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ABSTRACT in reactor safety. Should the polymeric cable insulation material 
Electric cables in nuclear power plants suffer degradation become embrittled and cracked during service, or during a loss- 

during service as a result of the thermal and radiation of-coolant-accident (LOCA) when steam and high radiation 
environments in which they are installed. Instrumentation and conditions are anticipated, failure could occur and prevent the 
control cables are one type of cable that provide an important role cables from fulfilling their intended safety function(s). A 

‘This work was performed under the auspices of the U.S. Nuclear Regulatory Commission. 
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research program is being conducted at Brookhaven National 
Laboratory to evaluate condition monitoring (CM) techniques for 

cables. One objective of this work is to evaluate various 
condition monitoring techniques which can be used to assess the 

estimating the amount of cable degradation experienced during ability of the cables to function properly for the extended period 
in-plant service. The objectives of this program are to assess the of time. Condition monitoring techniques being evaluated 
ability of the cables to perform under a simulated LOCA without include mechanical techniques (elongation-at-break, compressive 
losing their ability to function effectively, and to identify CM modulus, and visual examination) (Lofaro, 2000), electrical tests 
techniques which may be used to determine the effective lifetime (AC impedance and insulation resistance testing), and chemical 
of cables. techniques (oxidation-induction time and temperature). 

The cable insulation materials tested include ethylene 
propylene rubber (EPR) and cross-linked poly&ylene (XLPE). 
Accelerated aging (thermal and radiation) to the equivalent of 
40 years of service was performed, followed by exposure to 
simulated LOCA conditions. 

1. CABLE SPECIMENS (Lofaro, 1998a, 1998b, 1999b) 
The BNL research program utilized cable samples obtained 

The effectiveness of chemical, electrical, and mechanical 
condition monitoring techniques are being evaluated. Results 
indicate that several of these methods can detect changes in 
material parameters with increasing age. However, each has its 
limitations, and a combination of methods may provide an 
effective means for trending cable degradation in order to assess 
the retiaining life of cables. 

from various manufacturers and nuclear power plants to permit 
testing of artificially aged and naturally aged samples, as well as 
unaged samples. The unaged samples were obtained from 
warehouse stock or mild environment locations within the plant, 
such as the control room or cable-spreading rooms. The naturally 
aged samples were removed from severai harsh environment 
areas from within the containment (reactor coolant pumps, steam 
generator cavities). 

INTRODUCTION 
As nuclear pdwer plants near the end of their design life, a 

decision must be made whether to consider extending the 
operating life of the plant, or .to shut the facility down. If the 
decision is to.extend the life, numerous technical and economic 
issues must be analyzed before the license renewal process can 
begin. Paramount in this decision-making process is the utility’s 
demonstration that the plant can continue to safely operate for the 
extended period. One of the most immediate and important tasks 
for the owner is to identify the passive, long-lived components 
yhich are important to safety. By identifying these components, 
the owner can ensure that appropriate aging management 
programs are in place (Lofaro, 1999a). 

While there are many components which meet this criteria, 
one which has been identified for license renewal is electric 
cables, particularly instrumentation and control (I&C) cables. 
I&C cables are critical because they serve to relay important 
safety information regarding the status of critical components and 
environmental conditions. In the event of an accident, these 
components may have to function in a very hostile environment, 
perhaps for extended periods of time. In light of this, it would be 
desirable to have available condition monitoring techniques 
which could be used by the plant owner.for in situ examination. 
This would allow the cable to be tested without damaging it, or 
disturbing it, to ensure it still maintains sufficient electrical 
properties to allow it to function satisfactorily over the extended 
time period. 

The cable types tested include ethylene propylene rubber 
(BPR) insulation with chlorosulfonated polyethylene (HypalonQ 
jackets and cross-linked polyethylene (XLPE) insulation with 
Neoprene@ jackets. .These low-voltage I&C cables were 
14-16 AWG wire gauge and multi-conductor design (2, 3 or 
4 conductors). The EPR/Hypalon cables had an individual, 
unbonded Hypalon inner jacket over each individual insulation. 
The results presented in this paper will be limited to the XLPE 
and EPR insulation materials. The ability of a cable to function 
following thermal and radiation exposure is effected by the ability 
of these materials to retain their dielectric properties. The outer 
jacket of a cable primarily serves to provide protection to the 
insulation during installation. 

t Special emphasis, and precautions were used during the 
removal of the naturally aged cables from the plant to minimize 
any damage. Whole sections of cable trays and conduits were 
removed from the installed location and transported to a lay-down 
area where the conduit or tray was carefully removed from 
around the cables, as opposed to pulling the cables. In situ 
insulation resistance tests were conducted to verify the 
acceptability of the cables prior to and after removal to ensure no 
damage was induced. 

2. ACCELERATED AGING 

Brookhaven National Laboratory (BNL) is conducting a 
research program to address concerns related to the aging of I&C 

The objectives of this test program include an evaluation of 
the adequacy of artificial aging in simulating actual aging 
conditions and an assessment of the operability of aged cables 
following accident exposureb. The accelerated aging parameters 
were selected to match those used for the original qualification of 
the cables being tested for the plant from which they were 
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obtained. Qualification test reports were obtained and reviewed 
for this information. This approach was used to avoid exposing 
the cables to any aging stresses in excess of what they were 
originally designed and qualified to withstand. The artificial 
aging consisted of sequentially applied thermal and radiation 
exposure. 

Three test sequences consisting of different artificial aging 
parameters have been completed: two for the XLPE insulation 
(Test Sequences 1 and 3) and one for the EPR insulation (Test 
Sequence 2). Test Sequence 3 consisted of more severe thermal 
and radiation conditions for the XLPE insulation compared to 
Test Sequence 1. The cables in each test were divided into 
groups. Group 1 was a control group that received no aging. 

Group 2 was aged to match the service condition.of the naturally 
aged cables in Group 3. The cables in Group 4 were aged to the 
original qualification parameters. In each test, the aging 
conditions for Group 4 were the most severe. The results from 
Groups 2 and 4 are focused on herein. 

Following the service aging, the cable specimens were 
exposed to an additional 150 Mrad of accident radiation, which 
was administered in two steps of 75 Mrad each. Table 1 
summarizes the artificial aging parameters used in the test 
sequences. Following the service and accident exposures, the 
cable specimens were placed in a LOCA chamber for 
steam/chemical spray exposure. The LOCA tests were of a 7-day 

Table 1 Artificial Aging Parameters 

Test Sequence No. 

Test 1 (XLPE) 

Test 2 (EPR) 

Test 3 (XLPE) 

Thermal Aging Time Thermal Aging Service Radiation Dose Service Radiation Dose 
(hours) Temperature (C) (Mrad) @@a*) 

Group 2 Group 4 Group 2 Group 4 Group 2 Group 4 Group 2 Group 4 

* 3 650 120 150 0.6 25 0.5 0.5 

30 84 121.11 121.11 3.14 25 0.5 0.5 

10 1300 120 150 2.22 50 0.5 0.5 

duration which included one or two high-temperature/pressure 
ramps and 24 hours of chemical spray. _ _ 

The condition monitoring techniques were used to establish 
the initial baseline condition of the cables before any accelerated 
aging was performed, and then later to monitor the condition of 
the cables at designated points throughout the service aging and 
accident exposure portions ofthe program. The results, which are 
presented in the following sections, are all pre-LOCA steam 
exposure. 

3. CONDITION MONITORING TECHNIQUES 
Mechanical 

Three condition monitoring (CM) techniques were used to 
assess the mechanical condition of the cables throughout this 
research program. They included elongation-at-break (EAB), 
compressive modulus, and visual inspection. The overall 
effectiveness of each, including representative results will be 

discussed. Ideally, the CM teclmiques chosen for use should be 
sensitive enough to detect aging degradation changes in the cable 
materials. 
Elongation-at-Break 

Elongation-at-Break (EAB) is a measure of a material’s 
resistance to fracture under an applied tensile stress. Like most 
polymers, cable insulation will, lose ductility as it ages. In a 
nuclear plant environment, aging results from both thermal 
oxidation and gamma radiation exposure. EAB, while not a test 
which can be performed in situ, has been commonly used as the 
standard for estimating the integrity of cable materials. 

In this research program, EAB measurements were 
performed on specially prepared cable specimens at pre- 
designated intervals throughout the artificial aging process. A 
summary of the average ductilities for the cables in Groups 2 
and 4 for each test sequence is provided in Table 2. Since all 
colors of insulation exhibited very similar ductilities, the EAB 
values are the average for all colors. 
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Table 2 EAR Results (% elongation) 

Test Sequence No. Baseline 

(unaged) 

After Thermal Aging After Service Radiation After Accident Radiation 

Aging 

Group 2 Group 4 Group Group 4 Group 2 Group 4 Group 2 Group 4 
2 

Test 1 (XLPE) 364 624 410 <5 365 <5 102 C5 

Test 2 (EPR) 284 284 336 283 224 196 126 120 

Test 3 (XLPE) 426 620 391 <5 403 <5 59 c5 

For the XLPE insulation in Tests 1 and 3, the loss in ductility 
following the thermal aging for Group 4 cables was quite severe, 
compared to the mild thermal aging for Group 2, which resulted 
in only minor ductility losses. Due to this large decrease in 
ductility, the decrease due to service radiation exposure could not 
be quantitatively determined. However, in comparison, the same 
material, when exposed to the- milder thermal. and radiation 
exposure for Group 2, resulted in no large effect. However, the 
accident radiation exposure did result in a sharp decrease in 
ductility. 

EPR, when exposed to the thermal aging cycle for Test 
Sequence 2, resulted in an increase in ductility for the-Group 2 
specimens, while no change was evident for the Group 4 
specimens. The subsequent service radiation exposure resulted in 
a 30% loss of ductility for the specimens in both groups. The 
specimens still ,maintained over 40% of the original ductility 
compared to the unaged specimens. 

Figure 1 provides plots ofthe EAB data obtained from Test 
Sequences 2 and 3. From the data provided for the three test 
sequences, it can be concluded that elongation-at-break is a 
method capable of detecting changes due to aging. However, the 

importance of obtaining baseline samples for use in assessing 
ductility changes is very important. Though the base material 
was the same for Test Sequences 1 and 3, large variations can be 
seen in the ductility. This difference was confumed by retest and 
was evident in other CM tests as well. While the exact reason for 
this difference is unknown, it is thought to be due to chemical or 
processing modifications, since the two cables were manufactured 
during different tune periods. 
Compressive Modulus 

To monitor changes in amaterials compressive modulus, the 
Ogden Indenter Polymer Aging Monitor was used. This 
PC-controlled device uses a probe which is pressed into the 
material being tested in a controlled manner. The force used and 
the resulting displacement are measured and used to calculate the 
compressive modulus of the material. The indenter can be easily 
operated in the field by two persons and resulted in no damage to 
the cable material in this program, as long as the material retained 
some ductility. Compressive modulus measurements were made 
on the insulation for the three test sequences. The average 
compressive modulus results are provided in Table 3. 

Table 3 Insulation Compressive Modulus Results (Newtons/mm) 

Test Sequence No. 

Test 1 (XLPE) 

Test 2 (EPR) 

Test 3 (XLPE) 

Baseline After Thermal Aging After Service Radiation After Accident 

Aging Radiation 

Group 2 Group 4 Group 2 Group 4 Group 2 Group 4 Group 2 Group 4 

175 98 168 148 145 ii7 183 142 

14 14 15 15 14.5 14.5 14 15 

192 103 164 143 165 153 205 170 
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Fig. 1 Effect of Aging on Cable Insulation EAB 

The sensitivity of the indenter to detect changes in the 
compressive modulus due to aging appears to be a function of the 
severity of the aging. Small modulus changes were seen for the 
EPR insulation in Test Sequence 2. This was not surprising due 
to the temperature and radiation resistance of the material and the 
relatively mild aging conditions used. Additional tests are 
planned which will expose EPR insulation to more severe aging 
conditions. 

The XLPE insulation which was used in Test Sequences 1 
and 3 exhibited modulus changes in response to aging. For the 
Group 2 specimens, the thermal and radiation service resulted in 
a modulus decrease, before the 150 Ivlrad of accident radiation 
resulted in an increased modulus, which was not significantly 
higher than the baseline. The harsher service and accident 
conditions for the Group 4 specimens resulted in a modulus which 
was 60% higher than the baseline. However, for Test Sequence 1, 
the radiation resulted in a slight modulus decrease, while a steady 
rise was seen with the specimens in Test Sequence 3. The reason 
for these variations is likely due to the differences in the total 
radiation between. the two tests as well as material variability 
(similar to that seen in EAB). 

Significant lot-to-lot variations in compressive modulus were 
observed for the baseline XLPE insulation, which is consistent 
with EAB results. One possible explanation for these differences 
may be due to ffie cable construction. The differences were seen 
between 2- and 3-conductor cables. ‘The cause for this difference 
may be related to chemical and processing differences. This 

observation highlights the importance of obtaining a baseline 
measurement for each cable type and construction to account for 
these variations. 

The indenter appears to be a useful tool in trending material 
changes resulting from aging (Fig. 2). This figure shows the 
increasing trends for the Group 4 XLPE insulation from Test 
Sequence 3. This figure also highlights the differences seen in the 
baseline specimens. The Group 2 specimen was a 3-conductor 
specimen as opposed, to 2-conductor specimens for Group 4. 
Though the material was the same, the 3-conductor specimens 
exhibited a significantly higher baseline modulus. 
Visual Examination 

In comparison to ‘the other mechanical-type inspections 
which produce quantitative results, visual inspections provide a 
qualitative assessment of cable condition. Nonetheless, a visual 
inspection is an inexpensive in situ test which is easy to perfoti 
and can provide useful information for determining cable 
condition. When these inspections are performed in a 
standardized, detailed manner, several attributes can be assessed. 
These include: 
. 

. 

. 

. 

. 

5 

color, including dhanges from the original color, and the 
degree of sheen, 
cracks, including crack length, direction, depth, location, and 
number per unit area, 
dimensional changes indicative of swelling or shrinking, 
surface contamination, and 
cable rigidity. 
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Fig. 2 XLPE Insulation Compressive Modulus - Test Sequence 3 

The results obtained from the visual inspections from the 
three test sequences indicate that degradation can be detected 
visually. Other than discoloration from the thermal aging, both 
the XLPE and EPR insulations showed no signs of cracking or 
other degradation. A slight stiffening was detectable for the 
XLPE insulations in Test Sequences 1 and 3 also. 

A significant limitation to visual inspection is that the cables 
must be accessible. In many cases, the cables may be buried in 
cable trays or installed in conduits, which may limit the use of this 
inspection technique. Even for cables that are exposed, typically 
only the jacket can be inspected. This significantly limits the 
usefulness of this technique. 
Chemical Testing 

Cable insulation and jacket materials contain several 
additives in addition. to the base polymer structure. Fillers, 
plasticizers, colorants, and antioxidants are the main additives 
used to improve polymer properties. Antioxidants are organic 
constituents that effectively minimize oxidative degradation of 
the base structure until they are depleted. By measuring the time 
and temperatures at which oxidation of a cable material begins, 
which is characterized by the initiation of a major exothermic 
oxidative reaction, the degree of degradation can be estimated. 
To perform these tests, a Shimadzu Model DSC-50 differential 
scanning calorimeter was used. A small amount (10 mg) of cable 
material is needed to perform these tests. The material is cut into 

small pieces (Cl mm in diameter) to facilitate oxidation. 
Oxidation Induction Temperature (0IT.P) 

Table 4 provides’ a record of the oxidative induction 
temperatures for specimens fi-om the three test sequences. 

For the XLPE insulation in Test Sequences 1 and 3, thermal 
aging and radiation aging generally decreased the OITP. Both 
thermal and radiation aging serve to reduce the antioxidants, 
which makes the basic polyethylene structure more susceptible to 
oxidation. The OITP for EPR insulation also decreases for 
service aging, especially after irradiation. The most significant 
decreases in OITP are daused by large doses of accident radiation. 
Figure 3 shows some bf the OITP data plotted against EAB. 
Again, it can be seen that, as the curves shift to the left, the OITP 
tends to decrease as accident radiation is applied. 
Oxidation Induction Time (OITMJ 

Oxidation Induction Time measures the time to the onset of 
oxidation in a material at a constant temperature. The results of 
the OITM tests are provided in Table 5. The test temperatures for 
XLPE and EPR are 220 and 200 C, respectively. 

For the EPR insulation in Test Sequence 2, the aging resulted 
in a decreased OITM, a’s expected. For Test Sequences 1 and 2, 
however, the Group 4 XLPE lost all of the antioxidants during the 
chemical aging step. Thus, during the 01 Time tests, the material 
immediately began rapid oxidation, resulting in an OITM of zero. 
Figure 4 shows OITM data plotted versus EAB. Compared to 
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Table 4 Oxidation Induction Temperatures (C) 

Test Sequence 
No. 

Baseline After Thermal Aging After Service Radiation After Accident Radiation 

Agh.z 
r 

Group 2 Group 4 Group 2 Group 4 

Test 1 (XLPE) ’ 271.9 244.7 268.8 208.0 

Test 2 (EPR) 232.7 232.7 229.2 232.4 

Test 3 (XLPE) ’ 269.5 245.6 269.2 212.9 

Group 2 

268.8 

233.6 

270.7 

Group 4 Group 2 Group 4 

208 263.9 205.3 

222.6 210.6 200.4 

212.5 270.0 222.6 

‘For Test 1, the values are averaged for all colors of insulation. For Test 3, only white XLPE was tested. 

Table 5 Oxidation Induction Time (min) 

Test Sequence 1 Baseline 1 After Thermal Aging 1 After Service Radiation I After Accident 
No. - - 1 Me ’ Radiation 

Group2 Group 4 Group 2 Group 4 Group2 . Group4 Group 2 Group 4 

Test l(XLPE) * 108.7 8.0 108.5 0’ 109.4 02‘ 45.7 02 
I I I 

Test 2 (EPR) 16.4 16.4 15.9 23.8 23.0 10.0 8.1 3.0 

Test 3 (XLPE) ’ 104 9.1 100 O2 106 02 60 O2 

‘For Test 1, the Group 2 values are averaged for all colors of insulation; for Group 4, only black jrLPE was tested. For Test 3, only black 
XLPE was tested. 

21nstantaneous oxidation due to loss of all antioxidants during aging. 
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OITP, OITM changes more rapidly with aging and appears to be 
a promising technique for predicting EAB using differential 
scanning calorimetry. 
Electrical Testing 
InsuIation Resistance 

Insulation resistance (IR) measurement is performed to 
determine the electrical integrity of cable insulation, This test 
technique is familiar to electrical maintenance personnel in all 
nuclear power plants, and it is relatively easy to perform in situ. 
When a dc voltage is applied to a test specimen, the total current 
flowing in the insulation from conductor to ground is equal to the 
sum of the capacitive charging current, the dielectric absorption 
current, and the leakage current. All three component currents 
vary with time after the test voltage has been applied: the first 
two decrease from their initial value, tapering off to near zero 
after several minutes. In good insulation, the thiid component, 
leakage current, will reach and maintain a steady value after a 
certain time period. If the insulation is badly deteriorated, wet, or 
contaminated, however, the leakage current component will be 
greater than that found in good insulation or in many cases will 
continue to increase with time. Because of this behavior, IR 
measurements are taken at an interval of one minute and again at 
ten minutes after applying the test voltage. The ratio of the IR 
measured at ten minutes to the value at one minute, known as the 
polarization index (PI), can thus be measured. 

The average polarization index values obtained for several 
groups of specimens from Tests 2 and 3 are provided in Table 6. 
For the EPR-insulated cables in Test 2, the PI measured from 
conductor-to-ground showed a consistent decreasing trend related 
to the cable insulation condition. Similarly, conductor-to-ground 
measurements for XLPE-insulated cables in Test 4 demonstrated 
comparable results. Conductor-to-conductor PI measurements 
taken in Test 4 demonstrated an overall decrease in value; 
however, more variation was noted in the measurements. The 
steady decreasing trend found in the conductor-to-ground PI tests 
was more significant than for the conductor-to-conductor data. 

Some of’the limitations of insulation resistance testing are 
sensitivity to temperature and, depending on the properties of the 
insulating material, humidity. A correction factor may be applied 

to normalize values to a common temperature; however, since a 
cable may pass through multiple environments over its Iengtb, 
this may not always provide a practical solution. The polarization 
index ratio cancels out some of the variables, but no quantitative 
value can definitely show that a cable insulation will not survive 
a LOCA (although Pls lower than 1.0-2.0 range are questionable). 
Trends are observable over the life of a cable, and when measured 
against an in situ baseline value for each individual cable, 
insulation resistance and polarization index are good indicators of 
the dielectric condition of cable insulation. 
Dielectric Loss 

When a steady-state ac test voltage is applied to an insulated 
cable, the resultant apparent total current that flows consists of a 
charging current due to the capacitance ofthe cable insulation and 
the leakage current. The phase angle between the applied test 
voltage and the total current is the dielectric phase angle. The 
leakage current is normally much smaller than the charging 
current but is more sensitive to the condition of the insulation. As 
insulation deteriorates, the leakage current will tend to increase, 
while the capacitive current remains relatively constant. The ratio 
of the leakage current to the total current is the cosine’ of the 
dielectric loss angle. This is commonly known as the insulation, 
or dielectric, power factor and is used as a measure of insulation 
condition. 

In this program, dielectric loss measurements were made 
over a range of applied test voltage frequencies from 100 mHz to 
5 kHz using a two-channel, dynamic signal analyzer with swept 
sine option. Baseline dielectric loss measurements were made for 
all of the cable specimens and following each step of the thermal 
and radiation aging process. The raw data obtained were 
displayed as a plot of the dielectric phase angle as a function of 
the frequency of applied test voltage. Insulation power factor was 
calculated from these data and plotted for XLPE insulation 
specimens from Test Sequence 1 (Fig. 5). 

As the cable insulation deteriorated throughout the cable 
aging process, trendable changes in the insulation power factor 
measurements were rea’dily detectable. As seen in Fig. 5, these 
changes were most easily seen using applied test voltages with a 
frequency in the range of 50 Hz to 500 Hz. 

9 Copyright 0 2000 by ASME 



Test Sequence 
No. 

Test 2 (EPR) 

Test 3 (XLPE) 

Table 6 Average Conductor-to-Ground Polarization Index 

Baseline After Thermal Aging After Service Radiation 

Aging 

Group 2 Group 4 Group 2 Group 4 Group 2 Group 4 

2.5 I 2.5 I 3.2 I 1.8 I 1.6 I 1.4 

3.2 10.5* 2.7 13.6* 2.4 1.8* 

After Accident Radiation 

* conductor-to-conductor measurement 

I 

X 

xl 

0.2 

i 

I I 
0 ’ 1 I I I 

Baseline 
I 

Post-Thermal Post-Svc Rad Post-Act Rad 
PREAGING LEVEL 

-m- IOHZ - 5oHz -e- lOOH -e- 5ool-k -x- 1000Hz 

Fig. 5 XLPE Insulation Power Factor 
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4. SUMMARY 

BNL is conducting a research program to evaluate the 
performance of aged I&C cables. An important aspect of this 
research is to assess the availability and viability of various 
condition monitoring methods to assess the condition of these 
cables in situ. Condition monitoring techniques evaluated include 
mechanical techniques (elongation-at-break, compressive 
modulus, and visual examination), electrical tests (AC impedance 
and insulation resistance testing), and chemical techniques 
(oxidation-induction time and temperature). Other condition 
monitoring techniques are being developed or used to assess cable 
integrity. Assessment of changes in these properties may be 
indicative of cable aging. 

Each of the techniques reviewed was found to be capable of 
detecting cable degradation and (with the exception of EAB) is 
capable of being performed in situ. All techniques were found to 
have limitations. For example, the indenter did not detect 
discemable modulus differences for lightly aged specimens. 
Visual examination required access to the cables, and in most 
instances, only the outer jacket, as opposed to the cable 
insulation, would be visible in a power plant. Compared to 
oxidation induction temperature measurements, oxidation 
induction time was seen to change more rapidly with aging and 
appears to be a promising technique for predicting EAB using 
differential scanning calorimetry. For insulation resistance, the 
conductor-to-ground measurements was shown to produce better 
results than conductor-to-conductor measurements for insulation 
resistance testing. 

The importance of obtaining baseline measurements from 
unaged specimens was highlighted in this program. Several 
instances were found whereby cable insulation of the same 
material had significantly different baseline properties. 
Determinmg the condition of unaged specimens would allow 
material property changes to be compared to the original 
condition of the cable. No single condition monitoring technique 
was found to be totally capable of trending and detecting 
degradation for all materials and cable types. A combination’of 

11 

condition monitoring techniques is needed to provide an overall 
assessment of cable condition in a plant. 
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