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SUMMARY 

Polymers used as dielectric materials in nuclear grade electrical cables, such as cross-linked 
polyethylene (XLPE) and ethylene-propylene rubber (EPR), are long-lived and durable. Estimating the 
decades-long service life of polymers experimentally in a feasible timeframe of weeks or months requires 
greatly accelerated aging in the laboratory at drastically elevated temperatures and/or gamma dose rates. 
Many limitations of accelerated aging, such as diffusion limited oxidation and dose rate effects, have been 
identified that can make accurate lifetime prediction at service conditions challenging. This can be due to 
differences in degradation mechanisms between rapid and extended aging or to the presence of induction 
periods during which early aging is undetectable using common metrics of polymer insulation 
characterization, such as tensile elongation at break. 

Conceptually, an ideal measure of aging would track clearly and predictably with material changes 
throughout the lifecycle of the evolving material state from early aging through end of useful life. With 
such a metric, accelerated aging could be performed at much milder conditions, conditions closer to those 
found in long term service, and end of life calculated from the early data. Oxygen consumption has 
previously been proposed as a sensitive measure of polymer insulation oxidation that might meet such 
desirable characteristics. 

In this work, nuclear cable insulation samples of the two most common types, XLPE and EPR, from 
two of the most sourced manufacturers, RSCC Wire & Cable Inc. and The Okonite Company, were 
subjected to gamma irradiation at dose rates of 100, 200, and 300 Gy/hr for up to 42 days at 26°C. The aged 
samples were used to evaluate oxygen consumption as a sensitive measure of aging for these materials and 
these conditions. For comparison and validation, the aged samples were also characterized using the more 
conventional tests of mass change, density, carbonyl index, and yellowness index. 

Compared to the conventional tests, oxygen consumption was found to be a particularly sensitive metric 
to measure the degradation of polymeric cable insulation exposed to radiation. For both materials, oxygen 
consumption during irradiation was found to track linearly with applied dose—oxygen consumption rate 
was constant with time. Oxygen consumption rate was compared to time-temperature-superposition 
methods for Arrhenius activation energy calculation using literature data and found to be a useful and viable 
alternative for lifetime prediction. Both mass change and carbonyl index were clearly proportional to 
exposure dose. Yellowness index, a surface sensitive measure, was observed to increase linearly with dose 
at low exposure levels before plateauing, while density was not observed to change under the conditions 
explored.  

The techniques developed in this work are anticipated to be valuable in the estimation of insulation 
aging rates under mild conditions approaching service conditions. Direct comparison of useful life 
prediction by oxygen consumption with prediction via Arrhenius methodology for thermal aging and 
existing methods for radiation and combined thermal/radiation aging would serve to further validate this 
promising approach and refine our understanding of material-specific aging rates.  
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1. INTRODUCTION 

Prediction of the service life of electrical cable insulation used in nuclear power plants (NPPs) is based 
on observable time-dependent material properties, see Figure 1. In practice, polymeric insulation samples 
are challenged at accelerated aging conditions in the lab, t2 in Equation (1), specifically at temperatures (T2) 
and/or gamma dose rates (I2) higher than their NPP service conditions (T1, I1) to gain insight into the 
degradation of their material properties. Times to selected endpoints measured at accelerated conditions are 
extrapolated to service conditions by shifting the curves on logarithmic time axes (or equivalently, 
stretching the curves on linear time axes) where the form factor a is given by Equation (1). Assumptions 
behind this shifting process include that (1) the aging process is isodosic, that is, independent of dose rate, 
(2) it has an Arrhenius temperature dependence, (3) the dose rate and temperature dependencies are 
additive, and (4) model parameters such as Arrhenius activation energy (Ea) are the same in the target aging 
condition (Celina, Clough and Gillen, 1998; Martin et al., 2008; Celina, 2013). 

 𝑎 ൌ ௧భ
௧మ
ൌ ூమ

ூభ
ൈ exp ቀாೌ

ோ
ሺ ଵ

భ்
െ ଵ

మ்
ሻቁ, R ൌ universal gas constant         (1) 

 

 

Figure 1. Predicting long-term behavior (red curve) from tested properties at accelerated aging conditions (yellow 
curve) by stretching along the time axis. 

Many scenarios have been identified where the above assumptions are violated, namely, in the presence 
of phenomena including inverse temperature effects (Celina et al., 1996), dose rate effects (Wise, Gillen 
and Clough, 1997), diffusion limited oxidation (Gillen and Clough, 1992; Audouin et al., 1994; Wise, 
Gillen and Clough, 1997), synergistic effects (NUREG/CR-7153, 2014) and decrease in activation energy 
at lower temperatures (Celina, Clough and Gillen, 1998; Gillen, Celina and Bernstein, 2003; Celina, Gillen 
and Assink, 2005; Gillen, Bernstein and Celina, 2005). Even when these aging artefacts are avoided, 
determination of model constants from isotherms and/or iso-dose-rate curves requires months or years of 
aging time, several different test conditions, and many test samples. A potential strategy to circumvent these 
limitations is the use of sensitive measures of aging (SMA), which are analysis techniques that can detect 
material degradation at early stages of aging or under relatively mild conditions such as those experienced 
during cable service life. SMAs could, therefore, be used to predict material performance at conditions 
where traditional material lifetime prediction metrics (e.g., elongation at break or density) do not exhibit 
sufficient sensitivity to provide useful information (Gillen et al., 2006). However, SMAs remain poorly 
explored in the literature and basic knowledge regarding which techniques are suitable as SMAs and how 
they compare to more traditional test methods remains scarce. 
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An excellent candidate for a SMA is oxygen consumption (OC), as measured by gas chromatography 
(GC) (Assink et al., 2005). Oxygen consumption has been reported to be quantifiable and exhibit linear 
evolution with time at early stages of degradation, which are vital qualities of SMAs (Wise, Gillen and 
Clough, 1995; Gillen, Celina and Keenan, 2000; Gillen, Celina and Bernstein, 2003; Celina, Dayile and 
Quintana, 2013). However, it is not clear if or when OC will deviate from linear behavior (i.e., when the 
OC rate will change). A measurable change in OC rate could indicate that a different degradation 
mechanism begins to dominate the overall kinetics and could confound analysis attempts (Craig et al., 2005; 
François-Heude et al., 2015; Wypych, 2020). In this work, OC was compared to traditional material 
performance metrics and evaluated as an SMA on the two most common cable insulation materials, 
crosslinked polyethylene (XLPE) and ethylene-propylene rubber (EPR). Furthermore, OC behavior of the 
selected cable insulation materials was evaluated for linearity to establish whether complicating factors are 
present and would preclude valuable analyses using this technique. 
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2. OXIDATIVE DEGRADATION 

The rate of oxygen consumption in polymers has previously been investigated using a modified form 
of the basic autoxidation scheme (BAS) (Gillen, Wise and Clough, 1995). The BAS was initially proposed 
for oxidation of unsaturated fatty acids (Bolland and Gee, 1946) that exhibited behavior similar to the free 
autocatalytic radical depolymerization. A modified BAS has been proposed for polymer degradation where 
termination to antioxidants and disproportionation are considered in addition to chain scission and 
crosslinking considered in the original BAS (Gillen, Wise and Clough, 1995), see Figure 2. 

Polymer
ூ
→R ∙ 

R ∙ ൅Oଶ
௞మ
→ROO ∙ 

ROO ∙ ൅RH
௞య
→ROOH ൅ R ∙ 

ROOH
௞ర
→RO ∙ ൅ ∙ OH 

ROO ∙, R ∙, RO ∙, HO ∙→ Products ൞

scission
crosslinking

disproportion
   antioxidant absorption

 

Figure 2. Autoxidation mechanism for polyolefin. 

Regardless of which pathway the termination reaction of Figure 2 follows, hydroperoxide (ROOH) is 
the intermediate product generated in the propagation step (François-Heude et al., 2015; Da Cruz et al., 
2016). Homolysis of hydroperoxides generates more radicals, leading to autocatalysis. The acceleration is 
limited by radical concentration increases which cause a greater preponderance of termination reactions 
than initiation reactions or propagation reactions. Based on the scheme in Figure 2, the rate r of oxygen 
(O2) consumption is given by Equation (2) (Audouin et al., 1994; Gillen, Wise and Clough, 1995; Wise, 
Gillen and Clough, 1995), in which a and b are constants. 

 𝑟ைమ ൌ െ
ௗሾைమሿ

ௗ௧
ൌ

௔ሾைమሿ

ଵା௕ሾைమሿ
          (2) 

In their service environment, electrical cable insulation is commonly exposed to ambient air containing 
oxygen. Assuming an unlimited source of oxygen (e.g., circulating air), the overall oxygen consumption 
reaction is zero order, and the OC rate is constant. On the other hand, if the concentration of oxygen 

surrounding the material approaches zero, oxygen consumption transitions to first order behavior and the 
rate becomes dependent on oxygen concentration, see Figure 3 (Verdu, 2012). 

  

Figure 3. Oxygen consumption progression in autoxidation simulated by numerically solving Equation (2). 
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3. MATERIALS 

The two materials investigated in this study, ethylene propylene rubber (EPR) and cross-linked 
polyethylene (XLPE), were chosen from among those that are typically employed in NPPs. As shown in 
Table 1, XLPE and EPR are the most abundantly used cable insulation materials inside nuclear containment. 
The test samples prepared for this work were extracted from commercial cables produced by two of the 
nine most common manufacturers of electrical cables for NPPs (Table 1 and Table 2). The as-received 
EPR-insulated cable in this report was harvested from the decommissioned Crystal River Unit 3 (Fifield et 
al., 2016), where it was in service for 15 years (described in Table 2). The XLPE cable, on the other hand, 
was new and obtained directly from the manufacturer. 

Table 1. Most common nuclear cable insulation material types in containment (left) and a sorted list of the most 
common insulations within NPPs (right). (Percent of units indicated are approximate values.) 

Insulation 
Percent of Units (%) 

(Subudhi, 1996)  Manufacturer Insulation 
Number of Plants 

(Subudhi, 1996) 

XLPE 90  Rockbestos Firewall III XLPE 61 

EPR/EPDM 75  Anaconda EPR 35 

SR 27  Brand-Rex XLPE 30 

CSPE 24  Okonite EPR 26 

ETFE 15  Kerite HTK 25 

PVC 7  Rockbestos Coaxial XLPE 24 

PE 3  Raychem XLPE 23 

Neoprene 3  Samuel Moore EPR 19 

Polyimide 3  BIW Bostrad 7E EPR 19 

Polyalkene 2  Kerite Flame Retardant EPR 13 

XLPE = cross-linked polyethylene; EPDM = ethylene-propylene-diene elastomer; EPR = ethylene-propylene rubber; 
SR = silicone rubber; CSPE = chlorosulfonated polyethylene; ETFE = ethylene tetrafluoroethylene; PVC = polyvinyl 
chloride; PE = polyethylene; HTK = high-temperature Kerite. 

Table 2. Nuclear grade instrumentation cables used in this report. 

Sample 
ID 

 Manufacturer Jacket Labeling 
Jacket 

Material 
Insulation 
Material 

Service 
History 

XLPE  
RSCC Wire & 

Cable Inc. 
2/C 16 AWG COPPER RSCC 600V 

FIREWALL III FRXLPE SHIELDED CSPE 
CSPE XLPE 

New in 
2015 

EPR  
The Okonite 

Company 
OKONITE 4 3/C 14 AWG CU OKONITE 

FMR (EP)-CSPE 600V 18C 1998 
CSPE EPR 15 years 

CSPE = chlorosulfonated polyethylene; EPR = ethylene-propylene rubber; XLPE = cross-linked polyethylene  

3.1 Sample Extraction 

Components of the low-voltage nuclear grade instrumentation cables of this report are shown in Figure 
4. The test samples were prepared in three steps. First, insulated conductors were extracted from the 
electrical cables by carefully removing the external chlorosulfonated polyethylene (CSPE) jacket. Next, a 
wire stripping tool was used to score the insulation in 100 mm increments. Finally, the exposed conductor 
was fixed in place with a vice and the insulation was removed by gently pulling it from over the conductor 
(approximately 10% of the material was lost during this process). The extracted insulation samples were 
100 mm in length. The tubular cross-sections of the insulation samples for XLPE and EPR were measured 
to be 5.06 mm2 (2.81 mm outer diameter) and 12.17 mm2 (4.32 mm outer diameter), respectively. 
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Figure 4. Exposed components of the evaluated (left) XLPE and (right) EPR electrical cables. 

The material types of the extracted insulation were confirmed by comparing their Fourier-transform 
infrared (FTIR) absorbance spectra to data found in the literature (Grebowicz, Lau and Wunderlich, 1984; 
Nielsen, Batchelder and Pyrz, 2002). The spectra of the as-received insulation samples are shown in Figure 
5, while the characteristic absorbance peaks for different functional groups are shown in Table 3. Both 
XLPE and EPR have a large fraction of methylene (-CH2-) groups, which serves as a useful indicator for 
identifying these polymers. For example, both XLPE and EPR show sharp peaks at 2914 and 2847 cm-1, 
which is attributed to -CH2- vibrations. It was also noted that this EPR material has a weak carbonyl peak 
at 1601 cm-1 likely because of oxidation that may have occurred during its 15-year service history. 

Table 3. Assignment of FTIR peaks detected on as-received XLPE and EPR samples. 

Wavenumber 
(cm-1) 

Assignment 

2914 Asymmetric CH2 stretching 

2847 Symmetric CH2 stretching 

1601 C=O stretching 

1462 CH2 scissoring 

1350 CH2 wagging 

1029 C-O stretching 

801 C-C stretching 

729 CH2 rocking 

   

Figure 5. FTIR absorbance spectra for the as-received (left) XLPE and (right) EPR samples. 
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3.2 Sample Preparation 

Test sample preparation was carried out prior to radiation aging. The insulation samples were sealed in 
5-inch-long stainless-steel tubular vessels with 1-inch outer diameter. The vessels were assembled using 
Swagelok components as shown in Figure 6. For each vessel, 3 insulation samples constituting a total of 
approximately 3 g of polymer were placed inside. The tubes were capped on one end and connected to a 
rupture disk with a pressure relief threshold of 1900 psig on the other end to avoid any opportunity of over-
pressurization. The rupture disk was then attached to a ball valve. The oxidative environment for the 
samples was selected to be purified air containing no hydrocarbons (Zero Air, Oxarc). Table 4 gives the 
fraction of gas components in the purified air as measured by gas chromatography, see Section 4.1. The 
volume of gas inside the assembled vessel was measured by the pressure-volume-temperature (PVT) 
method and is shown in Table 5. 

Table 4. Percentage fraction of gas components in the zero or purified air. 

Component Hydrogen Oxygen Nitrogen Methane 
Carbon 

Monoxide 
Carbon 
Dioxide 

Other 

Fraction (%) 0.0 21.2 ± 0.2 71.5 ± 0.2 0.0 0.0 0.0 7.30 ± 0.3 

 

 

Figure 6. (Top) schematic and (bottom) digital image of an assembled vessel. 

To ensure a consistent environment for samples during the aging process, care was taken to affirm that 
assembled vessel seals did not leak. The manifold assembly shown in Figure 7 was used to check for 
possible gas leakage. With the assembled vessel attached to port (c) and a rotary pump connected to port 
(a), a vacuum was applied to the vessel with port (b) closed. Pressure in the vessel was monitored using a 
digital pressure gauge. When the pressure became lower than -14.5 psig, the ball valve on the vessel was 
closed and the vessel was detached from the manifold. To check if a leak occurred, the vessel was re-
attached to the manifold after a period longer than 24 hours and the pressure in the vessel measured. If the 
pressure returned to atmospheric pressure (i.e., 0 psig), the vessel was considered to have a leak. In the case 
of a leak, the next step was to identify the leak location by immersing the vessel into water and supplying 
a continuous stream of nitrogen through the ball valve end of the vessel. At the location of the leak, the 
vessel connections were tightened. Then the vessel was reattached to the manifold and the process was 
repeated until all leaks were removed. After verifying no leaks within the vessels, the vessels were attached 
to the manifold with port (b) open to back-fill the vessels with approximately 14.6 psig of purified air. 
Initial polymer mass included in each vessel and corresponding pressure of zero air are shown in Table 5. 
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Figure 7. Manifold used to vacuum and back fill each of the assembled vessels. 

Table 5. Average initial conditions of the insulation samples (n = 21) and gases in each vessel. 

Number 
of 

Vessels 

Solid Gas Target Aging Condition 

Material 
Mass* 

(g) 
Density 
(g/ml) 

Volume 
(mL) 

Pressure 
(psig) 

Volume 
(ml) 

Temp 
(°C) 

Dose Rate 
(Gy/hr) 

21 XLPE 2.72±0.01 1.39±0.01 1.96 14.6±0.09 52.78±2.13 R.T. 100, 200, 300 

21 EPR 3.05±0.02 1.23±0.01 2.47 14.6±0.04 52.65±1.25 R.T. 100, 200, 300 

*Total mass of all samples sealed in the same vessel 
 

3.3 Sample Aging 

The sealed vessels containing the insulation samples in purified air were shipped to the Gamma 
Irradiation Facility (GIF) at Sandia National Laboratories. The layout of the inside of the sample irradiation 
room containing the assembled vessels is shown Figure 8. Vessels were placed in three rows, each at a 
different radial distance from the gamma source. Irradiation-only aging was carried out at ambient 
conditions (around 26°C). Unirradiated samples were also contained in vessels and sent to GIF for the 
duration of the experiment to ensure consistency between the test and control samples. The chosen target 
dose rates and irradiation times were up to 300 Gy/hr and 42 days, respectively, to achieve a maximum 
target dose of 3,000 kGy (30 Mrad) at the most severe exposure condition. Actual dose rates were measured 
using a calibrated cylindrical ionization chamber with an electrometer. Total doses are shown in Table 6. 

 

Figure 8. Layout of the gamma irradiation chamber at Sandia 
National Laboratories. 

Table 6. Actual dose rates, aging times, and 
resulting total doses for aging conditions 
selected for XLPE and EPR. 

 

    

   Dose Rate (Gy/hr) 

   102.96  209.52  316.08 

Time (Days)   Total Dose (Mrad) 

6.80   1.68  3.42  5.16 
13.60   3.36  6.84  10.31 
20.40   5.04  10.26  15.47 
27.20    6.72  13.67  20.63 
33.99    8.40  17.09  25.79 
40.79    10.08  20.51  30.94 
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4. CHARACTERIZATION 

The primary focus of this study was to assess the effectiveness of oxygen consumption as a sensitive 
measure of aging (SMA) for cable insulation materials in comparison with other commonly employed 
measures of insulation aging. For this purpose, the five characterization methods introduced in this section 
were applied to evaluate aging in cross-linked polyethylene (XLPE) and ethylene-propylene rubber (EPR). 
For each method, the measured response, operating principle, and test procedure are described. 

4.1 Measurement of Oxygen Consumption by Pressure-Volume-
Temperature and Gas Chromatography 

Oxygen consumption characteristics during degradation of polymers can provide meaningful insights 
into the aging process. In this work, oxygen consumption was closely examined as a method to characterize 
gamma radiation-induced aging in XLPE and EPR. The Pressure-Volume-Temperature (PVT) method in 
conjunction with gas chromatography (GC) was used to determine oxygen consumption values. PVT 
measurements were carried out twice: first, total pressure and temperature were recorded directly before a 
sample of gas was injected into the GC; second, the gas volume in a vessel was determined by pumping a 
known amount of gas into the vessel and measuring the resulting pressure. Total amount of gas was 
calculated using the ideal gas law, 

 𝑃𝑉 ൌ 𝑛𝑅𝑇            (3) 

where, P, V, and T are the pressure, volume, and temperature of the gas; n is the number of moles and R is 
the universal gas constant (8.3145 Jmol-1K-1). 

 

Figure 9. Calibrated 59mL manifold for volume measurement of gas inside vessel. 



 

 9

 

Figure 10. Manifold for pressure and temperature measurement of gas inside vessel. 

To accurately measure the volume of gas in the vessel containing the insulation samples, the following 
procedure was used. The vessel was connected to a 59 mL standard calibration manifold (Vcali = 59 mL), 
which in turn was connected to a Parr 4848 reaction controller as shown in Figure 9. The sum of the vessel 
volume (Vvessel) and the headspace volume (Vheadspace) was the total unknown volume (Vunknown) to be 
determined (see Figure 10). First, the pressure (Pbefore) and temperature of the evacuated assembly were 
measured using the Par 4848 controller. Next, 35 psig of purified air was pumped into the manifold and 
then introduced into the evacuated assembly (having volume = Vunknown). Following this, pressure (Pafter) 
and temperature readings were obtained for the assembly after introduction of purified air (Table 4). As the 
temperature readings were constant during volume measurement, the volume for each vessel (Vvessel) was 
calculated using Equations (4) and (5), 

 𝑉௨௡௞௡௢௪௡ ൌ
௉್೐೑೚ೝ೐ା௉భೌ೟೘
௉ೌ೑೟೐ೝା௉భೌ೟೘

ൈ 𝑉௖௔௟௜         (4) 

 

 𝑉௩௘௦௦௘௟ ൌ 𝑉௨௡௞௡௢௪௡ െ 𝑉௛௘௔ௗ௦௣௔௖௘         (5) 

where Pbefore and Pafter are gauge pressures directly read on the Parr controller and P1atm is the atmospheric 
pressure (14.7 psig). Vheadspace was measured following the same procedure, but with valve (a) in Figure 10 
closed so that Vvessel is zero in Equation (5). 

Once the number of moles of gas in each vessel was calculated, the molar fraction of each component 
in the gas mixture was measured using gas chromatography (GC). In this study, a 4-module INFICON 
micro-GC fusion gas analyzer was used. Gas from the vessel was drawn into the instrument, split, and 
injected onto the column with either argon (pre-purified, 99.9999%) or helium (ultra-high purity, 
99.9999%) as the carrier gas. Two porous layer open tubular (PLOT) columns (Restek®) were used to 
separate gas components based on their polarity and to identify them based on their retention time. The 
column media were molecular sieve (“Rt-Molsieve 5Å”) for Module A and divinylbenzene ethylene 
glycol/dimethylacrylate (“Rt-U-BOND”) for Module B. A microelectromechanical system-based micro 
thermal conductivity detector (μTCD) was used to identify the gases. A 3-level calibration was applied to 
the columns using a mixture of standard gases (H2, O2, N2, CO, CH4, and CO2) obtained from OXARC® as 
primary standards. 
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4.2 Measurement of Mass and Density 

The mass of each insulation sample was measured using an analytical balance (Mettler Toledo XPR205, 
0.01 mg readability), as shown in Figure 11. Sample density was measured using the same analytical 
balance shown in Figure 11, but equipped with a density kit following ASTM D792 (ASTM D792-20, 
2020). 5 mm-long samples were bisected along their length to eliminate bubble formation on the interior 
diameter of the hydrophobic insulation samples. Samples were pre-conditioned following ASTM D618 at 
23°C ± 2°C and 50% ± 10% relative humidity for more than 40 hours prior to density measurement (ASTM 
D618-21, 2021). Mass of the samples in air (mair) was first measured. Next, the samples were wetted with 
isopropanol alcohol (IPA) to lower surface tension at the polymer-water interface where bubbles may form 
and cause the measured density to be lower than the true value. The samples were then placed on a convex 
sample holder and immersed in deionized water. Care was taken to ensure no bubbles were trapped in the 
hollow center of the samples. The apparent mass of samples in water (mwater) was then recorded. It was 
assumed that the trace amount of IPA on the sample surfaces would not cause the density of liquid to deviate 
from the density of water. According to the Archimedes’ principle, the difference between air mass and 
underwater mass is due to buoyancy of water that would otherwise occupy the submerged volume. 
Therefore, the density of the samples was calculated using Equation (6). Measurements were performed in 
triplicate and the temperature of the water was accounted for using a thermometer. 

  

Figure 11. Analytical balance and density measurement kit. 

 𝜌௦௔௠௣௟௘ ൌ
௠ೌ೔ೝ

௏ೞೌ೘೛೗೐
ൌ

௠ೌ೔ೝ

௠ೌ೔ೝି௠೗೔೜ೠ೔೏
ൈ 𝜌௟௜௤௨௜ௗ        (6) 

4.3 Measurement of Carbonyl Index by Fourier Transform Infrared 
Spectroscopy 

FTIR may be used to identify chemical changes in materials through tracking of absorption intensities 
at characteristic absorbance energies. This technique enables the determination of the carbonyl index (CI), 
which is a measure of the conversion of C-C or C-H bonds to carbonyl (C═O) bonds due to oxidation. In 
this work, CI was measured for XLPE and EPR to track oxidation occurring as a result of the aging process 
and for comparison to O2 consumption. 

Characterization of XLPE and EPR insulation samples was carried out using a Bruker Alpha II OPUS 
Touch FTIR spectrometer equipped with an attenuated total reflection (ATR) attachment as shown in Figure 
12. A 10 mm-long sample was cut and extracted from the end of each insulation sample prior to FTIR 
measurement. These extracted samples were pre-conditioned in a controlled environment of 23°C ± 2°C 
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and 50% ± 10% relative humidity for at least 40 hours. Humidity was controlled by placing the samples in 
a covered desiccator charged with a saturated solution of potassium carbonate and deionized water. 
Following conditioning, individual samples were placed centered on the diamond ATR crystal. For every 
sample, 64 scans were collected at a resolution at 4 cm-1 to minimize signal variation due to random noise. 
Three replicate measurements were taken per sample.  

After testing, analysis of the collected FTIR spectra was performed using the hyperSpec package in R 
(Beleites and Sergo, 2013). Carbonyl index (CI) was determined as the ratio between the band absorbance 
intensity of the carbonyl peak (at 1715 cm-1) (𝐴஼ୀைሻ and that of the methylene symmetric stretch peak 
(between 2846 and 2850 cm-1) (𝐴஼ିுሻ as shown below in Equation (7). 

 

Figure 12. Experimental set up for FTIR analysis using an ATR attachment. 

 𝐶𝐼 ൌ
஺಴సೀ
஺಴షಹ

            (7) 

4.4 Measurement of Yellowness Index by Image Analysis 

Color change of polymers may occur as a consequence of chemical changes on the polymer surface 
and yellowness index is a standard industrial measurement to quantify the visual ratings of color change. 
Following ASTM D1729 and ASTM D2244, the yellowness index (YI) of the XLPE and EPR samples was 
measured using a GTI MiniMatcher MM-2e viewing system with a CIE Standard Illuminant D65 light 
source and Nikon D7500 digital camera (ASTM D2244-16, 2016; ASTM D1729-16, 2016). The camera 
was mounted on a stand and oriented perpendicular to the display panel as shown in Figure 13. To optimize 
the quality of the collected images, the camera parameters used were as follows: 1/250 s exposure time to 
enhance color saturation and f5 aperture to enhance depth of field. Furthermore, background lighting in the 
room was extinguished during image collection to minimize interference from other light sources. A 
wireless remote control (Nikon ML-L3) was used to ensure the camera orientation was not disrupted during 
image collection. Three replicate photos were acquired for each sample, where the sample was rotated and 
flipped between replicates to minimize deviation caused by differences in light condition and camera angle 
at different pixel positions within a frame. 
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Figure 13. (Left) Experimental set up for image analysis and (right) a digital image of XLPE sample next to the color 
checker. 

A digital camera lens will modify the color in recorded digital images as a result of inherent components 
and internal processing mechanisms. Therefore, it is necessary to map these modified colors into a system 
with an absolute measure of color prior to quantifying color changes. NIH ImageJ software was used in 
conjunction with the micaToolbox plugin to convert the collected images to the CIEXYZ color space. First, 
the 6 grey standards located on the bottom row of the color checker (shown in Figure 13) were converted 
to reflectance values using manufacturer-supplied standard Red Green Blue (sRGB) triplets for each grey 
standard. Next, an iterative least log slope approach was used to convert the triplets to reflectance values. 
Then, the grey reflectance values were used to create a linear normalized reflectance stack, or calibrated 
multispectral image, for each collected image. Following this, regions of interest (ROIs) were manually 
specified for each calibrated image, over which the averaged X, Y, Z values were determined. Care was 
taken to select regions with no reflections or shadows. Two ROIs were selected for each image to obtain a 
total of 6 data points for each aging condition. A cone-catch model was then generated based upon the 
charted reflectance spectra of the 24 reference colors on the color checker. The cone-catch model was used 
to map the linear normalized reflectance stack to the CIEXYZ color space and the X, Y, Z values of saved 
ROIs were measured. Lastly, the measured X, Y, Z values were mapped to D65 reference white point 
CIELAB color space through the built-in MATLAB function xyz2lab. Average YI results were determined 
based on Equation (8) for each irradiation condition, 

 𝑌𝐼 ൌ
ଵ଴଴ሺ஼೉௑ି஼ೋ௓ሻ

௒
           (8) 

where CX = 1.2985 and CZ = 1.1335 for D65 illuminant and CIE 1931 observer (2°), and X, Y, Z are the 
CIE tristimulus values obtained by photo analysis. 

  



 

 13 

5. RESULTS 

In this section, all characterization data with a focus on time (and dose) dependency of material 
properties are presented. Oxygen consumption is compared to other common measures of polymer aging. 
It was assumed that samples harvested from the same batch were equivalent. 

5.1 Oxygen Consumption 

Net change in the amount of oxygen (െ𝛥𝑛ைమ) in each vessel was calculated based on PVT data and GC 
results using Equation (9). Oxygen consumption (OC) was then calculated by normalizing the net change 
in the amount of oxygen by the mass of the polymer in the vessels as shown in Equation (10), 

 െ𝛥𝑛ைమ ൌ ቀ௣
೔

்೔
𝑥ைమ
௜ െ

௣೑

்೑
𝑥ைమ
௙ ቁ ௏

ோ
െ 𝑆൫𝑝௙𝑥ைమ

௙ െ 𝑝௜𝑥ைమ
௜ ൯       (9) 

 

 𝑂𝐶 ൌ
ି௱௡ೀమ
௠

                (10) 

where superscripts i and f  stand for initial (before aging) and final (after aging), respectively, p the total 
pressure of the purified air, T is the temperature, V is the volume of gas inside the vessel, 𝑥ைమ  is the gas 
fraction of oxygen, S is the solubility of oxygen within the polymer, and m is the mass of all insulation 
samples sealed within the same vessel. The second term on the right-hand side of Equation (9) accounts for 
dissolved oxygen in the polymer samples. Here, the contribution of solubility is negative because dissolved 
oxygen was released during aging (Seguchi and Yamamoto, 1986). Although oxygen change due to 
solubility was negligible (-0.3% for XLPE and -0.7% for EPR), results in Section 5.1 include solubility 
corrections. 

 

Figure 14. Oxygen consumption plotted as a function of aging time for XLPE and EPR samples irradiated at three 
dose rates indicated in figure legends. 

Figure 14 shows Equation (10) as a function of irradiation time for XLPE and EPR subjected to the 3 
gamma irradiation dose rates. Oxygen consumption was observed to increase linearly with aging time for 
all points of all studied samples, except for one data point at the most severe irradiation condition (300 Gy/h 
and 42 days, or 30 Mrad) for XLPE. In that instance it is hypothesized that all oxygen inside the vessel had 
been consumed at that extreme irradiation condition so that the measured oxygen consumption value was 
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artificially deflated. As a result, the 42-day data point at an irradiation rate of 316.1 Gy/h for the XLPE 
sample was not included in further analysis. 

 𝜙 ൌ
ௗሺை஼ሻ

ௗ௧
ൌ

ି௱௡ೀమ
௠௱௧

                     (11) 

  

Figure 15. Oxygen consumption rates plotted as a function of aging time for XLPE and EPR samples irradiated at 
three dose rates indicated in figure legends. No error bars since there is only one vessel of samples per condition. 

Piecewise OC rates (ϕ) were calculated by dividing the increment in OC by the aging time interval Δt, 
see Equation (11). Note that the OC rate (ϕ) is defined differently from 𝑟ைమ  in Equation (2) as ϕ is normalized 
by the polymer mass. As shown in Figure 15, ϕ was generally constant despite some fluctuation. The 
average OC rates were calculated by linear regression of OC vs. time over the entire aging period (Δt = 42 
days) and results are reported in Table 7. Average OC rates with respect to total dose are also reported in 
Table 7 using the linear regression method as shown in Figure 16. Dose rate effects were not found to be 
significant in this work as seen in Figure 16 where the OC at different dose rates can be superimposed when 
plotted against total dose. 

 

Figure 16. Oxygen consumption plotted as a function of total dose (in Mrad) for XLPE and EPR samples irradiated at 
three dose rates indicated in figure legends. 

0 7 14 21 28 35 42

Aging Time (d)

0

2

4

6

8
10-5 EPR

103Gy/h
209.5Gy/h
316.1Gy/h

0 5 10 15 20 25 30

Total Dose (Mrad)

0

1

2

3

O
2
 C

o
ns

um
pt

io
n 

(m
ol

/g
)

10-4 XLPE

103Gy/h
209.5Gy/h
316.1Gy/h
y=1.3511e-05x

0 5 10 15 20 25 30

Total Dose (Mrad)

0

1

2

3

O
2
 C

on
su

m
pt

io
n 

(m
o

l/g
)

10-4 EPR

103Gy/h
209.5Gy/h
316.1Gy/h
y=1.0247e-05x



 

 15 

Validation of the techniques and results presented in this work was performed through comparison to 
published studies. In general, reported OC rates for XLPE and EPR-based insulations range from 5 x 10-10 
to 1.4 x 10-9 mol/g/Gy at dose rates ranging from 5 to 2000 Gy/h and aging temperatures up to 70°C. Oxygen 
consumption rate values determined in this work (see Table 7) are in good agreement with published results, 
although possibly trending towards the higher end (1 x 10-9 mol/g/Gy) of historical data. A detailed 
comparison can be found in Section 0. 

Table 7. Calculated average oxygen consumption rate ϕ for each irradiation dose rate and overall average ϕ for each 
material investigated in this work. 

Material 
ϕ (mol/g/s) 

ϕ (mol/g/Gy) 
316.1 Gy/h 209.5 Gy/h 103.0 Gy/h 

XLPE 1.11E-10 8.27E-11 4.41E-11 1.35E-9 

EPR 8.67E-11 6.33E-11 3.18E-11 1.02E-9 

5.2 Mass and Density 

Mass change is a common technique used to assess and predict the degradation of polymeric materials 
(Sarrabi et al., 2009). Typically, an increase in mass is correlated with polymer oxidation. Within this work, 
it was observed that mass increased linearly with exposure time as shown in Figure 17 and Figure 18. 
Furthermore, it was observed that the results obtained at the three investigated dose rates overlap when 
plotted against total dose, similar to trends observed in oxygen consumption data. Good linearity was also 
observed for all samples, except for the highest aging time for the XLPE samples. This deviation was 
attributed to the consumption of all available oxygen as mentioned in Section 5.1. 

  

Figure 17. Normalized mass change plotted as a function of (left) aging time and (right) total dose for XLPE samples 
irradiated at three dose rates indicated in figure legends. 
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Figure 18. Normalized mass change plotted as a function of (left) aging time and (right) total dose for EPR samples 
irradiated at three dose rates indicated in figure legends. 

Another common, and complimentary measurement to mass, is density change (Gillen, Celina and 
Clough, 1999). Importantly, density may not be as sensitive a measure of aging as mass in a given situation 
as the homogeneity of oxidation reactions across a sample may significantly affect observed density 
differences. Within this work, it was observed that average density values of the insulation samples 
remained constant with exposure as shown in Figure 19 and Figure 20. Diffusion limited oxidation may 
have contributed to keeping the average density value consistent throughout the irradiation process as 
sample density predominantly depends on the interior volume, which is hypothesized not to change in a 
diffusion limited oxidation scenario. Alternatively, it is hypothesized that the consistent observed values of 
density may have resulted from the additive combination of increase in density due to polymer chain cross-
linking and decrease in density from polymer chain scission. 

  

Figure 19. Observed changes in density as a function of (left) aging time and (right) total dose for XLPE samples 
irradiated at three dose rates indicated in figure legends. 
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Figure 20. Observed changes in density as a function of (left) aging time and (right) total dose for EPR samples 
irradiated at three dose rates indicated in figure legends. 

5.3 Carbonyl Index and Yellowness Index 

Carbonyl index is another commonly used method to track aging of polymers (Feller et al., 2007). 
Carbonyl index (CI) values were calculated from FTIR measurements on the surface of the irradiated 
samples as discussed in Section 4.3. A complimentary analytical method is yellowness index (YI) which 
tracks chromophore changes occurring on the surface of polymer samples that result in apparent and 
measurable discoloration. These chemical changes are commonly attributed to the formation of conjugated 
bonds within the polymer macrostructure (Wypych, 2020). 

Time-dependent CI curves obtained at the three dose rates for the XLPE samples are reported in Figure 
21. It was observed that the trends were superimposable when standard deviations were considered. 
Furthermore, it was observed that CI exhibited a linear increase as a function of total dose, although the 
slope of the linear lines of best fit varied slightly between measured dose rates. Assuming that the 
concentration of alkyl groups is constant, which is a reasonable assumption in polyolefin-based materials, 
the linear time (or total dose) dependence indicates that carbonyl groups continue to accumulate throughout 
the exposure times and total doses investigated in this work. 

  

Figure 21. Calculated changes in CI as a function of (left) aging time and (right) total dose for XLPE samples irradiated 
at three dose rates indicated in figure legends. 
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Yellowness index was only measured for the white-colored XLPE samples in this work as YI is less 
reliable for black-colored samples, such as the EPR selected herein. Calculated YI of XLPE was plotted as 
a function of irradiation time and total dose and is shown in Figure 22. A logarithmic time (or total dose) 
dependence was observed, suggesting a saturation of oxidation reactions at the sample surfaces towards the 
later irradiation stages investigated in this work. The difference in trends when comparing YI to CI was not 
unexpected, as YI measures changes on visible light absorption (100s of nanometers) and CI relies on far 
infrared light absorption (several micrometers). CI is therefore expected to evolve for longer durations than 
YI as YI is entirely a surface dependent measurement. 

  

Figure 22. Calculated changes in YI as a function of (left) aging time and (right) total dose for XLPE samples irradiated 
at three dose rates indicated in figure legends. 

Time-dependent CI curves obtained at three dose rates for EPR samples are reported in Figure 23. It 
was observed that CI of EPR increased approximately linearly throughout the irradiation process. 
Deviations from linearity were found to be within the range of error for the measurements. 

  

Figure 23. Calculated changes in CI as a function of (left) aging time and (right) total dose for EPR samples irradiated 
at three dose rates indicated in figure legends. 
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6. DISCUSSION 

Sensitive measures of aging (SMA), analytical techniques that can detect material degradation under 
relatively mild conditions, may be useful in predicting material performance at conditions where traditional 
material lifetime prediction metrics do not provide useful information. In this work, oxygen consumption 
(OC), a promising candidate SMA, was compared to traditional material performance metrics and evaluated 
for two common types of cable insulation materials, crosslinked polyethylene (XLPE) and ethylene-
propylene rubber (EPR). To facilitate comparison between candidate techniques, OC, mass change (Δm), 
density (ρ), carbonyl index (CI) and yellowness index (YI) analytical results reported in Section 5 were 
mapped to the same axes by min-max normalization (see Figure 24 for XLPE and Figure 25 for EPR). 

 

Figure 24. Rescaled material responses for XLPE versus total dose by min-max normalization. The rescaling factors 
are given in the figure caption. 

 

Figure 25. Rescaled material responses for EPR versus total dose by min-max normalization. The rescaling factors 
are given in the figure caption. 
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Mass change was found to linearly track with time and dose with small deviations as shown in Section 
5.2, making it a potentially a good SMA candidate. In fact, the linear dose dependence of mass gain is an 
expected result from the mass balance between solid and gas phases inside the airtight vessel. To check if 
the source of mass gain in the solid phase was consumption of oxygen gas, mass change in the gas phase 
was calculated following Equation (12), where the changes in molar amounts (Δn) of gaseous byproducts 
are given in Section 9.1. 

 Δ𝑚ሺ𝑔asሻ ൌ Δ𝑛ைమ ൈ
ଷଶ௚

௠௢௟
൅ Δ𝑛஼ைమ ൈ

ସସ௚

௠௢௟
൅ Δ𝑛஼ை ൈ

ଶ଼௚

௠௢௟
൅ Δ𝑛ுమ ൈ

ଶ௚

௠௢௟
൅ Δ𝑛஼ுర ൈ

ଵ଺௚

௠௢௟
       

As shown in Figure 26, mass changes in gas and solid phases overlap up to 10 Mrad for XLPE and up 
to 20 Mrad for EPR, above which the mass gain in solid phases falls behind the mass loss of the gases. 
Deviation from a balanced mass change renders mass change an SMA only in the early degradation stage, 
i.e., below 10 and 20 Mrad for the investigated XLPE and EPR, respectively.  

 

Figure 26. Normalized mass changes in XLPE and EPR samples and surrounding gas phases sealed in the aging vessel. 

Density values of polymers are known to change after irradiation and/or oxidation. (Gillen, Celina and 
Clough, 1999). Interestingly, no significant changes in density were observed in either XLPE or EPR 
samples in this work. This suggests that density as a measure of polymer aging is not sensitive to sample 
degradation during the early stages of irradiation investigated herein. In contrast, YI exhibited sigmoidal 
evolution with total exposure dosage for XLPE samples, somewhat similar to the linear trends calculated 
for oxygen consumption. It was therefore concluded that these techniques are similarly sensitive to the early 
stages of degradation probed in this work. However, changes in YI were observed to stagnate as total 
exposure dosage approached 30 Mrad. This was attributed to the exhaustion of available moieties on the 
surface of cable insulation samples that can oxidize into the conjugated bonds responsible for polymer 
yellowing during irradiation. Because YI is so surface sensitive, the technique may not be a suitable SMA. 
In contrast, oxygen consumption continued to evolve linearly through a 30 Mrad total exposure dosage. 

Carbonyl index is a further technique that is readily available for the analysis of polymer oxidation. A 
strength of CI relative to YI is its increased penetration depth. It was observed that CI evolved linearly with 
total dose rate similarly to OC, again demonstrating that OC is a suitable technique for quantifying polymer 
aging. However, CI can be limited in certain polymer formulations by the overlap between absorption peaks 
due to polymer oxidation and those due to antioxidants added to the polymer in production. OC, on the 
other hand, is not so limited. Importantly, in this study OC was observed to evolve linearly in all 
investigated irradiation scenarios, which was identified as a key parameter for the validity of OC as an SMA 
and permits its usage for Ea and lifetime prediction calculations. 
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6.1 Use of Oxygen Consumption Rates as an Alternative to Time-
Temperature Superposition for Cable Lifetime Prediction 

In this section, the question of whether shift factor a can be directly evaluated from oxygen consumption 
rate ϕ measured at different temperatures will be examined, i.e., if it is possible to have 𝑎 ൌ 𝜙ሺ𝑇ଶሻ 𝜙ሺ𝑇ଵሻ⁄  
by comparing log10(ϕ) vs. log10(a). In addition, calculation of activation energy (Ea) by OC will be directly 
compared to calculation of Ea by the more traditional elongation at break (EAB) approach using literature 
data. This approach could save significant time and effort when predicting material lifetimes by 
extrapolating from higher-than-service temperatures. As described in Section 1, estimation of service life 
of polymeric cable insulations is commonly based on Arrhenius temperature dependence where the Ea is 
parameterized from time-temperature superposition (TTS) of isotherms. The following example 
demonstrates the procedure to determine Ea without TTS using OC data. Since corresponding EAB values 
for the data presented in Section 5 were not available, the demonstration below uses previously published 
data from Sandia National Laboratories (Assink, Gillen and Bernstein, 2005). The same analysis may be 
performed using any dataset including isotherms of a material property (such as CI, YI, density, or EAB) 
and the OC rate at investigated temperatures. P/P0 represents a generic normalized material property. 

 

Figure 27. (a) Normalized master curve constructed by time-temperature superposition of four isotherms obtained 
from a literature dataset for an XLPO-based insulation sample. (b) Shift factors to create the master curve shown in 
(a) and oxygen consumption rates as a function of reciprocal absolute temperature.  

The “master curve” obtained through conventional TTS by best-fit overlapping of the decreasing 
portion of P/P0 isotherms is shown in Figure 27 (a). (It is noted that the isotherm at 109 °C does not 
monotonically decrease with time, rendering two possible shift factors at 109 °C. One of the two possible 
shift factors was selected based on the trend at the longest time.) The log10(a) shift factors are plotted against 
the reciprocal absolute temperatures 1/T in Figure 27 (b) and exhibit good linearity excluding the outlier 
log10(a) at 109°C. In the temperature range of 124 to 150 °C, the Arrhenius relationship holds true for the 
selected P/P0 dataset. Also plotted in Figure 27 (b) are log10(ϕ) reported for the same material. Note that 
log10(a) and log10(ϕ) at 138°C were normalized to compare the slopes of these two curves. This setting is 
equivalent to a change of reference temperature in TTS. 

Despite the shift uncertainties caused by data scatter and isotherm shape changes, log10(a) obtained 
from conventional TTS method and log10(ϕ) directly obtained from OC experiments are consistent over the 
temperatures (109 to 150 °C). Further examination of the comparability of these quantities would require 
P/P0 isotherms at lower temperatures and exponentially longer aging times. At 109 °C, the aging time was 
1.8 years, just surpassing the induction period. It is impractical to explore the P/P0 behavior below 109°C 
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through mechanical testing due to long induction periods, whereas ϕ is measurable within several weeks of 
aging even at ‘low’ aging temperatures. Furthermore, log10(ϕ) vs. 1/T demonstrated good linearity within 
two temperature ranges: 124 to 150 °C and 48 to 124 °C, which suggests that the Arrhenius temperature 
dependence is a valid assumption. However, a clear decrease in slope was observed below 124°C. 
Correspondingly, Ea decreased as listed in Table 8. 

Table 8. Activation energies calculated from the slopes of linear regression in Figure 27 (b).  

Method Temperature Range (°C) Slope Ea (kJ/mol) 
TTS log10(a) 124-150 6498.4 124.4 
OC log10(ϕ) 124-150 6992.3 133.9 
OC log10(ϕ) 48-124 3738.5 71.6 

As given in Table 8, the Ea values at 124 to 150°C determined by conventional TTS and alternative OC 
methods differ by only 7%. Considering the variability of approximately 15% to 30% in TTS-determined 
Ea based on endpoint selection, the 7% difference between methods indicates that the OC method provides 
comparable results. Given the significant experimental time reduction provided by OC, this supports its 
usage for cable lifetime prediction studies as OC is also capable of validating the Arrhenius assumption at 
lower temperature ranges where a decrease in Ea is commonly observed for polymeric materials (Gillen, 
Celina and Bernstein, 2003; Celina, Gillen and Assink, 2005; Gillen, Bernstein and Celina, 2005). Since 
the lowest temperature in the OC dataset was closer to the service temperature of cables, the Ea determined 
from log10(ϕ) at lower temperatures was perhaps more representative of service performance when 
predicting service lifetime. 

When using OC rates for an XLPO-based insulation aged at 38 Gy/h and various temperatures from 
40°C to 110°C, the Arrhenius relation could be examined by plotting log10(ϕ) against the reciprocal absolute 
temperature 1/T as shown in Figure 28. A linear relationship was observed above 60°C (i.e., the 
temperature-dominant region), indicating Arrhenius-type temperature dependence was valid and Ea can be 
determined from the slope of linear regression. However, deviation from Arrhenius behavior was observed 
at 40°C which was attributed to the transition from temperature-dominant to irradiation-dominant 
degradation. Further work is required to further understand the potential and limits for use of OC for lifetime 
prediction in combined stress aging environments. 

 

Figure 28. Oxygen consumption rates as a function of reciprocal absolute temperature for an XLPO-based insulation 
sample aged at combined thermal and irradiation conditions. 
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6.2 Material Property Changes During Aging on an Oxygen 
Consumption Coordinate 

A primary use of oxygen consumption data is to shift the curves of the data vs. time on a log-log plot 
and obtain shift factors a, similar to the method used to calculate Ea from elongation-at-break (EAB) 
datasets (Gillen, Celina and Keenan, 2000; Calmet et al., 2002; Gillen, Celina and Bernstein, 2003; Gillen 
et al., 2006; Celina, Dayile and Quintana, 2013). For cable useful life prediction, it is necessary to relate 
OC values of insulation performance to endpoints (such as EAB = 50%) by measuring OC and metrics with 
defined endpoints under common conditions. 

Example correlation between OC and other polymer aging analytical techniques is given in Figure 29, 
where a second x-axis was plotted using the overall OC rate calculated in Table 7. Use of OC as the x-axis 
is inherently consistent with the superposition concept described in Section 1. The form factor 𝑎 ൌ 𝑡ଵ 𝑡ଶ⁄  
in Figure 1 and Equation (1) is evaluated as 𝑎 ൌ 𝜙ሺ𝐼ଶሻ 𝜙ሺ𝐼ଵሻ⁄ . In this case, the form factor can also be 
evaluated by dose rates, 𝑎 ൌ 𝐼ଶ 𝐼ଵ⁄ , since the dose rate independent assumption has been validated in 
Section 5. Thus, the usage of OC as a coordinate directly correlates the secondary or consequential material 
property changes (e.g., density, elongation at break) to the progress of degradation (Celina et al., 2019). 

 

Figure 29. Normalized material properties as a function of total dose and of oxygen consumption for (left) XLPE and 
(right) EPR.  

  

0 10 20 30

Total Dose (Mrad)

1

1.5

2

2.5

CI
YI

XLPE

0.00 1.35 2.70 4.05

O
2
 Consumption (mol/g) 10-4

0 10 20 30

Total Dose (Mrad)

1

1.5

2

2.5

3

3.5

CI

EPR

0.00 1.02 2.05 3.07

O
2
 Consumption (mol/g) 10-4



 

 24 

7. CONCLUSIONS 

In this work, nuclear cable insulation samples of the two most common polymer classes, XLPE and 
EPR, from two of the most sourced manufacturers, RSCC and Okonite, were subjected to gamma irradiation 
at dose rates of 100, 200, and 300 Gy/hr for up to 42 days at 26°C. The aged samples were used to evaluate 
oxygen consumption as a sensitive measure of aging for these materials and conditions. For comparison 
and validation, the aged samples were also characterized using the conventional tests of mass change, 
density, carbonyl index, and yellowness index. 

For both materials, oxygen concentration was found to decrease linearly over time during irradiation 
for each of the gamma dose rates explored. Mass change, carbonyl index and yellowness index were 
similarly found to track linearly with radiation at low exposures. Density was not found to be affected by 
the conditions employed. Yellowness index, a surface sensitive measure, was seen to plateau at higher 
exposures. 

The linearity and hence time equivalency of oxygen consumption rate during oxidative aging was found 
to enable its use as a viable alternative to time-temperature-superposition as a method for activation energy 
and lifetime prediction using available literature datasets. 

The techniques developed in this work are anticipated to be valuable in the estimation of insulation 
aging rates under mild conditions approaching service conditions. This is particularly important to correlate 
laboratory accelerated aging results with cable performance in extended nuclear power plant operation 
using accelerated conditions that avoid artefacts known to result from too-rapid aging.  
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9. APPENDIX 

9.1 Gaseous Byproducts 

The gaseous byproducts produced during irradiation aging can provide insight into the mechanisms 
responsible for O2 consumption and provide valuable information regarding mass uptake of oxygen into 
the polymer. Amounts of produced gases were calculated similarly to O2 consumption using gas 
chromatography described in Section 5.1. Resultant rates of gas production are reported in Table 9. As 
shown in Figure 30, concentrations of CO2, CO, CH4 and H2 increased linearly with time while the 
concentration of N2 and other gases do not appear to have changed significantly over the course of the 
exposure. It was calculated that 34% and 22% (for XLPE and EPR, respectively) of consumed O2 became 
volatile products based on O2 consumption rates and complimentary CO2 and CO production rates. 
Therefore, it was concluded that approximately 66% and 78% (for XLPE and EPR, respectively) of reacted 
O2 was incorporated into the polymer structure through oxidation reactions, giving rise to an increase in 
sample mass. 

  

Figure 30. Variation of gas concentration with total dose for (left) XLPE and (right) EPR. 

Table 9. Production rates of gas components. 

 
Gas Production Rates (mol/g/Gy) 

Gas Generation/Gas 
Consumption (g/g) Oxygen 

Carbon 
Dioxide 

Carbon 
Monoxide 

Methane Hydrogen 

XLPE -1.35E-9 2.90E-10 4.44E-11 6.31E-12 2.24E-10 34% 

EPR -1.02E-9 1.41E-10 2.26E-11 1.69E-12 1.27E-10 22% 
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9.2 Oxygen Consumption Rate Compared to Literature Data 

In this section, literature oxygen consumption rates ϕ of polyolefin-based cable materials were 
compared to those obtained in this work. This was done to (1) further examine in a wider temperature and 
dose rate ranges whether the basic assumptions behind lifetime prediction are valid, (2) compare different 
datasets to explore if there is a generic ϕ value for all samples of the same type of polymer, and (3) assess 
the ϕ results in Section 5.1.  

 

Figure 31. Oxygen consumption rates reported in literature for thermally aged polyolefin samples as a function of 
reciprocal absolute temperature (Gillen, Celina and Clough, 1999; Gillen, Assink and Bernstein, 2005; Gillen, 
Bernstein and Celina, 2005; Gillen et al., 2006; Celina, Gillen and Lindgren, 2013). 

For the three XLPO and EPR materials investigated in Figure 31, deviation from Arrhenius relation 
was observed at the lowest temperature (50°C). To determine the temperature dependence near room 
temperature, preliminary OC experiments of a thermally aged EPR sample (EPR-2) were attempted 
following the same procedure as described in Section 4.1. Results (not included in this report) were 
consistent with literature data, as seen in Figure 31, where the linear regression was obtained from OC rates 
from 65°C to 150°C.   

               

Figure 32. Oxygen consumption rates reported in literature for irradiated polyolefin samples as a function of dose rates 
(Seguchi and Yamamoto, 1986; Gillen and Clough, 1992; Celina et al., 1996; Gillen, Celina and Clough, 1999; Calmet 
et al., 2002; Celina, Gillen and Lindgren, 2013). 
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Literature data of the OC rate of polyolefins during radiation aging below 70°C is shown in Figure 32, 
where it was assumed irradiation was the predominant stressor of degradation. Deviation from linear dose 
rate dependence was observed above 1000 Gy/h, where OC vs. total dose curve transitioned to nonlinear, 
potentially exhibiting a dose rate effect. Empirical linear regression of literature data was also performed 
for the two materials in Figure 32 to check if our OC rate results reported in Table 7 were comparable to 
literature data when there was no data obtained at exactly the same aging condition. 

Table 10. Oxygen consumption rates reported in Table 7 compared to interpolated literature data. 

Material 
Dose Rate 

(Gy/h) 
OC rate, ϕ (mol/g/s) 

Results in Table 7 Interpolated literature data 
XLPE 100 4.41E-11 3.55E-11 

200 8.27E-11 7.13E-11 
300 1.11E-10 1.07E-10 

EPR 100 3.18E-11 1.85E-11 
200 6.33E-11 3.38E-11 
300 8.67E-11 4.82E-11 

 


