
 

 

Stephanie Watson 
 
Polymeric Materials Group 

Materials and Structural Systems Division 

Engineering Laboratory 
 
stephanie.watson@nist.gov 

Service Life of Electrical 

Cable and Condition 

Monitoring Methods 



Outline 

• Background  

– Electrical Cables in Nuclear Power Plants 

– Condition Monitoring and Assessment Research 

• Standards Engagement 

• Cable Condition Monitoring Project Plan 

• Summary 

 



• Service life prediction of high performance 

polymers and composites 
 

• Development of metrologies and 

methodologies for the characterization of high 

performance polymers and composites 

Polymeric Materials Group 
Materials and Structural Systems Div. 

http://images.google.com/imgres?imgurl=http://duke.usask.ca/~paa151/mdna.jpg&imgrefurl=http://duke.usask.ca/~paa151/mdna.html&h=1024&w=1280&sz=125&tbnid=tk6xdBLT-04J:&tbnh=120&tbnw=150&hl=en&start=4&prev=/images?q=DNA&svnum=10&hl=en&lr=&sa=G
http://images.google.com/imgres?imgurl=http://www.itwissen.info/media/lex_pics/small/id80f11.png&imgrefurl=http://www.itwissen.info/index.php?id=31&ano=01-012183&no_cache=1&h=189&w=200&sz=44&tbnid=WKC5-mIoPoAJ:&tbnh=93&tbnw=99&hl=en&start=9&prev=/images?q=CD+disk&svnum=10&hl=en&lr=
http://images.google.com/imgres?imgurl=http://www.ubp-europe.com/bulletproofvest/images/2155_1.jpg&imgrefurl=http://www.ubp-europe.com/bulletproofvest/ubp2155.htm&h=300&w=261&sz=69&tbnid=63X7h64gwF0J:&tbnh=111&tbnw=96&hl=en&start=2&prev=/images?q=bullet+proof+vest&svnum=10&hl=en&lr=
http://images.google.com/imgres?imgurl=http://www.tarrantcounty.com/ehealth/lib/ehealth/Paint.jpg&imgrefurl=http://www.tarrantcounty.com/ehealth/cwp/view.asp?A=763&Q=430538&ehealthNavDLTEST=|7269|&h=250&w=245&sz=36&tbnid=g-6rMdYiR7oJ:&tbnh=106&tbnw=103&hl=en&start=2&prev=/images?q=paint+can&svnum=10&hl=en&lr=
http://images.google.com/imgres?imgurl=http://www.predmaterials.com/images/datasheets/titan_dioxide_1.gif&imgrefurl=http://www.predmaterials.com/ceramics/TitanDioxideTOHO.html&h=161&w=191&sz=23&tbnid=lNBM1C071V8J:&tbnh=81&tbnw=97&hl=en&start=5&prev=/images?q=titanium+dioxide&svnum=10&hl=en&lr=
http://images.google.com/imgres?imgurl=http://www.base-line.com/images/plastics.gif&imgrefurl=http://www.base-line.com/prepress.htm&h=480&w=480&sz=112&tbnid=GEge_3XKUhUJ:&tbnh=126&tbnw=126&hl=en&start=84&prev=/images?q=plastics&start=80&svnum=10&hl=en&lr=&sa=N


WHAT IS THE PROBLEM?                    

Safety and performance concerns about electric cables                    

(low and medium voltage) in aging nuclear power plants (NPPs). 

 

• Cables in NPPS are very important safety components - provide 

power to safety-related equipment, used for instrumentation and 

control of safety functions. 

 

• A variety of environmental stressors exist  in NPPs – radiation, 

temperature, moisture,  chemical spray, mechanical stress – 

all of which can cause degradation that may go undetected. 

 

• Electrical cables  often overlooked in aging analyses and condition 

monitoring evaluations - passive components, not considered to 

require inspection and maintenance.  

 

 

 

 

 

 

 

 



Cables in Nuclear 

Power Plants 
• Medium voltage power (2.4 kV to 

34 kV) 

• Low voltage power (1 kV) 

• Control  

• Instrument 

• Panel and hook-up wire 

• Specialty 

• Security 

• Telephone  

• Lighting 

• Grounding 



Cables in NPPs 

• Many contain 

additives, which may 

vary from one 

version of the 

product to another: 
 

 - anti-oxidants 

 - flame retardants 

 - fillers 

 - plasticizers 

 

• Some newer cable 

materials are 

halogen free  
 

from IAEA 



HOW IS IT ADDRESSED TODAY?  BY WHOM? 



HOW IS IT ADDRESSED TODAY?   

• Aging Factors and Conditions 

– Pre-service and service environment 

– Temperature 

– Water (liquid and vapor) 

– Radiation 

– Oxygen 

– Mechanical stresses  
 

•  Property Changes due to Aging 

– Tensile strength decrease 

– Hardness increase 

– Density increase 

– Electrical property changes-small dielectric loss 

increase 
 

• Determination of Service Life 

– In-service inspection of connected eqpt 

– Accelerated exposure, thermal aging 

– Radiation 

– Moisture 
 

• Condition Monitoring Test 

Methods 

– Visual inspection 

– Mechanical: elongation at break, 

tensile strength, compressive 

modulus 

– Electrical: insulation resistance, 

dielectric strength, dielectric 

loss, line resonance analysis,  tan 

 , partial discharge 

– Physical/chemical:  FTIR, OIT 

(oxidation time/temperature), 

swelling ratio, gel fraction, mass 

loss, acoustic velocity 

assessment, visco-elasticity, 

NMR, density, time domain 

reflectometry 

 

 

from IAEA 



ANSI / NIST Nuclear Energy Standards  

Coordination Collaborative 

• Task Group Formed in 2011:  

 Electrical Cable Aging  and Condition Monitoring Codes and 

 Standards for Nuclear Power Plants 

• Establish coordination and consistency of safety and non-safety 

related electrical cable requirements in nuclear power plants. 

• Identify new design requirements for electrical cables, particularly 

for new polymeric components, and develop a plan to incorporate 

these new requirements into codes and standards.  

• Identify and review all NRC regulatory documents related to electrical 

cables for nuclear power plants. 

• Identify and review all non-NRC standards documents – IEEE, IEC,  

NEMA, ICEA, UL -  related to electrical cables.  

 

  

 



Standards Reviewed 
Cable Assemblies 

Fiber Optics 

Fire-Related Standards 



Standards Reviewed 
Design and Installation 

Service Life Prediction 



NRC Documents Reviewed 



Non-NRC Documents Reviewed 



Task Group Findings and Path Forward 

• After review, found that most standards actually revised or were under 

revision. 

 

• New standards are also being created to monitor the condition of 

electrical cables 

 

• Recommended looking outside conventional standards for electrical 

cables: 

• Military Specifications, other non-Class 1E requirements 

• Research Documents 

• DOE-Sandia, Brookhaven, etc.; NRC document, EPRI reports 

 

• Challenge :  New versus Old NPP Construction 

• Challenge:  Qualification of cables upon accident conditions 

• Challenge:  SDOs want NRC to cite most recent version of standards in  

         licensing process 

 



WHAT ARE THE GAPS IN THE RESEARCH? 

• Determination of aging mechanisms for: 

– Low voltage cables under wet conditions 

– High voltage cables under temperature, radiation, and wet conditions 

– Newly developed insulation materials 

 

• Determination of extended SL of aged cables  
 

• Determination of the effectiveness of cable splicing and aging processes 
 

• Standardization of procedures for condition monitoring test methods 

– Calibration of equipment and optimization of test parameters 

– Optimization of acceptance criteria 



Research   

Assessment of Electrical Cable Condition 

Monitoring Tests (sponsored by U.S. NRC)  
 

 

• Objectives: 

– To confirm the adequacy of condition monitoring under normal 

operational and LOCA conditions 

– To confirm the condition-based qualification methodology 

– To confirm acceleration factors for accelerated aging tests and 

validate service life prediction. 



Research   

Assessment of Electrical Cable Condition 

Monitoring Tests (sponsored by U.S. NRC)  

 

• Experimental approach:  

– Cables subjected to a series of static, well-controlled temperature, 

relative humidity and operational aging radiation exposure 

environments 

– Periodically removed from each exposure environment and evaluated 

using the predetermined CMTs against baseline values 

– Relate cable electrical performance to acceptance criteria for each 

CMT 

                     



Research 

• CMTs  

– Mechanical Methods 

• Elongation at Break 

• Compressive Modulus 

– Electrical Methods 

• Time Domain Reflectrometry 

• Line Resonance Analysis 

• Partial Discharge 

– Phys-Chem. Methods 

• Fourier Transform Infrared 

Spectroscopy (FTIR) 

• Oxidation Time/Temperature 

• Mass Loss 

Task 1: Establish baseline values for cable properties using a 

suite of predetermined condition monitoring tests 

• Cable Materials 
– crosslinked polyethylene 

(XLPE) 

– ethylene propylene rubber 

(EPR) 

– silicone rubber (SR) 

– chlorosulphonated 

polyethylene (CSPE/Hypalon) 

– in-service’ cables from Zion 

NPP in IL 

 

 

 

 

 

 

 



Research 

Task 2:  Conduct temperature, relative humidity/water immersion, 

and radiation exposure environments 
 

• Simultaneous temperature, moisture, and radiation exposure: 

–  total radiation dose for operational aging =  50 MRad (500 kGy) with a dose rate of 

100 Gy/h   

• Energized cable experiments will also be explored 

• Loss of Coolant Accident (LOCA) conditions will be examined in a later 

phase 

 

 

 



Research 
Tasks 3 and 4: Monitor changes in cable properties vs. exposure time; 

Quantitatively characterize cable degradation mechanism(s) to 

establish appropriate conditions for accelerated aging 
 

• At predetermined exposure times, characterize cable specimens using 

CMTs. 

• Additionally, chemical, physical, and morphological characterization of 

exposed specimens will be carried out using a variety of analytical 

instruments including, but not limited to: 

– Infrared, UV-visible, and Raman spectroscopy 

– Thermal Analysis 

– Moisture sorption analysis  

– Scanning electron microscopy  

– Laser confocal microscopy 

– Atomic force microscopy 

• Laboratory aged cables will be compared with field-aged materials 

  



Research 

Task 5: Relate condition monitoring test results to cable electrical 

performance and establish acceptance criteria for condition 

monitoring tests 

 

• CMT results will be correlated against well-established cable failure 

performance data  

• Cable failure determined from electrical output tests which measure 

performance capability 

– voltage 

– capacitance 

– impedance measurements  

• CMT data collected from EPRI, IAEA, and NRC used to improve the 

statistics of this evaluation; however, data from these sources may 

not have used the same experimental parameters .   

 



Methods 

IAEA Round Robin 

• Indenter         IEC/IEEE 62582-2 

• 5.1 ± 0.1 mm/min and a maximum force of 10 N  

• IM = (F2 – F1)/(d2-d1)  

 

 

 



Methods 
IAEA Round Robin 

• Oxidation induction time/temperature (OIT/OITP) IEC/IEEE 62582-4 

• N2- 50C/min until 10C below set temp, 5C/min to set temp, hold 2 min 

• Switch to O2, monitor time to oxidize 
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Methods 
IAEA Round Robin 

• Weight Loss- TGA  

– N2-10C/min 

– temperature at maximum rate of weight loss  

– temperature at 5% weight  loss 

 

 

 

 

 



Methods 
IAEA Round Robin 

 

• Density 

• weigh specimen in air and in distilled (or de-ionized water) using an 

analytical balance  

 



Results   Mechanical Testing-Tensile testing 

 

Universal Testing Machine 

Test Sample Types 

Engineeringarchives.com 

Mech.northwestern.edu 

• Measures: 

• Ductility, via elongation at break  

• Rigidity, via elastic modulus 

• Strength, via ultimate and yield 

strength 

• Toughness, via area under 

stress/strain curve 

 
IEC/IEEE 62582-3 

ASTM D-412-C 

  



CSPE hand-milled stress/strain results 
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Results   Mechanical Testing-Tensile testing 

 



XLPE hand milled stress/strain results 
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Results   Mechanical Testing-Tensile testing 

 



 

 

• Gripping 

– Challenge: either break or slip 

– Experimentation: various grips and arrangements 

– Result: constant-pressure pneumatic grips on order 

• Extension 

– Challenge: measure extreme extension 

– Experimentation: video capture and software quantification 

– Result: laser extensometer installed/to be tried 

Results   Mechanical Testing- Summary 

 



CSPE: unaged vs 4 weeks submerged 
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Results Chemical Analysis-                                        

   Fourier Transform Infrared Spectroscopy (FTIR) 

 



 XLPE: unaged vs 4 weeks submerged 
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Results Chemical Analysis-                                        

   Fourier Transform Infrared Spectroscopy (FTIR) 

 

XLPE Density decrease: peak ratio of 1460 cm-1 :730 cm-1  



– CSPE: Water absorption, C=C formation 

– XLPE: Water absorption, possible sulfonyl chloride 

contamination 

 

• Investigate Raman Spectroscopy 

– Complement FTIR 

– Analysis in water possible 

Results Chemical Analysis-                                        

   Fourier Transform Infrared Spectroscopy (FTIR) 

 



Summary 

• Service lives and condition of NPP cables are critical 

to their safety and performance. 

 

• Engaged with standards organizations to determine 

NPP cable research and standards needs, and 

develop plan for  research and transferring results into 

published standards 

 
  

• Project underway with U.S. NRC to confirm adequacy 

of current condition monitoring tests and to establish 

appropriate conditions and parameters for accelerated 

aging. 
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