FTIR, RAMAN spectroscopy, density profiling) used to analyze surface damages was sensitive
at a dose level less than, or equal to, 10 Mrad as estimated in the TMI-2 accident environment.

Table 5.16 Penetration Environment and Damage Summary (Ref. 5.40)

Cable References to Water
Penetration Penetration Irradiation # of Cable Cablesb Inoperable
Section Elevation (ft) (R/hr) Cables Marginala Below Water (%)
R400, R402 &
R407 292 20 to 50 117 117 0 4.3
R405 292 50to 1000 5 4 1 80.0
R406 292 20 to 50 6 4 2 16.7
R504 323 20 10 4 0 30.0
R505 319 20 10 3 0 10.0
R506 323 20 19 4 0 31.0
R534 300 20 14 6 0 35.7
R607 292 20 to 50 52 38 14 61.5
a. Cables which were partially above and below water level. b. Peak water level 292-ft elevation.
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Reference 5.40 summarizes the results of diagnostic tests conducted on selected cable channels within the TMI-
2 reactor building. Two hundred and thirty-three cables were tested in situ; anomalous electrical behavior was
observed in 103 (44%) of them. Of these, 57 cables (24%) contained inoperable circuits; Table 5.16 is a
summary of inoperable cables, by penetration, and also includes some general environmental conditions.

Dandini and Bustard (Ref. 5.41) described the results of examining a short length of Raychem Flamtrol cable,
which was connected to the HP-RT-211 radiation detector from the TMI-2 containment building. The ultimate
tensile strength, the percent elongation-at-break, and the insulation resistance were measured. All three
techniques detected no damage in comparison with a "virgin" specimen.

Yancey (Ref. 5.42) presented the results of instrument cables used with two Foxboro pressure transmitters and
a Bailey liquid level transmitter. Raychem manufactured the cable installed with the core flood transmitters,
and Anaconda supplied the test cable (FR-EPR insulation w/CSPE jacket). The average total dose of radiation
received by the two coils of cables was 12 Mrad. The cables showed no major signs of deterioration during
irradiation. The insulationresistance decreased 10% and the dielectric constant increased 1%; this disappeared
when the fuel was removed, indicating the apparent effect of the presence of a radiation source.

Meininger (Ref. 5.43) also reported the results from in-place tests on 460 circuits; 178 abnormalities were
identified, of which 36 circuits failed, 38 circuits showed significant changes, and 104 circuits showed minor
changes. The circuits represented a two-wire transmission line from the reactor building wal up to and
including the end device. Generally, there was no evidence of moisture and degradation which might be
expected as a result of corrosion.

R607 is a 137-channel instrumentation and control penetration. Of those available channels, 49 were initially
chosen for testing. Most screening tests indicated there were several broken wires and corroded contacts.
Measurements of insulation resistance between wires of different cables yielded evidence of "cross talk," an
interference between wires in the penetration. The penetration was at the 292-ft elevation that was submerged
until the water level in the reactor building's basement was lowered, and water remaining in the penetration
may be the cause of the cross talk. The predominant anomaly encountered was a shift in the cable's
characteristic impedance, which also could be caused by the ingress of moisture through the insulation.
Subsequently, three additional channels were tested. Of the 52 channels, 47 exhibited anomalous behavior,
and 33 of these were inoperable.

Five cables were tested in penetration R405 and all exhibited anomalous behavior; four were judged
inoperable. Also, fourteen instrumentation cables were tested in penetration R534; anomalies were observed
in seven, of which five were judged inoperable. Cross-talk voltages were observed, which suggested possible
corrosion or water contamination. However, the environmentally sealed splices survived well.

Penetration R506 contains reactor control circuits, including current transformers, level (pressure)
transmitters, and temperature, pressure, and limit switches. Nineteen cables were tested; 16 exhibited
anomalous behavior, of which six were judged inoperable. Additionally, of 39 pressurizer heater cables,
anomalous behavior was observed in 12. Five were inoperable; one with an open circuit, one with a short
circuit, and three with low insulation resistance.

Since the penetrations evaluated were selected because of their high probability of impairment, the data are
not statistically representative of the 1800 circuits in the reactor building, but serve to indicate the circuit
damage to be expected from this type of accident. Finally, hydrogen burn did not substantially damage the
instrumentation.
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The effect of TMI -2 accident and post-LOCA environments on cable/connection components were studied
by Westinghouse Hanford Company (Refs. 5.44 and 5.45). These components involved penetration
assemblies, terminal boxes (NEMA boxes, pull boxes), splices, terminal blocks, bulk cable, and connectors.
A total of 1800 in-containment electrical channels were identified. About 10-20 % of them were subjected to
in situ electrical tests. During the first day of the accident, the environment inside the reactor containment was
one of intense radiation, steam, temperature excursions, a hydrogen burn, and a chemical suppression spray.
Post-accident environmental conditions included low-level dose rates that integrate to 0.1 Mrad and moisture
exposure either by submersion or high relative humidity. As the accident progressed, spurious electrical
signals were observed on plant instrumentation systems. Shortly after the reactor scram, the output signals
on any of the plant self-powered-neutron-detectors rose to 3 times that for normal full power flux levels.
Thermocouple signals from adjacent positions varied by as much as 20000F. Based on the preliminary in situ
test data on 25% of the 1800 circuits and laboratory testing of cables subjected to both electrical and
mechanical tests, elongation was essentially unchanged over the length of the cable, and the trend of decreasing
tensile strength with increasing height did not follow the radiation pattern. Therefore, it was hypothesized
that the reduction in tensile strength was more likely due t heat from hydrogen burn. Moreover, no
significant difference in electrical properties were observed between the different cable sections.

The analysis of polar crane pendant cable had been identified with cuts and abrasions which indicated that the
impact of maintenance accidents on cables might have compromised their ability to function properly (Ref.
5.46). The radioactive contamination present on the portion of this cable lying horizontally on the D-ring was
approximately 10 times greater than found on a contiguous section that hung vertically. Testing indicated that
the contamination caused no dramatic changes in either the material or the electrical properties of this cable.

5.11 Effect of Hvdroen Burn

The hydrogen-bum environment differs from LOCA transient profiles and depends on the specific reactor and
accident sequence. The containment's size and geometry as well as the amount of hydrogen generated, are
important. The typical LOCA environmental test profile has a 10-second ramp to perhaps 340T, which is
maintained for several hours. A hydrogen-burn environment is likely to have temperature increases from
LOCA temperatures up to 1500K (and pressures up to 400 kPa) with a ramp time of about 10 seconds. The
temperature is not maintained and drops off relatively rapidly (depending on many factors). It should be noted
that hydrogen-burn conditions are not part of the EQ requirements, and typically are considered as part of a
severe accident scenario. Since cables can be affected significantly from these conditions during an accident,
a short discussion on the subject is included here.

The effects of hydrogen bum on a non-safety related cable at TMI-2 (Ref. 5.46) were studied by analyzing
char patterns; the results indicated that shielding plays a major role, and survivability depends on its location
within the contaimnent. The hydrogen-bum survival program concluded that each piece of equipment will
respond differently because of differences in thermal mass, geometry, and location, shielding effects, and the
hydrogen burn itself (Ref. 5.47). Cables installed in conduits will experience significantly smaller rises in
temperature than exposed cables.

An EPRI study tested 25 cable types in a series of large-scale hydrogen-burn simulations at NTS (Ref. 5.48).
From one to four specimens of each cable type, totalling 56 specimens, were exposed to hydrogen burns; 52
cable specimens from 24 cable types were classified as safety-grade cables. Each cable was exposed passively
in from one to eleven experiments. Some cables had no visible damage, but those exposed to the more severe
burns had extensive damage in the form of charring, cracking, and bulging of the outer jackets. The cables,

NUREGICR-6384, Vol. I5-61



submerged in water, were tested in an ac withstand-test at rated voltage, an insulation resistance test at 500
volts, and a dc withstand test at three times rated voltage. About 50 out of 52 safety-grade cables passed the
performance test after the burns, even though many had been exposed in several experiments. This study also
acknowledged the fact that local variations in the environment were very significant.

To augrnent EPRI-NTS study, NRC sponsored several tests at SNL's Central Receiver Test Facility (CRTF)
to simulate the heat flux incident upon test specimens for the 13 volume-percent hydrogen burn at NTS using
solar reflectors (Refs. 5.49-5.51). In addition to several electrical devices, cables included in these tests were
Okonite Okolon single conductor cable, Rockbestos Firewall III 3-conductor cable, and Brand Rex XLP/CU
3-conductor cable (Ref. 5.49). Blistering and cracking of the jacket materials were observed for all cables.
Unlike Okonite and Brand Rex which also exhibited flaking and charring, no significant flaking was seen on
Rockbestos. However, all samples maintained the applied voltage and no short circuits were detected.
Multiconductor cables were more able to withstand the effects of severe heat flux pulses than smaller diameter
single conductor cables. Though multiconductor cables appeared severely degraded, their electrical properties
remained essentially intact, i.e., insulation resistance remained in the range of 101-102 ohm-ft. The single
conductor Okonite samples, which had the largest change in the insulation resistance, had a value on the order
of 106 ohm-ft.

Dandini (Ref. 5.50) described the results of accelerated aged and unaged samples of Brand Rex XLP/CU 12
AWG 3-conductor cable specimens subjected to simulated hydrogen burns of increasing severity. Visible
damage to the cables increased with the severity of the pulse. Generally, aged samples experienced less severe
visible damage than the unaged samples at each flux level. Blistering and coating with soot were common to
all cable jackets above 1.5 flux levels. Crack penetration into the jacket exposed the insulation materials and
the filler materials melted. After the exposure, all cables were hi pot tested. With one exception, all insulation
maintained their integrities. The exception was the black conductor from the unaged sample, in which the
insulation (exposed to 3.0 pulse) broke down within seconds after applying the 2400 Vac test voltage.

From several other simulations of various hydrogen-bum environments, SNL concluded that, if the expected
temperatures are higher than LOCA temperatures, cables should be qualified for the more severe hydrogen-
burn environment, or their installation inside the containment should be modified to protect them from the burn
(e.g., install the cable in conduits).

5.12 LOCA Testing of Damaged Cables

Experiments were conducted to assess the effects of high potential testing of cables flooded with water, and
to determine the amount of insulation necessary to survive aging (equivalent to 40 and 60 years of service) and
a LOCA exposure (Ref. 5.52). Three types chosen for this program included (1) Okonite Okolon cable with
EPDM insulation and bonded CSPE jacket, (2) Rockbestos SR cable with a fiberglass braid jacket, and (3)
Brand Rex cable with XLPE insulation. Samples from each type were damaged at five locations. Each
damage consisted of one-inch length with various depths of insulation removed by grinding to simulate cable
conditions.

Based on the ultimate voltage-breakdown strength, the high potential testing of virgin Brand Rex cables at 35
kVdc did not fail the cables. Also, in a limited set of tests with applied dc voltages, there were no unexpected
effects on length. To detect 7 mils of remaining insulation for Brand Rex cables, a test voltage of 35 kVdc
suffices (1170 Vdc/mil based on the nominal insulation thickness). A test criteria for Rockbestos cables was
not established since the level of damage that would allow the cable to survive an accident simulation could
not be defined.
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Brand Rex XLPE cables with 7 mils of insulation remaining are likely to survive in an accident after thermal
and radiation aging to the conditions defined in this program. However, if higher applied voltages (> 110
Vdc) or ac voltages had been used during the LOCA simulation, earlier failures may have occurred.
Rockbestos SR cables with as little as 4 mils of insulation remaining have a reasonable probability of surviving
in an accident after radiation (20 Mrad aging plus 110 Mrad accident dose) followed by thermal aging to the
conditions defined in this test program. However, thermal aging may have been a significant factor (together
with the reduced wall thickness) in causing two failures of Rockbestos SR cables. Thus, reduced thermal aging
probably would lower the failure rate of these cables. Survival data for Okonite Okolon cables were not
available because of failures after thermal aging. All of the intentionally damaged Okonite EPDM/CSPE
cables, with less than 15 mils of insulation remaining, failed before aging was completed. The one undamaged
cable failed during LOCA exposure shortly after the test chamber was filled with saturated steam. The one
cable that had approximately 15 mils of insulation remaining caused a IA fuse to open at 182 hours into the
LOCA simulation, although there were earlier indications of its erratic behavior. The major causes of the
Okonite cable failures are the extent of pre-conditioning by irradiation (including both aging and accident
radiation doses) followed by thermal aging, and the presence of a bonded CSPE jacket that ages more rapidly
than the underlying insulation.

The failures of Okonite EPDM/CSPE cables in this program, and one Okonite Okolon and three Dekorad in
a previous program (Ref. 5.32) suggest that the bonded CSPE jacket is detrimental to overall integrity of the
cable. Even the undamaged cable cannot meet its rating with the bonded CSPE jacket when thermal aging is
performed according to the Arrhenius theory, as used in this testing. Another interesting result indicates that
even though the Okonite cables sustained cracks during thermal aging (before the LOCA simulation), all of
the cables then survived for some time. The first Okonite failure (opening of 1A fuse) occurred at 11 hours
(ust after the chamber's environment became saturated steam) and the final Okonite failure occurred at 182
hours into the LOCA profile (although there were indications of erratic behavior and, perhaps, even failure
well before the fuse opened). However, no chemical spray was used during the LOCA simulation; its use
would have caused failures to appear shortly after it was started because of the enhanced ground plane it
creates.

Hanson (Ref. 5.53) studied EPR and XLPE cables subjected to various mechanical damages and accelerated
aging conditions. EPR samples included artificial damages by scrapes, transverse cuts, and longitudinal cuts,
whereas XLPE had only scrapes and transverse damages. Some samples were aged up to 1 MGy; others were
thermally aged at 130°C for up to 50 days. The breakdown voltage was measured for cables under a variety
of these conditions. Theoretical models were developed for electric field calculations and were used to analyze
the breakdown voltage versus thickness data.

The study concluded that as long as there was more than 0.60 mm of insulation remaining in both material
types, the breakdown voltage remained unchanged. For severe damage conditions (0.60 mm or less
remaining insulation), the breakdown voltage decreased linearly with the decreasing thickness of the remaining
insulation. The dielectric strengths for both cable materials were not affected by mechanical damage, except
for XLPE with transverse cuts, in which dielectric strength appeared to decrease.

The accelerated aging used in this study did not affect the dielectric strength of undamaged or damaged cables,
except for XLPE with radiation dose above 0.5 MGy (50 Mrad) when transverse cuts failed at very low
voltages. The effect was most likely due to radiation-induced cross-linking causing the XLPE insulation to
become brittle. The study also concluded that this might have been caused by stress fractures which was
exacerbated by radiation.
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The effects of cable length, bend radius, and ambient temperature on the breakdown voltage of undamaged
cables also were studied. There was no observable difference in the dielectric strength of the longest cables
compared to the shortest. Similarly, the strain ranging from about 5 % to 15 % caused by bends had no effect
on the dielectric strength of the cables. Finally, statistical comparisons of the pore radii, and thus, dielectric
strength for each temperature did not reveal any effect due to different ambient conditions.

A Japanese study on the effect of initial strain on the degradation of CSPE, chloroprene, SR, and EPR during
irradiation is presented in Reference 5.54. Cable samples were elongated by certain ratio from their initial
length and then irradiated to different dose levels at several different dose rates. This condition may simulate
excessive pulling of cables during installation or conditions at sharp bends where initial stress conditions exist.
The samples were irradiated at dose rates of 1, 5, 10 kGy/hr in air and 4.5 kGy/hr under oxygen pressure of
0.5 MPa at room temperature. Total doses ranged from 0.25 and 2.0 MGy. Constant strains of 50% and
100% of the original length were considered. Several mechanical tests were made such as elongation and
strength at break, gel fraction, and swelling ratio.

The stress relaxations are very small in unirradiated and already irradiated samples, but large for samples
undergoing irradiation indicating faster degradation of cables under stress in radiation environment. The
permanent strains in the samples increased with the dose and were not affected by irradiation and heating. The
degradation of tensile properties increases with the increase in total dose and initial strain.

5.13 Sumnarv

In reality, in an accident cables may be exposed simultaneously to environments including total radiation dose
and dose rate, oxygen, chemical spray, superheated and saturated steam, steam impingement, and hydrogen
burn. The environmental qualification of these cables has followed both sequential and simultaneous
simulations of aging and accident conditions to provide reasonable assurance of their survivability in an
accident any time during their design life. Post-accident testing assesses their residual life after exposure to
severe aging and LOCA conditions. The results presented in this section cover various elements that govern
the environmental qualification of Class IE cables. The effects of steam impingement are included to the
extent necessary in establishing DBE environment with shielding considerations, fracture mechanics studies,
and leak-before-break scenarios, and thus are not typically needed to be demonstrated in an EQ test program.
In addition, the effect of high temperature and radiation, together with the saturated conditions during the
qualification process, may overpredict the real-life degradation of cable materials.

Most studies on LOCA testing were performed by NRC at SNL, including a collaborative effort with the
French Regulatory Agency, and JAERI in Japan. Studies in Great Britain and Germany have not been
published. Also, some qualification tests performed by test laboratories for the cable industry and utilities,
and material tests performed by the manufacturers were not reviewed. However, the results from these tests
could be of significant value to this research program.

Examination of cables after the TMI accident give precarious results on the survivability of cables inside the
contaimnent. However, these studies did not provide the most important information relating to the wiring
systems' responses during and immediately after the accident. Although many circuit failures or malfunctions
were reported, the causes of these failures or their physical conditions were not completely analyzed to derive
any inferences for future cable qualification. However, studies on TMI cables after the accident indicate that
the total itegrated dose on any cable product was about 12 Mrad or less, and the majority of electrical circuit
failures were attributed to submergence or exposure of saturated steam at the cables' interfaces. Many of these
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circuit failures were assumed by many as non-safety related. Some studies indicated that very few circuits
failed immediately after the accident and a large number of failures occurred several days later.

Studies on LOCA-testing of the EQ process have produced a large mass of data. The variety of topics and
cable materials included makes it difficult to understand and derive conclusions on a particular issue. Although
most results provided some insight into the responses of various cable materials and constructions in the
LOCA, in some cases, they raised more questions than answers on survivability. Many earlier studies at SNL
involved detailed evaluations of failures that were reported during the test, and often, these were due to
experimental anomalies. On the other hand, recent studies used an approach which considers a cable to have
failed when it cannot carry a fixed amount of current (e.g., 1 amp); this test has been a subject of discussion
among many researchers and the industry.

There is some information showing that a cable's condition is approxirnately the same after LOCA radiation,
regardless of how aging is accelerated and how much the cable's condition differs at the end of aging. Further
evidence could be very important; because it would simplify qualification, if it was concluded that the sequence
of thermal and radiation aging (or whether thermal and radiation aging are conducted simultaneously) makes
little difference to the end result.

No single research appears to have been done on the adequacy of LOCA profiles. Significant research was
performed on specific elements, such as the effect of superheated steam, the presence of oxygen, and a few
other variables. However, recent SNL studies (Refs. 5.31-5.34) have evaluated certain elements of the LOCA
profile. Gleason (Ref. 5.36) discussed the results from these studies on LOCA profile adequacy, duration of
test, single/multiple peaks, and post-LOCA mandrel bends. Based on these results, he concluded that
substantial margin in LOCA profiles, excessive severity of post-LOCA mandrel bends, and no effect from
multiple peak testing exist.

Issues relating to LOCA sequence, dose rate effects, synergistic effects, presence of oxygen, use of Co-60
gamma source, chemical spray effects, and hydrogen burn have been largely resolved. Questions on single
versus multiconductor performance, wiring system problems, determination of how much oxygen is present
in an actual LOCA environment, and margins available in LOCA-test profiles need further studies.

There is not much research on hot spots or weak links in cable systems. Recent studies by Siemens of
Germany, and a cooperative program by U.S. and France provide some insights. More insights may be gained
once the results from the EPRI sponsored study at UConn are available. The SNL study on artificially
damaged cables partially simulated installation damages. Cables and wiring systems from operating or
decommissioned reactors should be considered for further testing and the program should focus on issues and
on cable products that have raised concerns in earlier studies.
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6. CONDITION MONITORING METHODS FOR CABLES

Nuclear power plants contain a myriad of electric cables of all sizes, voltage ratings, and lengths delivering
electric power to much vital, as well as non-vital equipment. Invariably, cables are insulated with some form
of polymeric insulation. In this section, the focus is limited to low voltage (< 1000 volts) safety-related cables
that are used for power supply, control, and instrumentation applications inside the containment. The polymers
used in this class of cables vary from noncrystalline types, such as plasticized PVC and Tefzel, to
semicrystalline polyolefins, usually crosslinked polyethylene and EPDMs.

Despite all the advances in the technology of cable insulation, insulating materials can be damaged
mechanically during transportation, installation, and maintenance, or they may gradually age from exposure
to heat, radiation, moisture, and chemicals. On-site testing of the condition of these cables is necessary to
ensure their continued reliability in service, and to predict their remaining life. Cables must operate safely,
and reliably in the harsh steam environments produced by postulated design-basis events (e.g., MSLB,
LOCA). There is a world-wide search for effective testing methods which can assess the present condition
of a cable's electrical property and can also predict its remaining life and LOCA survivability with some
assurance. Researchers and engineers believe that one all-encompassing method or procedure for achieving
this goal does not exist.

The desirable attributes of such a condition monitoring (CM) technique are (Ref. 6.1): (a) non-intrusiveness;
(b) reproducible results; (c) non-destructive; (d) unaffected by, or can be adjusted for, the environment (i.e.,
variations in temperature, dose rate or moisture); (e) sensitive to the rate of degradation (preferably during
an incipient-failure condition); (f) applicable to a wide range of materials and construction; (g) portability of
test equipment; (h) assessment along the entire length of cables; and fnally (i) cost-effectiveness. An
additional important attribute for safety considerations is that CM techniques be able to detect cable
characteristics, the level of which reliably predicts LOCA survivability. Since the primary objective of this
technique should be to monitor the rate of degradation in the cable's insulation and jacket materials in an
inside-containment environment of a nuclear power plant, developing a single test method (or a combination
of several techniques) satisfying all these attributes has been a challenging issue.

The EPRI conducted two workshops, the first in 1988 (Ref. 6.2) and the second in 1993 (Ref. 6.3), to bring
the utilities, research organizations, cable manufacturers, test equipment manufacturers and consulting firms,
and universities from all over the world to share their experiences and to formulate an aggressive research
program. In the first workshop, all agreed that the conventional monitoring techniques could not characterize
the gradual degradation of aging cables. As a result, EPRI-sponsored research activities were started at the
University of Tennessee on fingerprinting the thermal history of polymeric materials; at the University of
Connecticut on using ionized gas to troubleshoot the cables; at the University of Virginia on oxidation-
induction-time testing; and at Sandia National Laboratory (SNL) on pre-ionized gas high-potential testing.
Efforts at Ontario Hydro Research under the cooperative sponsorship of the EPRI, the Canadian Electric
Association, and Consolidated Edison, at SNL under the sponsorship of the NRC, and at the IAEA and other
foreign institutions (including Britain, France, German, Sweden, and Japan) have continued to investigate
various CM techniques. Candidate CM methods for detecting incipient failures in cables were summarized
at the 1988 EPRI workshop (Ref. 6.4). Recently, a working group of a technical committee of the
International Electrotechnical Commission(IEC), SC15B-WG2 has been developing a guide for in-service
monitoring of radiation aging of insulating materials (Ref. 6.5). The results presented at the 1993 EPRI
workshop are an indication of the ongoing work although the search is far from over, as was reiterated during
the discussions among the U.S. nuclear industry and the NRC at the EQ workshop (Ref. 6.1) in November,
1993.
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Research efforts to develop an analytical and/or an experimental method to monitor the condition, to predict
the remaining life, and to deterrine the degradation mechanism of cables used in radiation environment have
been ongoing for over one decade. Earlier studies developed an analytical approach using shift factors for
radiation and thermal aging conditions (Ref. 6.6), and included experimental methods, such as percent swelling
and percent extractables (Ref. 6.7), and chemiluminescent spectra for thermo-oxidative degradation (Ref. 6.8).
The extracted components then were separated by either gel permeation or liquid chromatography. Measuring
the amount of antioxidant depletion and infrared spectroscopy were used to study the chemical changes in the
polymer structures. Reference 6.9 presents the results from several electrical and spectrographic
measurements of PE exposed to different aging conditions. Correlations were developed between aging time
and electrical parameter degradation, and aging time and infrared absorption spectra. Electrical parameters
included dielectric strength and loss factor, while the spectrographic parameters included infrared absorption
and degree of crystallinity. These kinds of relationships between the structural and electrical changes seem
to produce results which can effectively predict the electrical life of cables based on the physical or chemical
changes in the insulating media.

Recent studies assessed the usefulness of various analytical and experimental methods in monitoring the
condition and predicting the life of cables in nuclear power plants (Refs. 6.10-6.13). These activities included
validating predictive models by tests (Ref. 6.10), assessing conditions of naturally aged cables from generating
stations (Ref. 6. 11), and evaluating CM methods during the EQ process (Refs. 6.12-6.13). Most findings were
discussed at the two workshops held by the EPRI in 1988 and 1993. It was recognized that the weak links in
a cable system lie at the cable's interfaces with other equipment or devices (e.g., connections, splices,
electrical penetrations), and the intrusion of, or exposure to, a moisture/high humidity environment has the
greatest impact on the overall reliability of electrical circuits (Ref. 6.14).

In this section, the results from all advancements on the CM issue are summarized. The purpose is to identify
those efforts which have the potential of satisfying some of the CM attributes discussed above, together with
evaluating their limitations and difficulties. All the CM methods now available in various stages are discussed,
ranging from in-laboratory to in-plant installed cable applications.

6.1 Parameters for Monitoring Cable Degradation

Among all attributes of an effective CM method discussed earlier, those which involve the degradation
processes in the insulation material, the sensitivity to stressors causing this degradation, and the effectiveness
of the monitoring parameter to trend this degradation are important to the researchers.

One very important issue which can affect the outcome of any CM research involves a clear definition of what
constitutes a cable failure and how CMdaa interpretthis failure'. Is this definition valid for both the normal
life-aging phase and the postulated accident-phase of the cable qualification process? From the results
presented in the previous two sections on pre-aging and LOCA testing, elongation-at-break for aging
degradation, and insulation resistance during LOCA simulation (also weight gain before and after LOCA
testing) typically are the monitoring parameters chosen by most researchers. But can the LOCA response of
a cable's insulating system be predicted from the threshold value of the parameter monitoring the aging
degradation? On the other hand, qualification tests are considered successful provided that after experiencing
both pre-aging and LOCA simulations, the cable demonstrates its survivability in post-LOCA dielectric-

' Note that the role of CM is nQL to detect fiilures, but to detect the approach to a condition at which the cable is still able
to function during an accident.
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withstand tests and sometimes post-LOCA mandrel-bend tests (Ref. 6.15). Some researchers have expressed
their reservations on the severity of these test methods on the already significantly degraded insulation
materials after the LOCA exposure. It was demonstrated that insulating systems exhibiting zero tensile
elongation before the accident successfully passed subsequent accident simulations (Refs.6. 16-6.18).

In addition to mechanical damage during handling, installation, and maintenance, the polymers in the cable's
insulating system undergo changes in chemical structure due to thermal oxidation, radiation, and other
chemical reactions (Ref. 6.19). This change involves both physical changes, such as orientation,
crystallization, and flow, and also chemical changes, such as scission and crosslinking. Simultaneously,
changes in mechanical properties can occur within the polymeric materials under mechanical and
environmental influences. Some cases are more involved and the changes in mechanical properties and
structure can influence each other. To understand the degradation phenomena in a particular cable insulating
material (with the proprietary nature of a specific composition of a base resin and additives, and the curing
process by the manufacturer), several different types of laboratory tests may have to be undertaken.

Once the chemical and the physical (or mechanical) changes in polymeric properties are characterized, their
impact on the electrical properties of the insulating material must be established. The final appraisal of the
cable's performance can only be or should be, based on these electrical properties which assure the cable's
ability to deliver the required electric power or transmit a signal to the safety-related equipment. Thus, the
chemical and physical degradation processes must be monitored first to identify incipient cable failures (i.e.,
those degradation processes that can lead to subsequent deterioration in electrical properties); significant
research on this aspect was performed during the last decade. The second part, which involves correlating
these degradation processes with the electrical properties has been given less attention by the researchers.
Hence, conflicting conclusions are being considered for defining the threshold value of these polymeric
materials which can assure their survival in a LOCA environment. For example, a 50% elongation-at-break
(absolute) was used as the threshold value for many cable materials, but how this relates to the electrical
properties has not been discussed in the literature. On the contrary, embrittled cables have successfully passed
the LOCA tests, justifying a qualified cable for application in a nuclear power plant.

Oxidation, crosslinking, chain scission, hydroperoxide breakdown, and other chemical and molecular changes
in polymers first occur under the influence of an inside-containment environment (Ref. 6.20). The presence
of oxygen plays an important role in these processes. The physical parameters which are affected by these
chemical structural changes (or are important for monitoring their influences) typically are recognized as:

Molecular Weight or Density
Glass Transition or Melting Point Temperature
Oxygen Consumption (amount and rate).

It is desirable to characterize polymers by molecular weight, but the presence of filler materials in cables make
it difficult. For basic polymers, typical methods used to determine this include measuring the osmotic
pressures, the light scattering, and the viscosity of dilute solutions. These methods may not be suitable for
cross-linked or other cable insulation and jacket materials.

The dimensions of the crystals in polymeric materials are smal compared to the average length of the polymer
molecules. The crystallites are regular arrays of segments of polymer chains. Individual polymer molecules
thread their way through many crystallite and amorphous regions. Crystallinity has an important effect on
mechanical properties. Several methods devised for measuring the amount of crystallinity include light
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scattering, density or specific-volume measurements, X-ray diffraction, refractive index, and infrared
absorption peaks.

The chemical structure of polymers controls their stability both to chemical attack and to atmospheric aging.
It is understood that radiation resistance does not correlate with resistance to chemical and thermal degradation.
Furthermore, additives to improve physical properties may play a part in changes produced by radiation.
Antioxidants are employed to reduce the attack by oxygen or ozone on the polymer molecules. These
antioxidants are usually complex aromatic amines or phenols, and may react with radiation-produced molecular
fragments to modify radiation effects. The effect of increasing plasticizer (a low-molecular-weight material)
content in certain polymers (e.g., PVC) is to change a hard, rigid polymer first to a viscoelastic material, and
then to a rubbery, flexible product. It has been hypothesized that during LOCA testing, embrittled insulating
polymers can absorb water that act as a plasticizer (Refs. 6.16-6.18). The extent of this effect is roughly
proportional to the amount of water absorbed.

Molecular-weight determinations can establish the extent of cross linking and chain scission in polymers under
thermal and radiation environments. For thermoplastic materials such as PVC and PE, the gel point can be
used to determine the inception of crosslinking (must differentiate between crosslinked and uncrosslinked
materials). This gel point is a function of the molecular weight of the polymer. For degrees of cross linking
higher than the gel point, the ratio of soluble to insoluble (known as gel-content) material can be measured.
At high radiation doses, if scission and cross linldng both occur, the soluble fraction decreases to an asymptotic
value characteristic of the ratio of cross linking to scission. When cross linking has progressed to the point
of complete insolubility, its extent can be determined by the equilibrium swelling of the polymer in a solvent.

Thus, cross linking increases the molecular weight of the polymer, decreases its solubility, decreases oxygen
absorption, and increases the softening temperature. Cross linking draws the molecules closer together and,
therefore, decreases the specific volume (low-molecular-weight materials are vaporized) and increases the
density. The influence of scission is just the opposite. Crystallinity can be increased in polymers that undergo
scission because there is less restraint on the shortened molecules. An increase in crystallinity will cause an
increase in density (cross linking also increases the density, but for a different reason discussed above).

Table 6.1 lists several methods that have been used to monitor various parameters of polymer degradation in
thermal and/or radiation environments. Except the first three methods, other methods may use only a few
milligrams of specimen shaved from the cable's insulation and the tests are conducted in the laboratory. The
first three methods are performed on actual cable samples. These methods can diagnose the early stage of
polymer degradation and are useful for correlation studies with other methods which monitor the physical and
electrical properties of cables.

Table 6.2 lists test methods which measure or monitor the physical properties (or the physical condition) of
the cable materials. Some of these methods are currently used in the laboratory to investigate the degree of
various degradation processes discussed in section 4.0. Except the Indenter Modulus test method, all other
methods are destructive and need cable samples of various sizes. The first two methods require the removal
of copper conductors from the specimens which should be shaped and sized as dumbbell/tubes tensile
specimens. The use of the Indenter Modulus method has been demonstrated as an in situ test and the results
can be trended to indicate aging in the cable's insulation and jacket materials. All of these methods still
measure local conditions along a cable's length, and therefore, require tests at several local points to assess
the overall condition of the cable.

NUREG/CR-6384, Vol. 1 6-4



Table 6.1 Methods to Assess Material Degradation Caused by Chemical Processes
Testing Degradation Caused
Method by the Environment(s)
Near Infrared Reflectance(NIR) Thermal and Radiation
Computed Tomography (CT)* Thermal and Radiation
Sonic Velocity Thermal and Radiation
Fourier Transform Infra-red

Spectroscopy (FTIR) Thermal and Radiation
Solubility - Gel Fraction Thermal and Radiation

- Swelling Ratio Thermal and Radiation
Oxidation Induction Time (OlT) Thermal and Radiation
Oxidation Induction Temperature** Thermal and Radiation
Plasticizer Content Thermal
Differential Scanning Calorimetry Thermal

Thermomechanical Analysis(TMA) Thermal and Radiation
Thermogravimetric Analvsis(TGA) Thermal

Degradation Process
Being Monitored

Oxidation
Cross-link Density Gradient
Density Changes

Oxidation(Carbonyl Peaks)
Cross-linking and Scission
Cross-linking and Scission
Depletion of Antioxidants
Depletion of Antioxidants
Depletion of Plasticizer
Glass Transition Temperature
Crystal Melting Behavior
Degree of Crystallinity
Hardness
Weight Losses

MIaterials
Applicable
PVC, EPR, PE
EPR, PE
PVC, EPR, PE

EPR, PE
AU
All
EPR, PE
Rubber, CSPE
PVC
Semicrystalline

Products

Elastomers, PVC
Elastomers. PVC

* Not considered a chemical method. ** Performed under pressure.

Figure 6.2 Methods to Monitor Physical Properties of Polymeric Materials
Testing Physical Properties Comments on
Method Being Monitored Material Types Affected
Elongation-at-Break(EAB) Tensile (Absolute/Relative) All
Tensile Strength (TS) Tensile (Absolute/Relative) All
Indenter Modulus Compression Elasticity All (Tefzel possible)
Torque Tester Torque Modulus Not Known
Flexure Test Bending Strength All
Profiling - Modulus Heterogeneous Degradation All

- Density Heterogeneous Degradation All
- Hardness Heterogeneous Degradation All

Cross-Sectional Polishing Chemical Degradation Profiles All
Hardness Test Hardness All
Density Measurement Density All (Silicone possible)
Dynamic Mechanical Analysis Flexure, Hysterisis of Stress-

(DMA) Strain Relationship Rubbers, PVC

Elongation-at-break has been the conventional method used for measuring embrittlement in polymers.
Traditionally, a value of 50% absolute elongation was considered as the threshold value for aged specimens.
It is assumed that this value will provide sufficient margin for the insulation to function without cracking.

Urlike the methods in Tables 6.1 and 6.2, electrical tests monitor the condition of the entire length of the cable
included in an electrical circuit. One problem with these tests is that by the time any degradation is indicated
by abnormal results, the cable is embrittled and may contain cracks. Again, many of these electrical methods
require a well-defined, continuous ground plane to measure the electrical properties of the insulating system
and this often raises more questions than answers on the effectiveness of the procedure. Theoretically, any
electrical test will be insensitive to anything but gross changes in the dielectric. Table 6.3 lists several
electrical tests which are being used in the field today to monitor the conditions of cables in nuclear power
plants.
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Table 6.3 Electrical Test Methods Monitoring the Cable Performance
Test Measuring Comments on
Method Parameter Applications
DC Tests Insulation Resistance Go/No Go, Humidity

Polarization Index(PI) Go/No Go, Humidity
AC Impedance Tests Capacitance Dielectric Capacity

Dissipation Factor (DF) Dielectric Loss
Stepped Voltage Test Leakage Current Gross Insulation Failures
High Potential Test Leakage Current Gross Insulation Failures
Partial Discharge Test Inception Voltage Corona, Ionization
Voltage Withstand Test Voltage Capacity Withstand Voltage
Time Domain Reflectometry(TDR) TDR Signature Fault Detection
Dielectric Loss Measurements Loss Factor (tan 5) Dielectric Loss

There is no evidence that electrical tests are sensitive to morphological changes in the aged insulation, i.e.,
to the chemical and physical deterioration that takes place during thermal and radiation exposures.
Embrittlement ultimately causes cables to crack and fail. But how to relate this to these electrical-test
parameters has been a challenge to many researchers. Moreover, in situ measurements also critically depend
on the level and type of electrical noise interfering with the measurement system. Connecting test equipment
to electrical terminals may require disconnecting installed interfaces. The testing also may require
disconnecting all equipment (or electrical loads) connected to the circuit under study. These intrusive
requirements are disruptive, and the utilities have serious reservations about including them in their
maintenance program.

6.2 Methods for Monitoring Chemical Degradation

When earlier plants were constructed, the cable insulating materials used were butyl rubber for high-voltage,
and styrene butadiene rubber and PVC for low-voltage applications. The jacket materials were predominantly
Neoprene and PVC. In the early 1970s, the insulation was mostly XLPE, PE or PVC with Hypalon or PVC
jackets. Cables in newer plants typically are insulated with fire-retardant EPDM or XLPE and jacketed with
improved fire-retardant Neoprene or Hypalon. Table 6.4 shows the qualitative, general physical
characteristics of these cable materials which might help in understanding the limitations in using the various
CM methods in Table 6.1 for studying chemical degradation under different stresses. This qualitative
assessment may vary for similar materials from different manufacturers.

The NIR, CT, and sonic velocity methods are being developed. FTIR has been proven to be a useful method
for identifying various functional groups that are formed due to oxidation, but this requires a skilled effort to
understand the interferences caused by the presence of antioxidants, and other filler materials. Solubility
measurements are easier to perform and the results provide information about whether the degradation is due
to thermal or radiation stress. Based on the sample's gel content and plasticizer content, the type of
degradation can be identified from the amount of cross linking (thermal or radiation) and scission (radiation).
The OIT is not suitable for silicone rubber materials; however, oxygen induction temperature under pressure
is useful for these materials (including Hypalon). Plasticizer content is used only for PVC material. The
TMA has been good for elastomers and PVC. However, both TMA and TGA methods are not widely used
for monitoring the conditions of cable materials.
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Cable Material Characteristics Sensitive to Aging
xvfPlM-n PniAnt )1T.A.im ,nlP

Material Type Transition Temp. (C)** Crystallinity Thermal Radiation Steam/Humidity

PB Xlinked 90-130 Semicrystalline N N N
Low Density 90-130 Semicrystalline s N s
Chlorinated 90-130 Semicrystalline S S S

EPR Xlinked 60-90 Sernicrystalline N N N
EPDM (linked) 60-90 Semicrystalline N N N

SR Elastomer(linked) N/A NIA N S(DR) N
Teftel Thermoplastic >200 Noncrystalline N S(DR) N
SBR or DR ElastomerWXinked) N/A N/A s s s
PVC -120 Noncrystalline N S(DR) N
Hypalon(CSPE)* Elastomer (linked) NIA N/A s S(DR) S
Neoprenel Elastomer (Xlinked) 95-100 Semicrystalline s s s

Chloroprene

Notes: NIA= Not Available; N=Normal (Average); S=Sensitive(more than Average); DR=Dose Rate Effect.
* Better than Neoprene.
** All values are approximate and vary with the polymer's formulations.

6.2.1 Near Infra-red Reflectance (NIR)

NIR spectroscopy (Ref. 6.21) has been applied to the characterization of polymers as a result of light
absorption of organic molecules. NIR spectra arise from overtones or combinations of overtones of the
fundamental vibrations that occur in the near infra-red regions of the spectrum, and hence, the technique is
complementary to infra-red (IR) and Raman spectroscopy and has found some limited applications for polymer
analysis. NIR has the advantage of relatively simple sample preparation. Glass has a low absorption in the
near ifra-red region, so glass sample holders may be used (e.g., optical fibre probes can be used for in situ
samples). Much thicker samples, up to about 10 mm, also may be used. In addition, since most of the spectral
lines detectable in the NIR arise from vibrations of hydrogen-containing bonds, hydrogen-free solvents such
as CCI4 may be employed without difficulty. NIR is sensitive to subtle changes and easily reproduced spectra
contribute to the analysis of large numbers of components simultaneously. This feature makes NIR attractive
for cable insulation systems which contain several additives in the polymer's formulation. The IR peaks are
narrower than those in NIR, so that the FTIR's are designed with narrow band passes to give high-resolution
discrimination of wavelengths. The tradeoff in the case of NIR is lowered resolution in the absorbance spectra.

The interrelationship of various side-groups with the main structural backbone of the substance can provide
a better correlation with changes in physical properties than can the vibration of the mid-IR range. As with
FTIR, strong NIR absorbers include species such as C-H, O-H, N-H, C=0, =C-H, COOH, and aromatic
C-H groups. Some of these functional groups, namely, C=O, O=H, and COOH are formed as components
of cable insulation and jackets age. For the NIR technique to be effective, an equation to predict chemical
degradation involving single and multiple variable analysis must be run on a set of well-characterized
calibration samples having accurately known aging periods. The NIR reflectance equipment can be made
portable using a fibre-optic probe, and lends itself to in situ cable monitoring.

This CM technique (with the potential of future use in situ) is in its development stage at Ontario Hydro (Ref.
6.22). A Quantum 1200 NIR analyzer configured for the NIR region (1200-2400 nm) equipped with a fiber
optic reflectance probe and Spectra Metrix software routines was used to study nine PVC jacketed cables aged
at 1 10°C from 28 to 138 days. Each sample was scanned at three locations by pressing the fiber-optic probe
against the jacket surface. The transmittance spectra were obtained using the Quantum 1200 NIR analyzer,
and the values converted to absorbance spectra by taking the negative logarithm shown in Figure 6.1. To
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remove the effects of a constant baseline shift, the first derivative (slope) of the absorbance spectra is plotted
as a function of wavelength, as illustrated in Figure 6.2.

Various regions of the spectrum correlated well with aging time. Specifically, the region between 1640 and
1650 nm experienced a distinct change in absorbance values with aging rates. Figure 6.3 illustrates the
relationship between wavelength and the first derivative of absorbance with aging. Figure 6.4 compares the
resulting correlation between this first derivative of absorbance in the above wavelength region with percent
elongation for various aging times. The accuracy of the calibration curve was evaluated using two aged cable
samples. For these two unknown samples, NIR analysis predicted 28-38 days and 120-141 days of aging,
compared with actual durations of 40 and 124 days, respectively. These results indicate that the NIR technique
can indicate the extent of PVC jacket aging.

The IR reflectance spectrum obtained is only from a thin surface layer of the cable material, which may not
be representative of the state of degradation of the bulk of the material. Also, data are limited to the
immediate area of the probe. The technique is not likely to be sensitive to the cable's geometry. Construction
calibration curves would be required for each material in the cable.

6.2.2 Computed Tomography (CT)

Computed tomography (also known as computed X-ray tomography or computer-assisted tomography(CAT))
has been used almost exclusively for medical purposes. It is a non-destructive examination (NDE) which can
detect and locate defects, the presence of which might have a deleterious effect on the service life of the cable.
The technique also can monitor density changes (or cross-link density gradients) in both insulation and jacket
materials. The measurements can be quantified in terms of the Houndsfeld CT number which is proportional
to the X-ray attenuation through an object. The CT number is represented by the gray scale of an X-ray
image. For organic and polymeric materials, there is an approximate linear relationship between the CT
number and the material's density.

Thermo-oxidative degradation of thick-walled rubber materials has been studied by researchers at the Royal
Institute of Technology in Sweden (Ref. 6.23) who compared results obtained from the CT, IR, and Swelling
measurement techniques to understand diffusion-controlled oxidation, embrittlement of the exposed surface,
and anaerobic aging of the interior of the rubber. Both CT and IR spectroscopy successfully revealed
oxidative aging in the surface; however, they did not show thermal degradation in the bulk. Also, it was
difficult to measure the degree of oxidation from swelling, due to the appearance of both oxidative crosslinking
and oxidative scission. However, swelling successfully indicated thermal degradation.

The CT method also was used by the same group to detect imperfections and to measure cross-link density
gradients in polymeric products, such as airplane tires, and rubber shock-absorbers (Ref. 6.24). Figure 6.5
shows the relationship between bulk density and cross-link density. These results are in good agreement with
the results obtained using wet chemical methods (based on the well-known fact that cross-linked rubber
material does not dissolve but swells to different degrees in different solvents, such as hexane, heptane,
toluene, and methylene chloride). When the CT numbers of the different test pieces were measured with a
Siemens Somatom DR CT scanner, the results plotted in Figure 6.6 show a direct correlation between the CT
number and the bulk density.
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figure 6.5 Bulk density vs cross-link density for peroxide-cured synthetic natural
rubber (Ref. 6.24 Redrawn for clarity)

Reproduced with permission from Mr. Ghassan Rassam, Director of Publications, Optical Society of America.
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Work on density and modulus-profiling for EPR-2 material using this method showed excellent similarity with
SNL's profiling techniques (Ref. 6.25). Figure 6.7 illustrates the density profiles of this material, and Figure
6.8 shows the good correlation of the density measurements with CT numbers. Comparing this sensitivity to
the approximate correlations found between density changes and elongation changes indicates that CT
techniques may be a viable non destructive approach for monitoring power-plant cables. At this time, this
methodology has not received attention among U.S. researchers, and further studies are necessary before it
can be used on cables in plants. Since this method requires an X-ray source and a detector, currently it is used
as a laboratory tool.

6.2.3 Sonic Velocity

This technique is based on the principle that the speed of sound through a solid medium (metals, polymers,
composites) is related to both density and elastic modulus:

C2 = E/p
where, C Sonic velocity

E = Elastic modulus
p = Polymer density.

Since both modulus and density can change as cable material age, changes in sonic velocity also would be
expected to occur. At Ontario Hydro, sonic velocities are measured using an H.M. Morgan PPR-5M Dynamic
Modulus Tester (Ref. 6.22). The instrument uses "transmit" and "receive" piezoelectric transducers which
are placed in contact with the surface of the cable's jacket at various distances apart. A microsecond timing
circuit, gated in parallel with the transducers, measures the time required for a continuous series of recurring
20 KHz pulses to travel along the jacket's length between the probes. Signal transit times are displayed on a
TEKTRONIX 221A digital oscilloscope as a displacement on the time axis between peaks associated with the
"emitted" and "receive" signals. The transit time subsequently is plotted as a function of transducer separation
distance (incremented successively by I cm) to obtain the slope which represents velocity.

This technique is at its early stage of development at Ontario Hydro. Measurements have been made on a
series of PVC-jacketed cables and on strips of jacket material cut from the cables. Figure 6.9 shows the
longitudinal sonic velocity obtained on them as a function of aging time. Comparison between the data showed
that the technique depends on the cable's geometry and adjacent shielding and insulation components (see
Figure 6. 10a). The magnitude of the sonic velocity also varies considerably with different formulations of
PVC. Therefore, base-line data would be required for each type of cable. Similar results are obtained when
the sonic velocity data are plotted againstthe density (Figure 6.10b). When plotted against the jacket modulus
in Figure 6. 1Oc, the results are independent of jacket's formulations.

The sonic-velocity test measures the properties of the cable jacket over a small volume between the transducer
probes. At present, the technique is more suited to laboratory evaluation than field use, but its high sensitivity
to aging degradation indicates that it has potential for in situ application. However, the rate of change with
age in the material may not be sufficient to monitor degradation.
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6.2.4 Fourier Transform Infra-red (FTIR) Spectroscopy

As discussed under NIR spectroscopy, changes in the infra-red spectrum of polymers are known to occur with
aging, primarily in functional groups such as carbonyl (C=O), hydroxyl (O=H), and carboxyl (COOH). An
alternative to reflectance measurements in-plant is to take samples from the cable's material and measure the
IR spectrum in the laboratory. Such samples usually would be scrapings or slivers of material cut from the
surface, but sufficiently small to not affect the operation of the cable. When polymers like XLPE and EPR
are oxidized (thermally or irradiation), a strong carbonyl peak becomes evident at about 1720 cml in the IR
spectrum; therefore, its appearance can indicate deterioration of the insulation. However, detecting the
carbonyl groups generated due to oxidation aging is not a simple procedure as unaged materials also can
display absorption peaks in the 1700-1750 c region. These peaks have been attributed to the presence of
antioxidant additives, such as Irganox and Thio esters, which exhibit a strong ester band at 1742 cf'. The
by-products from high-temperature crosslinking reactions with dicummyl peroxide exhibit peaks at 1724 and
1710 cm which also can interfere.

Figure 6.11 shows the FTIR spectra for FRXLPE specimens irradiated to different doses (Ref.6.26). Peaks
centered at 1740 cm' and 1720 cm ' were typical of the irradiated specimens. Variation of the intensity ratio
is plotted in Figure 6.12 as a function of dose rate, for specimens irradiated in air. Figure 6.13 gives similar
results (Ref. 6.27) on thermal aging of this material. A long induction time for the formation carbonyl groups
was observed. It is evident that an increase of 10 C in the aging temperature reduces the induction time by
50%. This method has successfully indicated similar spectra (with long induction period) for SBR and
polypropylene materials. For EPR, the results show changes in the carbonyl region only for specimens
irradiated above 100 Mrad, regardless of the irradiation environment or dose rate. Therefore, it does not
appear to be sensitive in detecting oxidation of stabilized FREPR insulation materials irradiated to less than
100 Mrad. Similarly, the PVC samples irradiated to 100 Mrad did not have any distinguishable differences
in the FTIR spectrum compared with the unaged specimen.

IR spectra taken from samples are limited to the surface layers of the cable jacket unless exposed insulation
is accessible. The depth of material sampled is greater than that for in-plant IR reflectance measurements,
but may still not be representative of the bulk material. The technique is limited to those parts of the cables
that are accessible for sampling and is not very sensitive to the later stages of degradation. Furthermore, a
skilled engineer must interpret and evaluate the FTIR spectra.

6.2.5 Solubility Measurements (Gel Content and Swelling Ratio)

Solubility (gel content) and swelling measurements can indicate whether a polymer has undergone chemical
reactions (chain scission or cross linking). In a cross-linked system, when a polymer undergoes additional
crosslinking, the gel content increases and swelling ratio decreases. Chain scission has the opposite effects.
In an uncrosslinked system, the inil soluble polymer will become less soluble in the presence of an oxidative
cross-linking reaction.

These methods typically are used in various laboratory studies on polymer degradation (ASTM D2765). About
100 mg of material is exposed to boiling solvent for 12 hours in these tests; the solvents used are Xylene for
XLPE, Toluene for EPR, SBR, and BR, and Tetrahydrofuran (THF) for PVC. After extracting the insoluble
fraction in the solvents, excess solvent is removed from the surface, and the insoluble part is weighed at room
temperature. Then, the sample is dried and weighed again. Gel content and swelling ratio are calculated.
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Figure 6.11 FTIR spectra for XLPE (a) unaged; irradiated at 60 eC at dose rate 0.6
Mrad/hr to (b)15, c) 30, (d) 60, and (e) 120 Mrad (Ref. 6.26)

Reproduced with permission from Mr. D.1.R. Dodd, Ontario Hydro Technologies, Canada.
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Figure 6.14 Swelling ratio for FREPR (Ref. 6.26)
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The swelling ratio of FRXLPE and FREPR can be used to determine whether chain scission or crosslinking
has occurred (Ref. 6.26); chain scission increases the swelling ratio, and crosslinking reduces it. Figure 6.14
shows the swelling ratio versus radiation dose for the FREPR specimens. On irradiation, under 300 psi (in
oxygen atmosphere) the swelling ratios increased from 300%, indicating that chain scission had occurred.
Irradiation in air at 0.7 Mrad/hr lowered the swelling ratio for both these materials, indicating that the
predominant degradation mechanism was crosslinking.

The gel content of XLPE specimens as a function of aging and temperature is shown in Figure 6.15 (Ref.
6.27). The results follow the same pattern as the carbonyl absorbance values in Figure 6.13. There was an
induction period followed by a sharp increase in values. The increase in the gel content during the auto-
oxidation period reveals that crosslinking was occurring. For EPR specimens, the gel content remained
unchanged at 83 % during aging suggesting that it is not a sensitive indicator of thermal aging. This also is true
for XLPE and SBR, which originally have gel contents in excess of 80%. In these systems, only
measurements of the swelling ratio show changes with aging.

PVC specimens irradiated in an oxygen atmosphere were completely soluble in THF indicating there was no
crosslinking (Ref. 6.26). However, specimens irradiated in air became more insoluble with increased dose
rate and total dose (see Figure 6.16). The gel fraction or crosslinking of specimen irradiated at 0.02 Mrad/hr
increased at a very low rate, reaching 5 % at the total dose at 80 Mrad. At the higher dose rates of 0.1 and
0.7 Mrad/hr in air, crosslinking was the predominant reaction, and its extent increased with increasing dose
rate.

6.2.6 Oxidation Induction Time (OIT)! Temperature Under Pressure

Using a differential scanning calorimeter (DSC), the time taken to the onset of exothermic oxidation at constant
temperature can bemonitored. In an OIT test, a small sample (-2-10 mg) of material is placed in a DSC and
exposed to a constant temperature in the region 180-215oC in an oxygen atmosphere until an exothermic
reaction occurs. This oxidation-induction time indicates the oxidative stability of the polymer and decreases
as the antioxidants in the polymer are depleted. OIT values decrease rapidly with increasing radiation dose
as well as increasing thermal aging, showing that OIT measurements are sensitive to both thermal-and
radiation-induced oxidative degradation.

At Ontario Hydro, this technique was used for thermally aged specimens of XLPE and EPR samples (Ref.
6.27). Figures 6.17 and 6.18 compare the OIT values at 200°C, after aging at the temperatures shown. For
unaged XPE and EPR, the On's were 65 min and 45 min, respectively. The figures show that the induction
period decreased rapidly during the initial aging period before falling more regularly. It was concluded that
the OIT measurement is the most sensitive indicator of oxidative degradation during the induction period. The
technique also was used for radiation aging samples and similar trends were exhibited in the OIT values. The
study also claims that a good correlation was found between elongation values and OIT values for several
XLPE and EPR insulations obtained from different manufacturers.
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At the University of Virginia, this technique was used for the same two materials under radiation aging
conditions (Refs. 6.28 and 6.29). Figures 6.19 and 6.20 show the observed variations of normalized OIT
(i.e., ratio of aged and unaged OIT values) with radiation dose. The study also correlated OIT with
antioxidant concentration. The variation of antioxidant concentration with a constant dose rate was linear,
consistent with oxidation reaction kinetics. At present, the work is being continued to standardize the
methodology for field application, to correlate the OIT values with other measurable parameters, and to
investigate the effects of thermal degradation.

A variant on the OIT technique is to use oxidation-induction temperature (instead of time) (Refs. 6.30 and
6.31). This temperature is that at which exothermic reactions start as the temperature of a sample is raised
in a constant atmosphere of oxygen. This method is more useful than OIT for elastomeric insulations, such
as SBR and butyl rubber. Figure 6.21 compares the temperature values with the tensile properties of a SBR
sample, showing that there is an excellent correlation between them.

As with any microsampling technique, only the properties of the surface layer samples are measured which
may not be representative of the bulk material. Further studies on other jacket materials are needed to assess
its effectiveness on all cable materials.

6.2.7 Plasticizer Content

This is a useful technique for assessing the degradation of PVC material exposed to thermal aging. The
plasticizer content is an important factor in determining the usability of PVC insulations, and the volatility rate
of the plasticizer governs its longevity. The plasticizer content of PVC insulations is generally between 20-
30%, by mass; a content below 15% indicates that the cable has undergone thermal degradation. Figure 6.22
gives the plasticizer content (Ref. 6.30), obtained 100-200mg specimens in boiling ethyl ether, for a typical
PVC insulation as a function of aging at 120°C, and compares the results with the tensile properties of the same
material. During the early stages of the aging, both are directly correlated. In the final stage, the plasticizer
content basically remained unchanged, whereas elongation decreases further. This behavior indicates that
during the later stages, the degradation mechanism is probably controlled by oxidation and dehydrochlorination
rather than loss of plasticizer.

Ontario Hydro has used this technique extensively with good results to assess field service cables. By contrast,
for radiation exposure, there was no direct relationship between plasticizer content and physical degradation.

6.2.8 Differential Scanning Calorimetry

Experience has shown that one common mode of failure of cable insulation in nuclear power plants is
thermally induced oxidation degradation which embrittles the insulation, leading to cracking and loss of
dielectric strength. Use of a differential scanning calorimeter (DSC) to measure OIT and other indicators
(such as melting point, crystallinity, and glass transition temperature) has yielded useful results for monitoring
as well as understanding the polymer behavior under thermal conditions. Ontario Hydro and University of
Tennessee have studied some interesting characteristics of polymer behavior and have detected changes in
certain physical parameters.
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Degree of Crystallinity

Figure 6.23 shows the crystallinity index of XLPE samples obtained from heat-of-fusion measurements (Ref.
6.27). The original index of 33 % increased slightly during the induction period for samples aged at 120°C and
130°C, and then decreased steeply. The initial increase can be attributed to the alignment of the lamellae
crystallites by an annealing (i.e., aging) process. During auto-oxidation, the lamellae crystallite regions are
disrupted and the crystallinity index decreases. These results show that the degree of XLPE thermal aging can
be estimated on the basis of changes in the degree of crystallinity. For EPR, the degree of crystallinity was
very low (5-10%) and did not change with aging, and consequently, cannot be used as an indicator of
degradation.

Melting Behavior

Melting endotherm curves of aged and unaged XLPE specimens are shown in Figure 6.24 (Ref. 6.27). For
unaged XLPE, (Figure 6.24a) there is a major broad endotherm at 120°C. For the sample aged at 130°C for
71 days (Figure 6.24b), a new high-temperature, minor endotherm at 133°C is apparent. For the sample aged
at 130°C for 102 days (Figure 6.24c), the major endotherm originally at 120°C has shifted to a lower
temperature.

The peak melting temperatures are plotted against time in Figure 6.25. The position of the high-temperature
minor endotherm peak gradually increases during the induction period, and during auto-oxidation it increases
by another 5°C-10°C for samples aged at 120°C and 130°C. At aging temperatures (i.e., 1300C) above the
melting point of 120°C, the minor endotherm was not evident initially but appeared after 35 days. Aging at
140°C did not produce a minor endotherm.

Throughout the aging period at 1200C and after 5 weeks at 130°C (Figure 6.25a), the appearance of the high-
temperature minor endotherm peak suggests that a soluble, low-molecular-weight fraction crystallized and
formed thicker crystals that melted at elevated temperatures. During auto-oxidation, the low-molecular-weight
fraction phase appears to separate from the crosslinked network and form further perfect crystals that melted
at a slightly higher (5-10°C) temperature.

An important feature of the melting behavior is reflected in the variation of the melting temperature of the
major endotherm at 120 0C (Figure 6.25b). This peak remains essentially unchanged during the induction
period at all three aging temperatures. Since the melting temperature of a crystalline polymer is an index of
the lattice perfection, the decrease in the melting temperature and crystalline index during the auto-oxidation
period is due to the destruction of crystalline lamellae as a result of increased crosslinking of the polymer.
The study concluded that the systematic appearance of the high-temperature minor endotherm peak and its
dependence on the aging temperature (below 140°C) indicate that the maximum temperature to which an XLPE
insulated cable has been exposed during service can be determined.

The formation of a minor endothermic peak depended on the aging temperature. Exposing the XLPE to at
least 20°C above its melting temperature of 120°C destroys the thermal history, thereby eliminating the minor
endotherm peak. Quenching the sample in cold water brings the polymer to its original crystalline structure,
i.e., the structure of an unaged sample. The same applied to EPR, which has a melting point between 60-
90C. A detailed study on several aged cable materials (which had not reached the auto-oxidation stages) was
made at the University of Tennessee and is discussed next.
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Figure 6.23 Crystallinity of XLPE as a function of age (Ref. 6.27)
Reproduced with-permission from Mr. D.J.R. Dodd, Ontario Hydro Technologies, Canada.
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Reproduced with penmission from Mr. D.J.R. Dodd, Ontario Hydro Technologies, Canada.

NUREGICR-6384, Vol. 1

:1

6-26



Fingerprinting the Thermal History

The presence of a crystalline phase in the insulation renders the material sensitive to changes in temperature,
and the effects of such changes are recorded in the crystal (Ref. 6.32). Hence, a simple study of the
crystalline phase (e.g., melting) permits the annealing information to be retrieved. Unlike metals and pure
organic compounds of low molecular weight, polymers tend to exhibit melting ranges rather than single
melting points. Consequently, the temperature reached during the manufacture of cable, or the temperatures
during storage and service leave a fingerprint on the melting range. This thermal fingerprint can be exploited
to estimate the temperature history of a cable in a power plant, and to a certain extent, the amount of time at
particular temperatures. The only necessity is that one of the components of the polymeric insulation or jacket
material is semicrystalline; hence, the technique can be applied to most cables. The major limitation of the
method is that polymer retains the thermal history of its last maximum temperature excursion, together with
all subsequent events in descending order of environmental temperature, but not any earlier events involving
temperatures lower than the maximum excursion.

The melting curves for several cable materials received from SNL and the University of Connecticut (UConn)
were studied by University of Tennessee using a Perkin Elmer DSC7 calorimeter. Figure 6.26 is a typical
melting curve of an XLPE material exposed for 142 hours at 50°C. Compared to its unaged curve, a new peak
has appeared at about 65`C, which contains information on the temperature reached and the dwell time there.
The size and location of the new peak depend on this dwell time. Figure 6.27a shows the curve which resulted
from subtracting the unaged material from that of the curve of the annealed (or aged) material. Figure 6.27b
is the derivative of the subtraction plot (these operations typically are carried out by the DSC unit's internal
computer program). Figure 6.28 illustrates various characteristics of these curves.

It is apparent that this information can be obtained through a simple program of heating and cooling in a DSC.
The procedure is: (a) the weighed (5-10mg) specimen is heated at 100Clmin up to 1500C to obtain its melting
curve; (b) the melted specimen is cooled at 40°C/min to -20°C to quench-crystallize; 0 the specimen is reheated
at 10°C/min to determine the melting curve of the quenched specimen; (d) curve 0 from curve (a) is
subtracted; and (e) the derivative of the subtracted curve is obtained. The data from these curves are further
used to develop empirical mathematical analyses of the kinetics of the annealing processes in all of the
materials studied. The technique was applied to a number of XLPE and EPR samples from the University of
Connecticut and the results were compared with the UConn findings; there was a good correlation between
the two different assessments of thermal properties.

Most cables are made from three basic classes of polyolefins, namely polyethylene (PE), ethylene-propylene
copolymers (EPR), and ethylene-propylene terpolymers (EPDM). The common polyethylene (high density
or linear, and low density) have been studied fairly thoroughly in both their original and crosslinked forms.
The melting behavior of XLPE is well known, and ranges from 0°C to 1060C. The EPR comes as either
amorphous or 20% crystalline with melting points between 50°C-60°C. Because of this lower melting range,
it is more likely to suffer thermal aging at the temperatures normally encountered in power plants. In EPDM
formulations, some are totally noncrystalline and others have different levels of crystallinity. Their melting
characteristics are similar to that of EPR. This study also included the crystallization behavior of EPR and
EPDM. Although many polymers are blended with others and additional ingredients, such as fillers, and then
crosslinked, it was found that the basic annealing behavior was not substantially altered by blending, and
essentially, a rule of mixtures approach could be used.
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Reproduced with permission from Mr. D.J.R. Dodd, Ontario Hydro Technologies, Canada.
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Figure 6.27 (a) Substraction curve (b) Derivative of the substraction curve (Ref. 6.32)
Copyright C 1992. Electric Power Research Institute. EPRI TR-101205. Fingerprinting the Thermal
History of Polymeric Materials. Reprinted with Permission.
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Figure 6.28 Nomenclature used in describing the substraction curve (Ref. 6.32)
Copyright e 1992. Electric Power Research Institute. EPRI TR-101205. Fingerprinting the Thermal
History of Polymeric Materials. Reprinted with Permission.
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Table 6.5 summarizes the results which show the usefulness of the technique when there is no prior knowledge
of the thermal history of cable materials. When the technique was applied to the jacket materials of all
samples, the only ones that indicated some crystallinity were the three Eaton and one Okonite cables. These
jacket materials had melting peaks between 45°C-60°C.

Table 6.5 Thermal Behavior of Some Cable Insulation Materials (Ref. 6.32)

Maior Endotherm Peaks Minor Fndotberm Peaks
Aged Unaged Aged Unaged

Manufacturer Descriptions C C °C °C Comments
Eaton Dekoron Polyset Blend of 2 or more
(Samuel Moore) Triple.Strand wlJacket 70, 90,48(J) 80, 68(J) 40, 60 None Polyolefins
Eaton Dekoron 21C 600V Xinked LDPE plus
(Samuel Moore) Double Strand w/Jacket 110, 44(J) .110, 68(J) 40, 70 None Minor EPRIEPDM
Eaton Dekoron 2/CD 600V
(Samuel Moore) Triple Strand w/Jacket 110, 54(J) 110 None None
Rockbestos 3/C 600V FLrewall m Xlinked LDPE and

Triple Strand w/Jacket 122 106,120 75,105, 115 None HDPE
BIW 600V 2/C EPR/11YP EPR + LDPE(hyp)

Double Strand w/Jacket 84 86 40,60 None
BIW Tefzel

Singte Strand w/Jackct N/A N/A N/A N/A Noncrystalline
Anaconda Flame Guard IkV

Triple Strand w/Jacket 90 91 30,70 25
Anaconda M Durasheath EP 600V

Single Strand w/Jacket 90 91 30, 70 25
Okonite PLT Okolon C/T 600V

Single Strand w/Jacket N/A, 61&50(J) N/A N/A N/A Noncrystalline
Okonite EPR Okoprene 2000V

Single Strand No Jacket N/A N/A N/A N/A Noncrystalline
Okonite FMR

Single Strand No Jacket 57, 90 None 40 None
NOTES: N/A=Not Applicable, J = Jacket Material Behavior

6.2.9 Thermomechanical Analysis (TMA)/ Thermogravimetric Analysis (TGA)

The TMA method measures the thermal expansion coefficient, and is sometimes used to determine the location
of the glass-transition temperature. Ontario Hydro used this technique to measure relative hardness in terms
of TMA penetration distance into the cable's insulation and jacket materials (Ref. 6.27).

In Figure 6.29, the relative hardness values, measured in terms of TMA penetration distance, are plotted as
a function of aging time for EPR samples aged at 1450C, 130°C, and 115°C. The penetration distance initially
decreased slowly, falling approximately 25% after aging for 50 days at 145°C, 173 days at 1300C, and about
500 days at 115°C. Further aging caused a dramatic drop over a shorter period. This steep change can be
related to the effects of thermal degradation on other properties, such as carbonyl index and OIT; The
technique also was valuable for thermally aged PVC; however, it did not show significant differences for the
XLPE specimens. The study developed a criterion of a 40% reduction in the initial penetration distance (i.e.,
60 jsm) as the end of life for the cable materials tested; this correlates well with 50 % absolute elongation.
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'With the TGA, the mass of the sample is recorded continuously while the temperature is raised at a constant
rate. Weight losses occur when volatiles absorbed by the polymer are driven off, and at the higher
temperatures when degradation of the polymer occurs with the formation of volatile products. The design of
the equipment is most exacting, not only because the weight losses to be measured are very small, demanding
a precision weighing mechanism, but also because of the need to avoid convective forces within the heating
chamber and because of the changes in the density of the gaseous environment. It is important to ensure that
volatiles do not condense on the weighing apparatus, and also to control the atmosphere when this affects the
process of degradation.

At JAERI, small amounts of samples (usually 4-5 mg) were used in their TGA experiments (Ref. 6.33). The
thermal decomposition temperatures of unirradiated and irradiated PVC samples were measured in an gas
atmosphere at a temperature rise of 10°C-20 C/min. Figure 6.30 shows the thermal decomposition behavior
of the unirradiated (original) and irradiated (aged) samples. -A significant change in TG curve was observed
between 200°C-300°C, and irradiation causes the starting point of thermal decomposition to shift to a lower
temperature. Temperature at which weight decreases by 5 % (expressed as T5 %) significantly changes with
irradiation. Figure 6.31 shows the linear relationship of this data to the elongation properties, which suggests
that radiation degradation in PVC is primarily due to a change in chemical structure.

6.3 Methods for Monitoring Physical Properties

The physical (and mechanical) properties of the insulation and jacket materials used in constructing cables
change with age in nuclear power plants. These changes are manifested by the chemical degradation discussed
in the previous section and are directly due to the enviromnental influences. Also, physical abuse during
transportation, installation, and maintenance can often reduce the condition of cables. However, monitoring
these abuses requires an effective quality assurance program rather than a test program, although often, the
physical deterioration of cable materials is accelerated by enviromnental influences when there are pre-existing
conditions (e.g., cuts, sharp bends, contamination).

Traditionally, tensile properties such as elongation and tensile strength, have been used to assess the
embrittlement of polymers under thermal and radiation conditions. - Several other methods, including
compression, bending, twisting, hardness, and elasticity, yield parameters which can be trended with age of
the polymers. Since one of the modes of polymer degradation includes a physical process (i.e., diffusion-
limited oxidation), several profiling and polishing techniques are discussed to determine the heterogeneity in
tensile or density properties across a specimen's cross-section. Table 6.2 lists all the test methods that are
used in various researches related to measuring the physical condition of cables. The following section
discusses the merits and demerits of several procedures used in the power industry.

6.3.1 Tensile Property (Elongation-at-Break and Tensile Strength) Measurements

Tensile strength and elongation tests are performed in accordance with ASTM D2633-82, using a tensile testing
machine (e.g., Instron Model 1130) equipped with pneumatic grips and having an extensometer clamped to
the sample. Special tensile specimens (dumbbells for larger cables or cylinders for smaller cables) of the
insulation or jacket materials without the copper conductor are needed for these tests. Because of the
difficulties in removing these conductors from an aged cable, samples of the polymeric material alone typically
are obtained directly from the manufacturers or they are prepared before exposing them to thermal or radiation
conditions. Sometimes these samples are installed in plant's known hot spots to monitor the aging of
neighboring cables. These tests are destructive, and therefore, many samples are required if tests are
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conducted regularly. Furthermore, for statistical purposes 3-5 samples often are tested at each time to obtain
an average value.

Figure 6.32 illustrates the results of ultimate tensile elongation for thermal and irradiation conditions (Ref.
6.30). Under thermal aging, the insulation exhibited a long induction period (Figure 6.32a), during which the
elongation remained almost unchanged, followed by a sharp decrease. The results for PE, SBR, and EPR
were very similar. By contrast, Figure 6.32b showed a gradual decrease in values with irradiation dose for
XLPE. The aging performance of butyl rubber differed substantially (Figure 6.33a) from that of other
polymers. Within 40 days of aging at 105°C, butyl rubber lost 40 % of its original elongation. During the next
400 days, the elongation value remained nearly constant, but then was followed by a rapid decline, presumably
when rubber started to depolymerize. Thus, elongation is not a good aging indicator for this elastomer.
However, the tensile strength showed a gradual decrease to zero after 390 days (Figure 6.33b). Similarly,
the elongation of PVC had no induction period but steadily decreased with time.

Diffusion-limited oxidation in certain elastomers has caused difficulties in interpreting the tensile properties
in terms of Arrhenius plots (Ref. 6.34). The elongation data confirm this finding, while the tensile strength
data show clearly a non-Arrhenius behavior. Further investigations indicated that the heterogeneity in modulus
profiling caused this discrepancy even both elongation and tensile strength data were taken from the same
experiment.

6.3.2 Indenter Modulus

The Indenter is a non-destructive device that measures the compressive modulus of jacket and insulation
materials of electric cables (Refs. 6.35-6.37). The modulus is determined by pressing a probe of known shape
against the wall of the cable at a fixed velocity (0.5 in/min) while measuring the force. The test is terminated
when a preset force limit (generally 2 Ibs) is reached. The modulus is calculated by dividing the change in
force by the change in position during the inward motion of the probe. The indenter is limited to
measurements on jackets except where the insulation is exposed (e.g., panels).

Measurements of the compressive modulus can be used for tracking the aging of materials in which this
property changes in proportion to the cumulative effects of thermal and radiation stress. This method was
effective for EPR, CSPE, PVC, Neoprene, butyl rubber, and silicone rubber. For XLPE, this method is less
useful. However, a recent Swedish study (Ref. 6.38) developing a methodology of manipulating experimental
data (including indenter modulus data) to derive the activation energy for degradation gave some good indenter
data for Rockbestos XPE and EPR insulation material. If a jacket is used, the Indenter value must be related
to degradation of the insulation.

Figure 6.34 shows typical results of measuring the thermal aging Indenter modulus for the jacket of the
Okonite Okolon. The modulus values measured with the portable indenter must be corrected for temperature
to obtain comparable data to plant environment. The amount of correction required varies with the aging of
the cable material (Figure 6.35). In situ tests of the unit in a nuclear power plant demonstrated that it can be
used in plants to test cables in trays, panels, and junction boxes, provided that about 3 inches of exposed cable
are accessible. The method has yielded good results on cables degraded under radiation (Ref. 6.39).
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Figure 6.29 Relative hardness in terms of TMA penetration for EPR (Ref. 6.27)
Reproduced wii permission from Mr. D.J.R. Dodd, Ontario Hydro Technologies, Canada.
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The Indenter can only measure the properties of the cable over a limited area in the vicinity of the probe. The
indenter modulus shows marked variation if the thickness of the jacket is variable, increasing as the thickness
decreases. Extensive baseline data would be required to cover the range of cable materials and constructions
used in nuclear power plants. Since the jacket materials tend to degrade more rapidly than the insulation,
indenter measurements can give an early warning of a cable's deterioration.

6.3.3 Torque Tester

The degradation of jacket materials also can be determined using a torque-strain response method (Ref. 6.33).
A pair of chucks are used to grip the outside of the cable, and a small-angle torque, in the range ±5 to ± 10,
is applied to one of the chucks at up to 2 Hz. A prototype apparatus for such measurements was developed
in Japan. Preliminary data on the behavior of XLPE insulation with PVC jacketed (known as CV) cables was
used to study the test parameters from this equipment. In both as-received and aged cables, the torque values
increased linearly with the applied torque angle up to 10° (Figure 6.36). At higher torque angles, components
other than the jackei material will significantly contribute to the values. For non-destructive purposes, a
maximum of 100 torque angle was recommended. The effect of the length of the cable between the chucks
also was investigated. The optimum length between chucks is 50 mm for PVC cables. At shorter lengths,
the measured response strongly depends on the insulation, conductors and any shielding components, whereas
with increases in cable length, the sensitivity of the torque-strain response decreases.

There is a strong correlation between the torque values measured using the prototype tester and elongation at
break, both for thermally aged materials and for cables subject to sequential radiation and thermal aging
(Figure 6.37). A linear relationship between elongation and torque was found over a wide range of elongation
values. Deviations from this linear relationship were observed when heterogeneous oxidation occurred in the
accelerated tests. The torsion test is a measure of the bulk properties of the jacket material, whereas
elongation-at-break is determined by initiation of cracks in the more highly oxidized surface layer in the jacket
material. In most cable applications in nuclear power plant, homogeneous oxidation is likely to occur.

JAERI in Japan is developing a portable version of the torque tester which could be clamped onto sections of
a cable and would enable data to be taken non-destructively on accessible lengths of cable in situ. Since torque
values will be significantly affected by differences in a cable's construction and geometry, baseline data for
a wide range of cable types are needed. If the environmental conditions in a plant cause heterogeneous
oxidation, the technique would underestimate the degradation of the jacket material.

6.3.4 Flexure Tests

In flexure test, the cable is physically bent by hand to examine its flexibility visually. A cable that flexes easily
probably is fine. Cracking of the jacket does not necessarily imply that all such cables would fail. This
method probably reflects a qualitative assessment of the cable's insulating system. No studies correlating
flexure data with other parameters were found.
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6.3.5 Profiling and Polishing Methods

SNL used the elastic modulus, density, and hardness-profiling methods, as well as polishing the cross-section
of a specimen to study the uniformity of the aging process within cable materials. -The results from any of the
profiling methodologies show the distribution of the parameter (elastic modulus, density, or hardness) across
the cross-section of the specimen. This distribution indicates that the values of these physical parameters can
be heterogeneous under diffusion-limited oxygen degradation. By polishing a cross section, the variations in
oxidation can be examined visually, from the end exposed to oxygen environment to the other. These
techniques are not easy to carry out and require sophisticated instruments to slice the cable samples and then
test each slice under mechanical testing equipment. Nevertheless, the results can provide a wealth of
information for research, and their usefulness is discussed in greater detail in section 4. Alternatively, the
computed tomography (CT) technique recently proved to yield siinilar profiling results.

Figure 6.38 (Ref. 6.40) shows photographs of a series of samples from the same material cut from a square
sheet, which were irradiated, and then cross-sectioned and polished. The appearance of distinct optical bands
(or rings) suggests strongly heterogeneous degradation for samples irradiated in air at the highest dose rate.
Thus, rings are observable for samples B and C, which were irradiated at 0.67 MradJhr to 165 and 297 Mrads,
respectively. In contrast, samples A, D, and E do not exhibit oxidative rings. A was an unaged sample, D
was irradiated at a lower dose rate (i.e., 0.11 Mrad/hr to 175 Mrad), and E was irradiated in an inert
atmosphere.

Figure 6.39A shows probe penetration profiles showing the changes in relative hardness on cross-sectioned
samples of the EPR material. For unirradiated material, the profile is essentially flat (solid squares). For the
samples irradiated at 0.67 Mrad/hr to a dose of 297 Mrad, a distinct flat-bottomed, U-shaped profile is seen
(open circles). The boundary position between optical bands (Figure 6.38, exhibit C) corresponds to the steep
part of the profile. The irradiated material has become significantly harder (i.e., increased modulus), with
the largest increase occurring at the interior portion where oxygen is absent. Figure 6.39B shows data for an
EPR sample irradiated at same dose rate to a total dose of 165 Mrad. A somewhat shallower profile was
obtained, but with no significant change in the oxygen penetration distance (squares). For a sample irradiated
at a lower dose rate (0.11 Mrad/hr to 175 Mrad), the profile becomes homogeneous showing only a slight,
shallow curvature (triangles). Similar profiles were obtained by this study when the density gradient data were
plotted for the same materials under similar conditions.

6.3.6 Hardness Test and Density Measurements

Hardness is a material's resistance to local penetration. One device used for such measurements is the Shore
Durometer Type A2. SNL used this method for hardness profiling, and considers that field measurements
of this parameter have some correlation to polymer degradation. Figure 6.40 demonstrates the increasing
trend in hardness of CSPE jacket that was irradiated (Ref. 6.16).

Density measurements (ASTM D1505: using density gradient column with water and isopropyl alcohol; ASTM
D792: using displacement method) showed that the density of insulation tends to increase with age due to
oxidation. Thus, as for modulus, the material may be subject to gradients resulting from oxygen diffusion
effects. SNL measured bulk density, along with modulus profiling, to examine the effects of oxygen diffusion
in the samples (Ref. 6.41). Figure 6.41 illustrates the density changes of the same CSPE sample as that
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shown in Figure 6.40 with radiation dose. Ontario Hydro used the former method for XLPE, and latter
method onbutyl rubber, EPR, and PVC (Ref. 6.31). For most insulations, there was a nearly linear increase
in density as a function of radiation dos'e. 'An initial increase,- followed by a decrease in density has been
observed for irradiated XLPE. The increase was attributed to a combination of weight increase by covalently
bound oxygen, and a decrease in volume due to the release of gases. Even small changes in density were
readily detectable, and a change of only 1-2% was significant in terms of degradation. The density results for
XLPE appear to be somewhat more sensitive than elongation (Figure 6.42).

The density values for PVC are plotted in Figure 6.43. It is evident that the change in density differs for PVC
compared to XLPE; no induction period was observed. Similar trends were observed for EPR and butyl
rubber. The density increase in butyl rubber appears to be caused by simple oxidation. For PVC, the initial
increase in density resulted from plasticizer loss. The increase of density in EPR seems to be induced by a
combination of oxidation and depletion of low-nmolecular-weight additives. The TGA results confirmed the
presence of low-molecular-weight additives that evolved at accelerated aging temperatures. The results
indicate a density change in the region of 0.10 glee in PVC, and 0.05 g/cc in EPR is a suitable criterion for
detecting degradation, which corresponds to a reduction of 50% in elongation-at-break data.

6.3.7 Dynamic Mechanical Analysis (DMA)2

In dynamic mechanical analysis, the sample is deformed cyclically, usually under forced vibrations. By
monitoring the stress-strain relationship while changing the temperature, information can be obtained about
the relaxation behavior of the material. Many modes of vibration are possible, but the most popular are
reverse bending (i.e., the double cantilever), axial tension, torsion, and shear. The vibration chosen usually
is sinusoidal, simulating the conditions of terminal cables connected to heavy rotary machines in a plant causing
this part of the cable to harden with age.

Exploratory experiments were carried out using viscoelastic analysis to diagnose the state of degradation of
XLPE, EPR, and PVC insulation material. The dynamic properties of primary interest were storage modulus
(E'), loss modulus (E"), and loss tangent (tan 6). E' is a measure of the elastic deformation of a polymer
network, while E" reflects its viscosit. The elastic modulus E' is expected to be sensitive to crosslinking, and
the loss of modulus E" is more sensitive to scission. Tan 6 (=E"/E') maxima indicate regions of high energy
loss and thereby reflect the motions of various molecular species. By analyzing the temperature dependence
of the viscoelastic loss factor (tan 6), the elastic moduli (E') and the shift in the glass transition temperature
(Tg), radiation induced damage can be assessed.

2 Private Conmmnication with Mr D.J. Stonkus, DJS Associates. Reference report may be available directly from Ontario
Hlydro, Canada. Anandakurnaran, K and Stonkus, D.J., Assessing Radiation Induced Degradation at High and Low Dose
Rates, Ontario Hydro Technologies Report 9l-50-,1991. Figures 6.44,6.45, and 6.46 are reproduced with permission.

NUREG/CR-6384, Vol. 1- 6-39



I _ I : I

CV Cable
(Flame anf Heat Resistant)

(c

oo 7K0

Sequential Aging
.- 'Ie I

T.5 o iY An 1 -U -

Torsion Angle:: :10-

-Torsion Angle: - 5'

- I

4 8 12 16

Torque Value (kg-cm)

Figure 6.37 Correlation of torque value with elongation (Ref. 6.33)

B C D

A: Unirradiated material.
B: 6.7 x 105 rad/h (in air) to
C: 6.7 x 105 rad/h (in air) to
D: 1.1 x 105 rad/h (in air) to
E: 1.1 x 106 rad/h (in vacuum)
All irradiations carried out
sample thickness = 3.15 mm.

165 Mrad.
297 Mrad.
175 Mrad.
to 253 Mrad.
at 700C. Actual
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Figures 6.44 and 6.45 illustrate the temperature-dependence of tan 6 for unaged FREPR and for specimens
irradiated to 20, 60, and 100 Mrad at 0.02 Mrad/hr both in air and oxygen. The changes in the dynamic
storage moduli as a function of temperature are shown in Figure 4.46 for specimens irradiated to 100 Mrad.
The tan 6 spectra exhibits a well-resolved peak in the region of -500C to 0°C, attributable to glass-transition
relaxation, and the position of the Tg peak shifts to higher temperatures on exposure to radiation.
Corresponding shifts in this region also were evident from the modulus plots which, in addition to glass
transition, exhibit the crystalline melting region (20°C to 90°C). By analyzing these plots, the chemical
changes (crosslinking or scission) which contributed to the ultimate degradation of the insulation material can
be postulated. For example, samples irradiated in oxygen at 0.02 Mrad/hr (Figure 6.46) showed no
measurable modulus above 80°C as the samples melted (above the crystalline melting point), thereby indicating
that chain scission had occurred.

The study had found no noticeable changes in properties for XLPE and PVC using DMA. The glass-transition
temperature of PVC and the melting temperature of XLPE remained unchanged. However, above these
temperatures, these two materials showed a difference in storage modulus, indicative of their degradation
mechanisms.

6.4 Methods for Monitoring Electrical Properties

On-site testing of the condition of safety-related cables in nuclear power plants is required to ensure their
continued reliability. Several proven conventional or newly developed methods are available to assess the
condition of shielded cables. Such methods are based on applying ac or dc voltages which can cause
breakdown at a relatively low level only in defective cables, leaving non-defective cables unharmed. Other
methods are based on detecting and locating partial discharge sites upon applying of ac voltages at levels which
are below the cable's rating. Other methods, intended to evaluate the dielectric characteristics of the cable
insulation, such as resistivity, dielectric loss angle (tan b) or permittivity, also are readily available and use
relatively low voltages, generally much below the cable's rating.

For non-shielded cables, the electric field is not uniform because of the lack of grounded outer electrode
(shield). In a metal conduit configuration, for instance, the insulating layer surrounding each conductor is
much thinner than the surrounding air and has a relative permittivity (dielectric constant) of 2.3 or more.
Thus, when a voltage is applied between the conductor and the conduit, most of the voltage is impressed across
the air rather than the cable insulation. Moreover, the portion of the total voltage shared by the cable
insulation can vary according to the angular position of the surface of the insulation, and the radial position
of the cable within the conduit. Efforts are being made to create a uniform conducting surface around non-
shielded cables.

Table 6.3 lists several conventional dielectric tests which include dc tests, high-voltage-power frequency tests,
low-voltage swept-frequency tests, and low-voltage impulse or step voltage tests. All these techniques are well
understood by insulation researchers, and, at least, laboratory-grade instrumentation is available for these tests.
Studies to improve the test configurations to obtain a well-defined ground plane, to correlate the electrical
properties with the morphological changes in the insulation properties, and to detect faults in the electrical
circuits are among some of the electrical tests discussed below.
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Reproduced with permission from Mr. D.J.R. Dodd, Ontario Hydro Technologies, Canada.
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Figure 6.45 Effect of radiation on loss tangent for FREPR (for legend see
Figure 6.44: Except samples irradiated under 300 psi oxygen) (See footnote on page 6.39)

Reproduced with permission from Mr. DJ.R. Dodd, Ontario Hydro Technologies, Canada.
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Figure 6.46 Storage modulus of Irradiated FREPR (a) unaged; (b) 100 Mrad
at 0.02 Mradlhr in 300 psi Oxygen; (c) at 0.7 Mradlhr in Air (See footnote on page 6.39)

Reproduced with permission from Mr. D.J.R. Dodd, Ontario Hydro Technologies, Canada.
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6.4.1 DC Tests (Insulation Resistance and Polarization Index Tests)

Measurement of DC insulation resistance is one of the commonest electrical tests performed on cables at the
time of installation and periodicaUy thereafter. The largest contributors to the initial total current are
capacitance-charging current and dielectric-absorption current; these result from the flow of charged atoms
(ions), and the rotation of molecular dipoles in the material. The ions are trapped on the surface of the
material and contribute to its capacitance but cannot flow out as electrons. Insulations with ionic impurities
or with a molecular structure having polar structural groups wiU have large absorption or capacitance currents.
The leakage current, which includes the conduction current and the surface leakage current, predominates after
the other two components have become insignificant. This leakage current, which is the electrical current that
passes through the insulation, is of particular interest when evaluating the condition of the insulation.

With age and subsequent oxidation, the chemical structure of the polymer insulation can be altered so that its
dielectric properties may change. For example, PE essentially is a non-polar material. However, oxidation
produces relatively large polar side groups in the polymer chains, which can contribute to the loss of dielectric
absorption.

The polarization index (PI) test measures the insulation resistances at one minute and ten minutes after dc
voltage is applied. If the ratio of the readings at ten minutes to one minute (i.e., PI) is less than one, it means
that the volumetric leakage current through the insulation is high. The insulation commonly is cleaned or dried
after low readings. To overcome the strong temperature dependence of the resistance values, PI is generally
used, along with the measurements of insulation resistance.

Ontario Hydro used these methods for aged samples of SBR, PVC, butyl rubber, PE and EPR (Ref. 6.30).
AU these materials were so brittle that they could crack if not handled extremely carefully. The researchers
concluded that both insulation resistance and PI values were totally insensitive to the very advanced
deterioration of the thermally aged insulation.

SNL used these measurements in their recent LOCA testing of a large number of cable materials for life-
extension studies (Refs. 6.42 and 6.43). They performed these tests between the conductor and ground, with
all other conductors connected to ground. Measurements were taken at 3 voltages, 50, 100, and 250 V. They
found the results were independent of the test voltage, similar to many other researchers using these methods.
The study used the variations in insulation resistance measurements (in terms of order of magnitude changes)
in their aging assessment of various insulation materials. Figures 6.47 and 6.48 illustrate the insulation
resistance and PI values for the Brand Rex cable during various aging conditions, respectively. However, they
did not evaluate these measurements as effective condition-monitoring methods during pre-aging.
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6.4.2 AC Inpedance Tests (Capacitance and Dissipation Factors)

AC impedance tests are performed with standard electrical equipment available for ac tests on electrical
devices such as motors, and transformers. The transfer function obtained indicates the variation of dielectric
impedance (principally due to the bulk cable capacitance and conductance) as a function of frequency. The
imaginary component indicates the dielectric charge/voltage characteristics at a given frequency, and the phase
angle between the real and imaginary componerts indicates of the dielectric losses as a function of frequency.
The tangent of the phase angle a commonly is referred to as the dissipation factor (DF) and is often measured
only at a single discrete frequency. The dissipation factor also gives the power factor (PF) since the two are
related as PF=DF/(l +DF. Since is a small angle in most instances, the PF is approximately equal to the
DF.

Table 6.6 Diagnostic Test Results for the Lakeview TGS Cables (Ref. 6.44)
Reproduced with permission from Dr. J.M. Braun, Ontario Hydro, Canada.

Unshielded Shielded
IR 1 min DF a 23 kV Capacitance PD nception BD (V) BD V)

Cable Phase 10 a (%) @2.3kV (nFl (kV) AC DC AC DC
BF-PM R 1.5 2.9 1.9 no PD 80 F086

W 0.2 2.9 1.9 no PD 85 F070
B 0.2 2.8 1.9 no PD 75 76

C-PM R 0.001 13.3 3.1 5.4 WS 85
W 0.001 13.3 3.1 5.8 WS 80 WS
B 0.001 12.8 3.0 5.2 WS 80

CCW- R 0.002 7.0 4.1 6.0 40 BD BD
PM W 0.002 6.9 4.1 5.6 BD 32

B 0.002 6.6 4.1 5.4 BD 40

R 0.070 1.9 4.6 no PD 65
W 0.002 - - 4.7 65 WS
B 0.040 2.4 4.5 no PD 75

ID-FM R 0.001 1.6 4.4 5.4 45 BD BD
W 0.001 1.7 4.5 4.8 BD 43
B 0.001 1.5 4.4 5.2 BD 40

WS=withstood(to 150 kVdc); FO=flashover, BD=damaged by adjacent brcakdown; PD=partial discharge; IR=insulation resistance (de);
DP=dissipation factor. Note that CCW-PM cable was tested in two sections.

A study by Ontario Hydro included dielectric testing of a number of 5 kV (triplexed butyl rubber insulated)
cables in service for 25 years in an old thermal plant (Ref. 6.44). The cables were routed in both tray and/or
underground in conduit to each motor. Non-destructive tests included measurements of partial discharge (PD)
insulation resistance and capacitance (C) and dissipation factor (DF). The destructive tests consisted of
brealing the cables down with high ac and dc voltage. In laboratory tests, the same measurements were
repeated. However, the jacket of the unshielded cables was wrapped in aluminum foil, and then tested in a
grounded cable-tray.

Table 6.6 presents the results. - The study- concluded that there was good agreement between both sets of
breakdown voltage data for shielded and unshielded configurations. The results for in situ and laboratory
testing were quite consistent. These results further confim the validity, for suitable cable configurations, of
performing conductor-to-conductor tests. While the in situ tests were made on an unshielded configuration,
the breakdown data are remarkably similar in both cases.
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From the corresponding results of non-destructive diagnostic tests, the study concluded that there is no
correlation between any of the diagnostic quantities and the condition of the cable. However, critics of the
paper find the basis of this conclusion from limited data is unfounded 3. Thus, comparing the results for two
sections of the CCW-PM cables, the first section with higher DF and lower capacitance values indicate partial
discharge, while the second section with opposite test data had no partial discharge. Therefore, there seems
to be a strong correlation between capacitancelDF and partial discharge.

Figures 6.49 and 6.50 illustrate the capacitance and DF values versus frequency for Rockbestos conductor
tested at SNL (Ref. 6.16). Here, the capacitance values increase with the age at all frequency ranges
considered. On the other hand, the dissipation factor values show no significant difference with age at
frequencies above 10 Hz, and decrease (except the unaged) with age at lower frequency ranges. The study
concluded that none of the electrical tests were effective for monitoring the residual life of cables.

6.43 Stepped Voltage and High Potential Tests

The stepped voltage tests and high potential tests are high voltage ac/dc tests and are quite similar to those
discussed in the previous two category of tests (sections 6.4.1 and 6.4.2). For stepped voltage tests, the
voltage is applied in steps up to a maximum voltage, while, in high potential tests, the maximum voltage is
applied directly. Typically, in ac tests, the maximum test voltage is twice the rated voltage plus 1000 volts,
and for aged components lower values may be used. Both ac and dc tests generally are conducted on a
withstand basis, with voltage applied for one minute. If no failure or sign of undue stress (e.g., rapid lowering
of insulation resistance) is observed, the insulation is considered as having passed the test. Insulation
characteristics (i.e., resistance, capacitance, dissipation factor, leakage currents) can be measured in
conjunction with these tests. These values are helpful in interpreting the results of periodic tests. Voltages
for routine maintenance tests generally range from 125 to 150% rated voltage for ac tests, and 1.7 times this
value for dc tests. The 1.7 factor is an attempt to provide a direct potential corresponding to the peak
alternating value.

6.4.4 Partial Discharge Test

Measurements of partial discharge (PD) are used to detect defects such as voids, cracks, or sharp conducting
protrusions in a cable's insulating system. Such defects can produce discharges in the presence of an applied
electrical stress, and are primarily of interest for high voltage cables. The technique applies a variable voltage
ac source across the insulation. This excitation voltage is increased until partial discharge arises, producing
a signal in the form of a short duration pulse. The pulse is detected both as a direct signal and after reflection
from the end of the cable. The principle of the technique as it applies to cables, and the sequence of pulses
obtained from a single defect site were studied extensively at the University of Connecticut (Ref. 6.45).

3Letter from R.D. Meininger to JA. Tanaka, editor of the IEEE Electrical Insulation Magazine.
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Figure 6.50 Dissipation factor versus frequency for Rockbestos conductor #14 (Ref. 6.16)
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Although the technique is simple in principle, there are several practical problems associated with simulating
an effective ground plane for unshielded cables, filtering other electromagnetic disturbances in a plant, and
application to low voltage cables. The instrument developed at UConn uses state-of-the-art electronic
hardware and advanced digital processing techniques. The partial discharge signals are reconstructed using
cable traveling-wave characteristics (transfer function), and noise is reduced through a judicious choice of
hardware and by modem signal enhancements.

The instrument can locate not only PD sites but also faults in the cable. If the faults are of the high impedance
type, PD signals may be generated upon applying a moderately high excitation voltage. However, with low
impedance faults (extensively charred insulation), a pulse voltage capable of creating an electric arc across the
fault can be applied. Most studies have applied the technique in the laboratory. However, for application to
field cables, the technique needs improvement; efforts are continuing at UConn. So far, the technique is
applicable to shielded cables where a continuous ground plane exists.

Ground Plane Simulations Using Ionized Gas

If a uniform conducting surface could be created around non-shielded cables, even temporarily, tis would
effectively change them into shielded cables. EPRI conjectured that one such means was to blanket the non-
shielded cables with a gas that could be ionized at a relatively low voltage stress. The use of high frequency
ac voltage was examined first, and it was found that a high-frequency, high-voltage source could act both as
an ionizing and a breakdown source that could distinguish between cables with physically undamaged and
damaged insulation. This finding led to the initiation of two programs, one at SNL and the other at UConn,
to study the feasibility of a preionized gas method for such cables.

SNL conducted breakdown voltage tests on several undamaged, non-shielded, brands and sizes of cable,
housed within metal conduits of various sizes (Ref. 6.46). The position and numbers of cables used were
varied, as was the type of gas surrounding them. Specifically, the cases of a cable resting against the conduit
wall, and that of a cable centered in the conduit were investigated. The cable was immersed in air, argon,
helium, or water. Breakdown voltages were recorded upon applying a 60 Hz ac voltage increasing at a
uniform rate. Plots of the ac (rms) current versus voltage characterized the onset of departure from linearity,
shown as corona inception. This test was repeated with dc excitation to compare the ionization propensity of
the gases as a function of the type of excitation voltage.

Figure 6.51 illustrates results for Brand Rex cable. Most breakdowns in this study resulted from an electrical
puncture of the cable's insulation. From these results, ac testing appeared preferable to dc testing because of
the variability noted in the dc results. Other conclusions reached by SNL include:

(a) The ac breakdown voltage for undamaged cable in a conduit containing argon is independent of the
cable's location, even when the cable rests on the conduit. Moreover, these breakdown voltages are
comparable to those necessary to cause breakdown of the cable immersed in tap water.

(b) The ac breakdown voltage for undamaged cable in air increased with distance of the cable from the
conduit wall, suggesting that ionized air surrounding the cable is much thinner than the surrounding
ionized argon.
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Figure 6.51 Peak AC/DC breakdown voltages (Ref. 6.46)
Copyright © 1993. Electric Power Research Institute. EPRI TR-102399. Proceedings: 1993 EPRI
Workshop on Power Pl4nt Cable Condition Monitoring. Reprinted with Permission.
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(c) Detection of a through-wall cable defect occurs at voltages comparable to the inception of ionization
voltages.

(d) Argon reduces by a factor of 2-3 the voltage necessary for gas ionization or detection of a through-
wall damage compared to air. Helium reduces it even more. The peak of the ac voltage is in the
range of the dc test voltage necessary to start ionization.

(e) The rapid rise in ac voltage breakdown of non-shielded cables varies widely, depending on type of
insulation and cable's geometry. Breakdown occurs at about the same voltage as for immersion in
water.

(f) Breakdown tests of a bundle of non-shielded cables in a conduit can discriminate between damaged
and undamaged cables both in air and in argon.

(g) For the same cable, the breakdown voltage decreases significantly as the thickness of the insulation
is reduced, but remains substantially higher than the breakdown corresponding to through-wall damage
to the insulation.

At UConn , the effectiveness of the ionizable gas blanket in creating a conducting surface at ground potential
(shield) around the non-shielded cables was investigated using a potentiometric probe method (Ref. 6.47). Gas
ionization created a conducting space around the cables, but it failed to move the ground plane all the way to
the immediate surface of the cable insulation. However, compared to air, argon provided a considerably
larger voltage window above its ionization inception potential before total breakdown occurred. Unlike the
SNL results, blanketing the non-shielded cable with inert gas caused sparkover without puncturing the cable's
insulation. he study concluded that owing to the considerable breakdown voltage difference between that in
air and in inert gases, the method offered an unambiguous means to discriminate between undamaged and
defective cables in cases where the defect allows gas to escape. Further studies are necessary before a
practical field method can be developed.

Ontario Hydro carried out experiments using their system on a 265 m length of XLPE, 600V triplex control
cable (Ref. 6.48). The technique detected partial discharge and located it with good probability on unshielded
5 kV class cables in which adjacent conductors were grounded. However, for low voltage cables, although
there was no problem in detecting PD, it was not possible to define the source of the discharge; that is, there
appeared to be a multiplicity of sites along the length of the cable, unrelated to the position of an artificial
defect. To simplify the problem a 10 m section was tested; Figure 6.52 illustrates the low probability of
reliably locating the defect. It was concluded that the reason that the technique was successful with 5 kV cable,
but not with 600V cable was related to the cable's geometry. Work has been continuing to solve this problem.

This technique is limited in practice to shielded high-voltage power cables and can only detect defects such as
cracks or pin-holes. The technique is not suitable for detecting the gradual changes in a cable's properties
which occur with aging.
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6.4.5 Voltage Withstand Test

Voltage Withstand testing is similar to high potential testing, discussed earlier. This is a withstand testing of
cables, and typically used for post-LOCA mandrel testing. Cables are wrapped on a mandrel, and immersed
in tap water at room temperature. While still immersed, these specimens are required to withstand a voltage
test for five minutes at a potential of 80 V/mil ac or 240 V/mil dc. Like high potential tests, these methods
use high voltages so there are concerns that an undamaged cable may be damaged.

SNL used this method to assess the survivability of aged and artificially damaged cables under LOCA accidents
(Refs. 6.49-6.51). Three cables were chosen: Okonite Okolon - EPDMICSPE. Rockbestos SR with
fiberglass jacket, and BrandRex XLPE insulation. In first phase, the method was used as aging method by
subjecting the cables to 24 cycles of 240.Vdc/mil (80 Vac/mil for Brand Rex), each cycle consisting of five
minutes on and five minutes off, giving a total of 120 ninutes energized and 120 minutes de-energized. The
objective was to assess whether 240 Vdc/mil high-potential testing of cables immersed in water could damage
them; high potential testing did not damage the three types used. Also, based on the limited set of specimens,
no effects on length were noted.

In later phases, this method was used to define the minimum thickness required to survive a LOCA after pre-
aging the samples with artificial defects. Based onthe results, Brand Rex XLPE single conductors with 8 mils
of insulation or more remaining are likely to survive in an accident after thermal and radiation aging under
the conditions defined in the program. Rockbestos SR single conductors with as little as 4 mils of insulation
remaining have a reasonable probability of surviving a similar condition. Thermal aging may have been a
significant factor in causing two failures in the Rockbestos SR cables. All of the intentionally damaged
Okonite EPDM/CSPE single conductors with less than 15 mils of insulation remaining failed before aging was
complete. The one undamaged conductor and the one that had 15 mils of insulation remaining both failed
during LOCA simulation shortly after the test chamber became saturated steam. The major causes of the
Okonite failures are the extent of the thermal aging and the presence of a bonded CSPE jacket that ages more
rapidly than the underlying insulation.

This method was also used inthe post-LOCA testing (mandrel bend and hipot) of all cable types in SNL's life-
extension study (Ref. 6.51). For XLPO and miscellaneous cables this high potential test itself did not induce
any failures (assuming that the cable did not crack during the mandrel bend). However, the post-LOCA testing
was very severe for many of the EPR cables, and otherwise functional cables failed.

6.4.6 Time Domain Reflectometry (TDR)

The TDR technique is based on sending a low voltage waveform with a fast transition time down a cable and
looking for reflection of the waveform at discontinuities in the cable impedance. The time difference between
the initial and reflected pulses indicates the distance from the end of the cable to the discontinuities. The
technique does not differentiate between discontinuities arising from different artifacts (e.g., cable splices and
connections, and damage areas). Therefore, it is necessary to generate TDR signatures for each cable of
interest in a plant to compare with later measurements. The technique is of most use in troubleshooting where
its ability to locate the position of the discontinuity is very valuable. TDR is sensitive to damaged cable, i.e.,
abraded or cracked insulation, but is not good at detecting the more subtle changes arising from degradation.
The method was used in assessing cables inside the reactor after the TMI accident (Ref. 6.52).
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Figure 6.52 Spatial distribution of discharge pulse along cable length (Ref. 6.48)
CopyrightP 1993. Electric Power Research Institute. EPRI TR-102399. Proceedings: 1993 EPRI
Workshop on Power Plant Cable Condition Monitoring. Reprinted with Permission.

R

0.0 H

0

-1.0

._..,..,...._". __ __ :_ :_ _---------- _; __ :_ _,

. . : TEST LEAD CONNECTION

. . . g I @: OLDERSTYLECABLE , : :

. . * * : -9tsr .
.:.: t' ¢ 'LOAD 

: : :* - . . I.- ---NRCABLE

. . .. . . . . . . ----- .,- ---- --- ---

I a I 5 ,-- T -,7 , I I I I , I & Z . I a a I A .
0 500 1000 S50D 2000 2500 3000 2500 1000 4500 5000

nS

Figure 6.53 Surge impedance of 4 kV cables
Reproduced with permission from Mr. Ricbard Meininger, President of CHAR
Services Inc., P.O. Box 119, Lebanon, PA 17042.

6-55 NUREG/CR-6384, Vol. 1

160

140

g 120

s~ 100co ,

a 80
a

a 60

= 40
z

20 -

0 I

.4...... .. 1........... ............

.......... .................. ......... ............

''''. .... ........... ..... .. ..........

.... .... .. . .. . . .....-......... 1

HAnKER FILENAFnE DATE TIME ATTA^CHMENT / EID
X -> 123-1345.TS3 01,23,93 13:45:26 4 t4-3-NSO1-E

I . I 

50Q

-

--. 0

.1



As a troubleshooting tool, the TDR technique has been developed into a commercial system (Ref. 6.53), which

combines it with traditional measurements of capacitance, dissipation factor, and insulation resistance. An

example of a problem was given that identified a wet conductor where the TDR signature before and after the

conductor was exposed to wet condition indicated that the wet conductor was located at an RTD. The system

can be used on a wide range of cable types and attached apparatus, and is used in power plants. CHAR

Services Inc. currently provides services on their test equipment which use this technique. Figure 6.53

illustrates the output of a CHAR system and represents the measurements of the surge impedance of two

different cables.

TDR cannot readily detect changes in the cable arising from aging degradation and its resolution for damage

is limited, particularly in long cables length (>20 meters). The technique relies on having signature files for

every cable in a power plant. On unshielded cables, this is complicated by the need to repeat the signatures

every time a cable is moved. The sensitivity of the TDR technique is limited by the degradation of the

waveform over long cables and cannot detect very localized damage.

At UConn, the TDR technique was used to locate partial discharge (PD) in an installed underground shielded

cable (Ref. 6.54). The paper described a commercially exploitable instrument capable of locating PD of the

order of 1 pC in a high noise environment Several techniques for signal analysis also were developed by these

researchers. The method is adaptive, as it allows the characteristics of the selected cable to be adapted to the
real environment.

6.4.7 Dielectric Loss Measurements

Under the influence of the electric field, a reorientation of the electric charges inherent to the material occurs

at the electronic, atomic, molecular, and crystalline levels, and migration of free charges (ions and electrons)

takes place (Ref. 6.56). The dielectric constant (permittivity) of the material is a function of the various

polarization processes (Figure 6.54). These processes are manifested within a typical frequency ranges. If

the excitation voltage produces a sinusoidal electric- field, the dipoles and free charges tend to move m

sympathy with the field, i.e., the dipoles tendto orient themselves parallel to E (Figure 6.54), the positive free

charges move in the direction of E and because of the viscosity of the dielectric material, a lag develops

between the forcing function, E, and the response of the dipoles and the free charges. As a result, the

permittivity assumes a complex form with a real part, E', and an imaginary part, E", and the energy required

to move or reorient the charges becomes a function of frequency. The energy thus expended is known as the

dielectric loss, a direct function of the ratio E"/E', also referred to as tan a.

If the loss factor, tan b, of the cable insulation is plotted versus frequency, it shows typical relaxation peaks

which occur within certain frequency ranges. The relaxation peaks corresponding to electronic and atomic

polarizations occur at extremely high frequencies (> 1012) and, therefore, are of no interest for the Time

Domain Spectrometry (TDS) method. However, dipolar and interfacial relaxations as well as increased tan

a due to conduction, occur at the lower end of the frequency spectrum (Figure 6.55), and fall within the

measuring capability of the instrumentation used for TDS. As a result of chemical changes in polymers, free

radicals (ionic species) are released and polar molecules formed. The tan a spectrum of the aged materials

is expected to gradually increase as the frequency decreases below. 1 Hz.
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Copyright C 1993. Electric Power Research lnstitute. EPRI TR-102399. Proceedings: 1993 EPRI
Workshop on Power Plant Cable Condition Monitoring. Reprinted with Permission.

Conduction

Interfacial Relaxation

Dipolar Relaxation

- - - - - -- - - - - - - - - - -- - - - - - - - - - -I I I I

10 11 0 1 10 10 10

Frequency, Hz -

Figure 6.55 Typical loss factor vs frequency behavior of a cable insulation (Ref. 6.56)
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TDS is a technique for determining the frequency spectrum of the dielectric loss of a cable material from its
response to a step voltage excitation. The instrument used for TDS measurements is manufactured and sold
by IMASS, and based on the system developed by the NIST (Ref. 6.55). A semiconducting splicing tape is
tightly wrapped around the portion of the cable to be tested and surrounded with a metal braid electrode; a
grounded guard circuit is added at each of its ends. Several other electrode configurations were tried at
UConn (Ref. 6.56), including conducting tape and metallized tape. This particular configuration was selected
because of its consistent performance. -

A ±iO0 V step voltage is applied across the combined test sample and a reference capacitor. The resulting
current, integrated with time, is filtered, amplified, digitized, and subjected to a Fast Fourier analysis to yield
the real and imaginary components of the sample's capacitance as a function of frequency. These values, in
turn, are used to compute the real and imaginary components, E' and E", and the tan a (=E'IE"), of the
cable's insulation. Although this entire information is recorded, only the loss factor, tan , is presented in
most studies. The frequency range capability of the instrument is 10'4 to 104 Hz, and at the lower frequencies,
processing times are longer.

Ontario Hydro (Ref. 6.30), UConn (Ref. 6.56), and Quebec Hydro (Ref. 6.57) have used TDS measurements
to study the insulationproperties under aging conditions. Figures 6.56 and 6.57 show some examples of their
results. Figure 6.56 shows the effect of aging in a mineral environment, while Figure 6.57 illustrates the
results for EPR and XLPE in water. At present, TDS measurements are restricted to the laboratory but
suitable instrumentation is being developed to use in a plant.

In Britain, researchers have used a video bridge to generate signals of a fixed frequency over the range 20 Hz
to 20 kHz, and claim that the dielectric loss spectrum can be developed on long lengths of cable in-plant (Ref.
6.5). The signal is applied to adjacent conductors in multiconductor cables or between conductor and shield
in shielded cables. Since no external electrode is used, the loss in the whole cable is determined from
measurements made at one end of the cable. The technique is less sensitive than the TDS measurements.
However, the equipment is portable and its ease of use on long cables make it practical for assessing cable
degradation. It is necessary to disconnect any load from the cable before using this technique. So far, the
technique cannot be used on single conductor unshielded cables.

6.5 Summary

Since the first EPRI workshop in 1988 on condition monitoring methods for cables, significant advances have
been made nationally and internationally in the search for an effective program to assess the condition of cables
in nuclear power plants. However, no simple formula has been found, which can provide all the information
to characterize the aging of cables and to assure their survivability in accidents. The complexities involved
in defining an effective condition monitoring program are so great that one simple method may not provide
the solutions needed. This area has the greatest potential for future research that could produce useful results.

EPRI has sponsored several research programs at its member utilites, several universities, and test
laboratories such as FRC, University of Virginia and Ontario Hydro to develop methods to monitor the
condition of cables inside the containment of nuclear power plants. SNL has tried several methods in their
LOCA testing programs and concluded that elongation-at-break is the only one which provides a reliable
indication of aging. Japan developed a torque tester, similar in principle to Indenter, and had some promising
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results. CM research in other countries of the Western world has gained interests in recent years and the IEC
standards organization and the LAEA have intensified their search for a guideline delineating several CM
methods that have some promise. No study has correlated the condition of the jacket material with that of the
underlying insulating material. Since the jacket is more accessible for testing than the insulation, a study
relating the conditions of these cable materials is warranted.

This section has discussed all published CM methods that have been used or have the potential for monitoring
a cable's condition, specifically degradation of the insulation and jacket materials. The methods are discussed
in three specific categories: chemical, physical, and electrical. Some of these methods are suitable for
laboratory use, and others have some potential to be used in situ. Not all attributes of an effective CM
technique can be satisfied by any one method, but a combination of several methods may provide adequate
information to characterize the condition of cable materials. Some methods are unlikely to be useful. Table
6.7 summarizes the preliminary findings on the results and the status of the research on these CM methods.

Table 6.7 Summary of Research on Condition Monitoring Methods

[ N er CM Method(s) Paramtr(s) Reference(s) Remarks (see NOTES)
Se to ToItore

I | Near Infra-Red |Identifies functional groups that 1 6 Being studied at Ontario Hydro on PVC jackets.
6.2.1 Reflectance (NIR) are formed due tooxidation. I 6 Has some potential for in situ application.

------ *1' … ----- 1*--- - …------ i----- … ---*-------
2 aComputed |Develops profiles of density i | Has been used in medical applications. Being
6.2.2 CTomogaphy |CT) I changes across the specimen l 6.23 - 6.25 studied in Sweden for cables. Recently, Sandia

thickness. has studied on EPR. Used as a laboratory tool.
- …------- ------t, …t …---- - …-… --- - .

Being developed at Ontario Hydro on PVC-
I l . . . | l jacketed cables. Preliminary results show good

3 l Sonic Velocity l Measures sumn velocity i the 6.22 correlation with elongation, density, and
6 .2.3 l l cable Jacket. l lmodulus properties. Because of its portability

I I I this has the potential for in situ application.
…-I-- … .... -------.---------…

4 | Fourier Transform | . abl Has been used as a laboratory tool and has
Infra-Red 1 [dentfles carbonyl peaks that 1 6 26 & 6.27 demonstrated good results for XLPE, EPR, and

6-2-4 g Spectroscopy areformedduetooxidation. l SBR. Not effective for PVC samples.

a Solubility a .Demonstratedpromising reslts forEPR,XLPB,
5 Measurements (Gel IIndicates chemidcal degradation 62 eosrtdpoiigrslsfrER LE625 I Conturments(Gel & (nicanscssincalros ln. 1 6.26 & 6.27 i SBR, and PVC. Being studied at Ontario Hydro6.2.5 ContentA | (chain scission, crosslinking). as a laboratory tool.

I Swelling Ratio) l l
-- ----- ----- - -r------- ----------- -- ------------

Oxidation l Demonstrated as a good indicator for early stage
6 | Induction flme a MeasuresIthamountof | of degradation for XLPE, BPR, and SBR.6. .(OrI)iTemperature antioxidants remaining in the . 6.27 - 6.316.2.6 ; (0IITemperature Improvements for field application are being

underpressure I I studied at Univ. of Virginia under EPRI funding.

l l l a Ontario Hydro used this technique to assess
P l | Measures loss in plasticizer | | degradation in field samples of PVC and to

627 a Plasticizer Content | indicating thermal degradation 6.30 differentiate between thermal and iadiation
.. 7 l l of PVC. a 'degradation. Has shown good results for field

I I a a application.

i 3 Develops melting endotherms I Ontario Hydro has used to study crystallinity and

8 Differential | indicating melting points, | melting endotherms for XLPE. Univ. of6.2.8 Scanning crystallinity, and glass l 6.27 & 6.32 Tennessee used this to extract thermal history
Calorimetry (DSC) l transition temperature. (Also l recorded in the material crystals. Still used as a

l l used for OfT measurements). a l good laboratory tool for thermal degradation.
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1Numberf C Mto() 1 Parameter(s) I 
SectionI CM Method(s) - Monitored Reference(s) | Remarks (see NOTES)

I Thermomechanical I TMA measures the relative I I Ontario Hydro used TMA for studying EPR and
9 1 Analysis (TMA)I | hardness while TGA records . 6.21, 6.27, ' PVC. Japan has used TGA experiments at

6.2.9 0 Thermogravimetric the mass (or weight) changes 6.33 | JAERI on PVC samples. Still used as a good
Analysis (TGA) with temperature. laboratory tool.
---------------rI - ------ - r------------ ----------------------

IHas been proven to be the best indicator of
- a t - | embrittlement (or degradation) for all types of

10 TeI Tests Measures tensile strength s) | 6 30 & 6 34 polymers used in cable construction. Widely
6.3.1 1 and elongation-at-break (EAB). I Iused as the benchmark for other CM tests.

- ' t ,IOntario Hydro suggests 50% absolute elongation
. | l | as approaching end of life.

--- --- ----- - - ------------------t-- -----------------------
a | ; | | Developed by Franklin Research Center under

6.1.2 1 Indenter Modulus i Measures the compressive 6 35 639 1 BPRI funding.' Commercial units are used by
6.3.2 I modulus. | utilities for in-service (or in situ) cable

*… …- … .. monitoring. Less effective for XLPE.
- - ---~~~--------r~~~~~ ----- --- - ---~ - -T-- - ----------------- - -------

a | .* - * Developed by Japan and found good correlation
12 TMeasures torque as a funwtion 6ith other indicators for XLPE and PVC. Still at6.3 Torque Tester~ 6.esrs3oqea3afnto I s r a6.3.3 | orque Ster ; of torsion angle. I * i developing stage for its field application

-I. I I capability. No up to date information available.
----- -r--------------r----------- - ---- - -- r--------- ------- …

13 -i Physically bends cable to Used as a qualitative measurement of cable's
613.4 Flexure Test [observe if it flexes and if 6.16 - 6.18 insulat a jacke condiion.

6.3. cracks develop. inuato anaktcodtos
---4.---t-------------- - ----- ---------- - t------------ - ----

a | -- 5 t - -, Used as a laboratory tool for examining theIDevelops profiles of elastic 6.I a s wsfo eaInn
14 ; Profiling and modulus, density, and hardness 6 6.18, 1 variations in physical properties across thickness.

6.3.5 Polishing Methods s te sp e 6.40 I Sandia used for detecting heterogeneous
; * ~~~~across te specimen tickness. dgaaini oyes

r --- --------- r- - - - ;degradation in polymers.

15 i Hardness and a Measures hardness (as 1 6.16 - 6.18, Sandia has used as laboratory tools in their
6.3.6 a Density a resistance to penetration) and : 6.31 studies for all cable materials.

Measurements I bulk density. - …
-------- - -------- - --- - ---- - - - -t----------T- - --- - -----

16 I Iynamic a a Private I ~~~~~Ontario Hyd has bee studying tUs technique16 | Mehancal ; Monitors the stress-strain - contact with ; een

6.3.7 behavior and loss tangr.eDny : for XLPE, EPR, and PVC. Still in development* Analysis (DMA) lbehavorandlosstangent. IS . stage as a laboratory tool.
Analyssl ~ ~ J - -…-ton-us. ----- …---r------- …-- - r---- a-*------- r-- ----- ------------------ --

| All test parameters are insensitive to aging of
; | . . ; ; cable polymers, specifically under dr condition.IMeasure slation resistance, p ,sescynrr o i17 1 6.16 - 6.18, H However, during LOCA testing, the resistance

641 DC Tests Ileakage current, and I60 v
6.4.t t polarization index(PI). | 6.30 value can vary orders of magnitude due to high

I -…I Itemperature and wet condition. Used as an
l l l l e~~~~~~~~~~~~~~~Ilectrieal diagnosticetool in maintenance.

Measure transfer function It Di;*; eaure a Difficult to relate electrical values to cable
18 AC Impedance I (resistance,capaeitance,and 6.16- 6.18, embrittlement. However, they provide data

6.4.2 * Tests I inductance),6dissipationfactor 644 I which are important for assessing the integrities
a I ~~~~(11;, and power factor M as IanF), function ofreufey.( a I of electrical circuits and wiring systems.

Ifunction of frequency. I 

| a a Since these tests may involve higher voltage
Stepped Voltage Measure resistance, a levels than the rated value for the circuit or

a ghepped Potta l caacitance,u e current,, a equipment, gross degradation in the circuits and19 andighPotential c aapacitance,leakagecurrent,
6.4.3 a Tests (AC or DC I and dissipation factor (in dry . I

HiPot) a condition). a I parameters. Currently used in maintenance
activities in power industry to assess insulation

______ _____ _____ ___ a _____ ______ ______ __ a ______ ___ a integrity of the cable system .

NUREG/CR-6384, Vol. 16-61



:-i
,'I 

Au ecLncai csta require a uutorm anu couiuuu gruuniu panc auuiu Loif;s spuILaiiy L 1iOIIMlLCLUCO GaulC3.

in situ application: Testing perfoi7ned in plant on installed cables. Field application: Testing performed in laboratory on field
samples to assess their conditions. LTaboratory tool: Testing performed in laboratory on pre-conditioned samples as a research
tool.

Most physical and chemical test methods are specific to certain polymeric material, and it is difficult to
generalize a method which can be used for all the insulation and jacket materials used by the cable industry.
On the other hand, some electrical tests strongly depend on the availability of a reliable and continuous ground
plane along the length of the cable; this is very critical for unshielded cables, which is true for most low-
voltage power cables.

NUREG/CR-6384, Vol. 1

Number CM Method(s) Para Itores Reference(s) Remarks (see NOTES)
Section M onitored i_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

I Univ. of Connecticut has been developing test
IMeasures inception voltage at I i equipment for tests in field conditions. Both

20 Partial Discharge g which discharge due to i 6.45 - 6.48 i Sandia and UCONN performed studies for
6.4.4 (PD) Test ionization occur at cable s simulating ground planes using inert gases in

defects (e.g. voids, cracks). I i nonshielded cables. Ontario ITydro also has used
i 0 I ; this to assess conditions of field cables.

-------------- t-- - tt … ---
II I I

Based on the breakdown of P J Used as pre- and post-LOCA tests as
I 1insulation, this test measures i i demonstration of an adequate margins of safety.

21 1 Voltage Withstand : the insulation capacity (in 1649-651 i Cables are wrapped on a mandrel demonstrating
6.4.5 I Test V/mil) by subjecting to high :649 * i mechanical durability. Used more for

voltages while immersed in establishing cable capacity than condition
I l water. … monitoring.
t I t t
I I ial l Portable commercial units are used in plants for

a ~~~~~Compares intaiihrfetd1 
22 11 Time Domain Ipulses icting ith reflece | ; troubleshooting circuits and wiring systems.

iReectometzy I i indicating the diance i 6.52 - 6.54 l Also, impedance tests for monitoring changes in
6.4.6 s s i electrical parameters. Used in evaluating circuit

i ) ' ' - icircuit or wiring system. faults after TMI accident.

I I I TDS was originally developed at NIST and
a Dielectic Loss I I I commercial units are now available by IMASS.

23 Measurements Measures diclectFic loss as a I 6.5, 6.30, ' Technique being studied in laboratory by
6.4.7 (Time Domain | function of frequency. | 6.55 - 6.57 | UCONN, Ontario Hydro, and Quebec Hydro.

Spectrometry/ | Britain has been developing this technique using
Video Bridge) ; aportable video brdgen

_ _ _ _ _ _ _ _ All _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ wI b nr i d e a
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7. SUMMARY AND CONCLUSIONS

This report summarizes results from a review of published literature on environmental qualification (EQ) of
safety-related electric cables used in nuclear power plants. The studies performed by other researchers are
discussed in three basic areas; aging characterization, LOCA testing, and condition monitoring methods. The
former two areas are directly related to the EQ process of cables for nuclear application. Significant studies
addressing various aspects of the EQ requirements have been undertaken at SNL under NRC sponsorship since
1975 (Refs. 7.1 and 7.2). France and Japan also have carried out research to understand the effect of EQ
requirements on their cable products. Compared to LOCA testing, aging studies on polymers, typically used
for the cable's insulation and jacket materials, have received most attention by the researchers not only in the
United States, but also several foreign countries with nuclear programs.

During the last decade, research on the condition monitoring (CM) of cables has attracted interest among the
electric utilities and affiliated industries. Significant advancements were made by EPRI who sponsored several
programs at various U.S. universities, power plants of its member utilities, and the cable industry (Ref. 7.3
and 7.4). Cooperative programs with individual utilities, foreign agencies (specifically with Ontario Hydro
in Canada), and NRC were formed to identify the most effective monitoring methods. Recently, Japan, Great
Britain, and Sweden have been developing CM methods. Despite this recent surge, a definite CM method has
not been found and work in this area remains very active.

The results from a large number of studies performed by the cable manufacturers on their own products at
their own testing facilities were not available for review. Unlike the authors of published studies, these
manufacturers have the advantage of knowing the actual composition and formulation of polymeric materials
that were used to construct the cables. Because this information is proprietary, most publications do not
identify the polymer data, and as a result, the same group of polymeric materials from different manufacturers
(in some cases even from the same manufacturer) behave differently under pre-aging and LOCA simulation
testing. For the same reason, studies performed in Great Britain and Germany were not readily available for
this review.

7.1 Summary of Results

There are approximately 60 operating reactors in U.S. with the oldest EQ requirements,' DOR Guidelines,
24 with NUREG-0588, Category requirements, and another 24 with NUREG-0588, Category I
requirements. The reactor units using cables satisfying the former two guidelines have less stringent EQ
requirements in areas such as qualification by testing, application margins, and consideration of aging and
synergistic effects'. Although almost all safety-related cables were qualified by testing in which specimens
were pre-aged before they were exposed to a LOCA environment, uncertainties associated with various EQ
requirements, inconsistent behavior of similar insulating materials from different cable manufacturers, and the
presence of hot spots (higher than design basis temperature and radiation conditions) inside the containment,
have raised concerns on their reliability. During the last two decades, research in aging and LOCA testing
has produced much information, but no quantitative analyses of the adequacy of various aging methods and
LOCA profiles in EQ, the influences of margins, presence of hot spots or weak links, test duration, LOCA
acceleration, and PRA input. Moreover, the recent failure of certain types of cable (e.g., Okonite) during

lIn some ways, however, early cable qualification programs, in which the duration of LOCA steam/chemical spray
exposures was 30 days or longer, were more severe than recent programs. In recent programs, a questionable method
(using Arrhenius equation) has been adopted to reduce the duration to 10 days or less.
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LOCA tests at SNL (Ref. 7.5 to 7.8) has added further concerns on survivability of in-service cables under
postulated design-basis accidents. The conclusions on Okonite Okolon cables derived from these tests are
failure-based. Additional studies to identify root causes of such failures could have justified limiting their
applicability under high thermal conditions.

The EQ research on cables has produced a massive amount of data on a variety of topics associated with their
qualification. The following summarizes findings that are important for the objectives of this literature review.

Aging Chiaracterization

The following summarizes the results obtained from procedures that can simulate conditions representing aged
cables in a plant environment:

(1) The actual environmental conditions (i.e., radiation dose rate and temperature) inside the containment
of a plant have been difficult to define in the EQ process. All hot spot locations and cables subject
to adverse conditions (i.e., leaky valves) can accelerate degradation more rapidly than anticipated
during qualification. During the November 1993 NRC EQ workshop, sharp differences in defining
these parameters at different plants were discussed. The radiation dose rate and temperature levels
can degrade the cable materials significantly. The current EPRI effort at the University of
Connecticut may provide valuable information on the actual in-containment conditions exposed to
cables in service; each of the monitoring locations chosen represents a worst-case scenario. Based
on the limited information, typical inside-containment environment has a temperature range from
75°F-125°F (25°C-55°C) and a total integrated dose of 10 Mrad of radiation (@ a dose rate of 25-30
rad/hr) for a 40-year design life. These conditions may vary from one plant design to another and do
not include hot spot locations which can have temperatures as high as 150°F (65°C) and a total
radiation dose as high as 60 Mrad ( 175 rad/hr). Design considerations during cable installation
should eliminate such abnormal conditions by routing cables through a path with a less hostile
environment2 .

(2) The Arrhenius method may erroneously predict the life of insulation materials (and hence the cable's
life), unless appropriate measures are taken in understanding non-Arrhenius behavior at elevated
temperatures, in extrapolating the elevated temperature data to actual plant conditions, and in
estimating the correct activation energy values. When the range of experimental temperatures
encompasses a physical transition of the polymeric material (e.g., crystalline melting point), the
degradation process may change within the material, and hence, the activation energy and the
Arrhenius behavior. Studies have shown that EPR and XLPO are semicrystalline under typical
operating conditions, forcing extrapolations to be made across crystalline melting regions (i.e., 87°C-
126°C). The situation is even more complicated for commercial materials, since diluents and
plasticizers can lower the melting temperature, and crystalline additives can give peaks of their own.

Since oxidative degradation takes place in the amorphous regions of semicrystalline polymers,
extrapolations through the melting temperature of aging results taken above this temperature
supposedly would be conservative. Unfortunately, several Japanese studies have shown that an

2 When this is not feasible, it may be necessary to re-evaluate the qualified life of cables in hot spot areas, where the
service conditions are more severe than those assumed in the EQ process.
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increase in materiai crystallinity enhances oxidative degradation rates in a gamma-radiation
enviromnent, further complicating the extrapolation of the accelerated aging data to the plant
environment.

(3) Effects of dose rates, presence of oxygen, and other factors (e.g., additives) are recognized by
majority of studies. If the dose rate can be lowered to a point suitable for the material under
consideration, physical degradation caused by diffusion-limited oxidation can be eliminated.
However, this effect should be investigated on commercial cable materials with thicker specimens than
the materials used in SNL studies. Also, other chemical effects on these specimens need to be better
understood.

(4) Figure 4.13 for XLPO, Table 4.10 for EPR, and Table 4.17 for EPR and XLPE indicate that under
combined radiation and thermal environments these insulation materials mechanically degrade faster
at room temperature than they do at elevated temperatures. Research on this phenomenon is ongoing
at Sandia. If this behavior can impact the overall aging characteristics that have been seen in the
accelerated aging procedures, the qualification of these insulating materials may require further
scrutiny.

(5) Some insulating materials are sensitive to the ordering sequence of the environment when compared
to the results from the simultaneous environment conditions. Some studies have shown significant
synergistic effects among the individual effects from each environmental condition. Most of these
studies were performed at elevated temperatures and high radiation dose rates. Comparison with the
actual plant environmental conditions needs to be made so that these synergistic or ordering effects
can be taken into account in simulating the actual aging conditions.

(6) The time-temperature-dose rate superposition method seems to predict the actual life estimates,
provided that the underlying causes of the degradation processes at such elevated conditions are
known. Additional applications of this methodology and comparisons with actual plant aging-data
should be made. Methods developed by others should be considered.

(7) Several studies on aging used small laboratory samples (with all additives, different formulations, and
thinner specimens). The validity of these results to actual cables needs further assessment.

(8) Based on accelerated testing, most jacket materials lost their elongation-at-break values by the time
they were exposed to 40 Mrad radiation, while most insulating materials possess only 30 % of their
original elongation after being irradiated to 50 Mrad and 0% after 130 Mrad. Some of these materials
may degrade even further under low dose rates. Before exposing to steam and chemical spray
conditions, most cable qualification tests have used 200 Mrad of irradiation which includes 50 Mrad
for preaging and 150 Mrad accident radiation. Evaluation of a threshold elongation value for a
reasonable assurance of LOCA survivability must consider this intrinsic aging behavior of cable
polymers. In view of this, the temperature/radiation sequence or simultaneity may be of secondary
importance.

(9) Cable materials exposed to actual plant environments (i.e., 50°C-65°C and -5-lOMrad) have indicated
degradation in their elongation-at-break (i.e., 0-50% decrease for insulation) after 5-9 years of
service. Some EPR and XLPO insulations exposed to normal plant conditions exhibited very little (0-
10%) change in their elongation properties. Comparison of these characteristics with accelerated
aging test results of similar materials could be beneficial.
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LOCA Testing

The following summary covers the research on the LOCA simulations for cables in the environmental
qualification process. These topics include polymer behavior and monitoring its physical parameters during
the LOCA testing, the effect of different constructions of cables including insulation and jacket materials and
conductors, the effect'of the simulated environmental conditions, the effects of pre- and post-accident -

conditions, and the results from post-accident tests.

(1) Under long-term radiation and high thermal conditions, embrittlement is the predominant aging
degradation of a cable's polymeric materials. The physical parameter, elongation-at-break, has been -

universally accepted to be the most consistent and reliable way to monitor this degradation. However,
during LOCA testing, the high dose of radiation in relatively short duration and the hot steam can
degrade the already deteriorated insulating system to a zero elongation value. Still, the cable can pass
electrical tests indicating its survivability during and after a LOCA event. Many researchers have
chosen other physical parameters, such as weight, and tensile strength, to monitor the insulation's
condition during such tests. A completely embrittled insulation or jacket is vulnerable to mishandling
or mechanical damage (including impingement of the steam). Monitoring service environments to
identify hot spots and inspecting cables so that embrittlement, if it occurs, is observed, can assure
LOCA survivability.

(2) The response to LOCA conditions of cable insulation and jacket-materials depends on material types,
manufacturing processes, and the formulation of chemicals, including additives. In some cases,
interaction of the insulation material with the jacket material has exposed bare conductors to the
LOCA environment. Sometimes, the cables performed well during accident transient period, but
showed signs of failure during the less severe post-transient environment.

(3) Failure of Kapton cable products during LOCA testing often is related to mishandling the specimens.
This problem should be investigated further to understand the reasons and appropriate measures should
be identified to supplement the existing qualification procedures.

(4) Multiconductor cables seem to respond more poorly to LOCA conditions than a single conductor
counterpart. Sandia researchers suggested several reasons for the longitudinal cracks in the CSPE and
Neoprene jackets. Similarly, the behaviors of coaxial cables and cables with bonded jackets require
further characterization during LOCA exposures.

(5) Based on this literature review, pre-aging has a significant effect on the final response of a cable
during LOCA simulations. Extensive results indicate that the cable's responses vary, not only from
one aging simulation technique to another, but also from material to material, and with their chemical
composition.

(6) Since the duration of the transient part of an accident is limited, the amount of oxygen or ozone
available during this period can significantly affect the overall degradation of cable materials.
Therefore, the amount of oxygen that should be included in simulations can be a large factor in
selecting the LOCA environments for testing.

(7) The cable's responses to LOCA conditions do not significantly depend on the steam conditions
(superheated or saturated), the chemical spray, synergism between radiation and thermal conditions,
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and the high radiation dose rates. Although studies on these issues are limited, compared to the effects
of total radiation dose and the high temperature saturated steam conditions dominating the LOCA,
these parameters can be considered marginal.

Condition Monitoring

Monitoring the physical and electrical properties of cables can adequately assure their performance during the
design life of a nuclear power plant. Studies on CM methods are recent, and several methods currently being
studied are summarized in this report. Some general observations from these studies are given below:

(1) Chemical tests are useful in revealing the causes of polymer degradation under thermal and radiation
environments. Most of these methods are suitable'for determining the underlying cause of cable
failures, rather than monitoring the condition of cables.

(2) Physical methods are necessary to characterize the mechanical or physical strength of polymers and
provide adequate information on the degradation process. Tests have indicated that cables with zero
mechanical strength can survive a design basis accident and can perform their design function (i.e.,
delivering electric power and transmitting signals to and from connected safety equipment).

(3) Electrical tests are very important to define the failure of cables under any environmental condition.
Presently, most tests have significant limitations in application inside a plant.

(4) Some efforts are being made to correlate data from chemical and physical tests, but there is little
correlation of electrical data with other degradation' parameters. This may be due to the fact that
electrical tests may not be sensitive to morphological changes in the aged insulation. Nevertheless,
morphological changes in the cable's insulation materials must be correlated to changes in electrical
property to develop any criterion for its reliable function.

(5) It is obvious that the jacket material degrades first before there is any sign of deterioration in the
insulation. No studies relating the jacket's degradation to that of the insulation material were found.

(6) Most research on CM methods focused on the technical aspects of the methods. Very few have
attempted to establish threshold values or other relevant parameters which can assure the cables with
certain aging conditions to survive an impending accident during the design life of a nuclear power
plant.

7.2 Concltsions-

This literature review encompassed various aspects of the environmental qualification requirements applicable
to cables and cable materials. The results presented may not have included all studies in any specific area,
but the major concerns and findings affecting the issue are identified. To completely understand the problem,
results from ongoing studies should be augmented. Based on the current state of the findings, programs to
further clarify technical issues should be developed for future research. Elements that are important in
formulating a future research program on the three general areas are discussed in this Section. Finally, some
general aspects of the environmental qualification process for cables also are discussed.
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Aging Characterization

Using elevated temperatures and high dose-rates for accelerated aging simulation of a plant environment can
yield erroneous cable conditions during qualification tests. For some insulation materials, these extreme
conditions may not always simulate the worst aging condition at the end of their service life (Accelerated aging
can either overshoot or undershoot the conditions reached in actual service). To properly achieve the pre-
aging condition of cables before they are exposed to an accident, the following conditions should be -i

considered: i I

- If the tensile property of the insulation and jacket materials is negligible after the cable is
exposed to high accident radiation before exposing to LOCA steam conditions, then the
sequence of aging simulation and dose rate effects can be of no significance.

If sequential testing for the environmental conditions is chosen, the ordering and synergistic
effects for the material should be assessed. For simultaneous aging conditions, the underlying
causes of the effects of different combinations of thermal and radiation conditions should be
evaluated.

The chosen elevated temperatures should be such that the extrapolation does not cross the
materials' crystalline melting temperature. The causes of any non-Arrhenius behavior within
the temperature range should be examined. The lowest elevated temperature should be close
to the actual environmental temperature in the plant so that a different mechanism of
degradation (i.e., activation energy) could not dominate in this range; in this way, confidence
in the prediction can be high.

If the material shows a strong dose-rate effect, the rate chosen for the accelerated aging
should be as low as possible.. The underlying causes for the dose-rate effects should be
understood. The equal dose - equal damage criterion can be used only if the dose-rate effects
are negligible for the material. Otherwise, time-temperature-dose rate superposition method
or other available prediction models can be used.

Since the presence of oxygen is an important factor affecting the aging of polymers, an
adequate supply of air is needed during aging to properly simulate natural enviromnents
containing air or oxygen.

LOCA Testing

Proper simulation of LOCA conditions during the qualification can avoid questionable responses. Parameters
monitoring the cable's state during the LOCA testing can differ from those during the aging simulations.
Moreover, post-LOCA tests (mandrel bend and dielectric withstand) can induce degradation of cables that are
otherwise functional. The following suggestions may help formulating the future studies on the subject:

- Cables pre-aged prior to LOCA testing should be compared with naturally aged cables from
a variety of in-plant configurations and locations (including bends, vertical runs, and high
stress areas, such as thermal and radiation hot spots, high humidity areas, high vibration
areas, water/liquid impingement, installation damage, and fire protection coatings) to gain
confidence on the qualification process.
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- Physical parameters that should monitor the overall state of cables during the test should be
identified. Although insulation resistance and leakage currents typically are used, other
physical parameters, such as weight change (or density), should be considered and their
validity established.

Defining the failure of a cable during LOCA testing (i.e., establishing acceptance criteria) is
another unknown. SNL was using 1 amp fuses to monitor cable functionality. Simulating
the performance of cables using actual electrical loads (e.g., power cables with small motors,
control cables with SOVs, and instrument cables with transmitters or RTDs) and their ability
to operate during the test can be more realistic.. Cable application should be simulated and
the installed conditions are represented in the LOCA simulation, with considerations for
multiconductor, single conductor, and unique installations.

Post-LOCA mandrel bend testing, in which cable is removed from one mandrel, straightened,
and recoiled on another mandrel, imparts an unrealistic stress on the cable which induces
failure of good cables. Since most cable materials are brittle at the end of a LOCA test, the
use of the mandrel bend test (with a mandrel 40 tines the cable diameter) should be evaluated
further.

No research has been undertaken on;the adequacy of the LOCA profile, including double-
peak versus single-peak profile, LOCA test duration, the influence of margins, and PRA
considerations. Research evaluating these factors and the overall level of conservatism in
LOCA test profiles would provide important contributions to the EQ process.

Condition Monitoring

Research in developing condition monitoring methods for cables is the weakest compared to aging and LOCA
studies. Although the direction of all efforts is indicative of some progress, it is still nowhere near fmding the
solution soon. However, by looking for all plausible methods that would define the conditions of polymeric
materials (with similar formulation and manufacturing process) one at a time, then the chemical and physical
degradation of this material can be better understood. Once the behavior of polymers under the influence of
temperature, radiation, and humidity is understood, then its impact on electrical properties should be assessed.
Correlation of the electrical characteristic with the physical/chemical deterioration of the insulation and jacket
materials is an important element for the condition monitoring method. Several suggestions, given below, may
enhance the CM research effort and help formulate a research program which can augment the ongoing
studies. - -

- A correlation study of the aging effects on insulation and jacket materials may help in
predicting the cable's life.

- Using test methods on naturally aged cables from known environmental conditions might
enhance confidence in the test's parameters. -

- Based on the aging monitoring data, a threshold value should be identified which will ensure
the cable's survival in an accident. For this, reliability studies should be undertaken to
develop confidence on the threshold parameter.

- CM techniques should be identified that can detect hot spots in a plant's environment, so that
appropriate measures can be taken to minimize their effects on the degradation of cables.
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Environmental Qualification of Cables

Based on results presented in this literature review of published studies worldwide, the jacket and the insulation
materials of low-voltage safety-related electric cables can lose their entire tensile properties, specifically
elongation-at-break, after they are exposed, respectively, to total integrated doses (TIDs) of 50 Mrad of aging
and 150 Mrad accident dose in a reactor environment. The qualification of most cables uses testing for a total
dose of 200 Mrad first in a sequential method before they can be exposed to steam/chemical spray environment
simulating an accident. Therefore, some cables which passed this qualification must have completely
embrittled (i.e., zero elongation value) insulation/jacket materials by the end of the accident radiation
exposure. Unfortunately, no qualification data on elongation of these cable polymers is available. However,
all cables passed the insulation resistance (IR) tests indicating no gross failures or cracks in the insulating
system. At least in the few reports available on early cable qualification tests, no voltage withstand test on a
20 times cable diameter mandrel was performed as required by IEEE Std 383-1974. Typically, cable
specimens originally mounted on 20 times cable diameter mandrels during' pre-aging and accident radiation
exposure were directly taken into the steam chamber for steam/chemical spray test.

Furthermore, the tensile properties of embrittled cables without cracks or defects in the insulation materials
can improve when exposed to steam. Although there were indications of lowering IR values during the steam
test, no appreciable change in this electrical property was noted when the cables were dried after exposure.
Almost all cables passed the voltage withstand test on a 40 times cable diameter mandrel after the LOCA test,
since the water from the steam acted as a plasticizer, improving the tensile properties of embrittled cable
insulations, and thus, providing the necessary flexibility for the mandrel bend. If this scenario is true, then
cables now in service in nuclear power plant have the characteristics presented here. Therefore, concerns on
various aging and accident simulation methods can be of no significance if the end point of all cables tested
is governed by zero elongation-at-break before exposing cables to thermodynamic conditions. The key to
maintaining the safety and reliability of the reactor for a safe operation and survival during a design-basis
accident is that the embrittled cables are not subject to any mechanical abuse to cause cracks or damages which
can be detrimental to their electrical performance.

The limited published data supports the fact that the total normal radiation dose of 10 Mrad (excluding hot
spots) during a 40-year design life and another 15-20 Mrad of accident dose (as found in TMI) are more
realistic values to which cables in a nuclear power plant can be exposed. The EQ radiation source term in the
EQ risk-scoping study (Ref. 7.9) gives a total accident dose of 15 Mrad gamma accident exposure for cables
installed in conduits. Cables without shielding could experience larger doses (the report does not mention any
quantitative value). Also, depending on the location inside the containment these unshielded cables can be
exposed to beta radiation (A typical one year beta dose could be approximately 220 Mrad. Note that the effect
of beta'radiation are limited to near the surface of insulation or the cable jackets. Metal is a very effective
shield for beta radiation, and for cables inside conduits beta effects are not'important). At this low dose level
of gamma radiation, exposure of neither the jackets nor the insulations could reduce their tensile properties
completely, thus assuring their physical integrity, and hence, their electrical reliability. An effective condition
monitoring method can provide the necessary assurance on the physical condition of cable's jacket and
insulation materials and therefore, can enhance the safety and reliability of this class of cables in nuclear power
plants.
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