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Abstract. Silane cross-linked polyethylene (PE) modified with two antioxidants (Irganox 1076 and Irganox PS802) and
aluminum hydroxide (ATH) as a flame retardant, was irradiated with gamma rays at 77 K. The radical processes initiated by
radiation were investigated by Electron Paramagnetic Resonance (EPR) spectroscopy from 100 K to the temperatures at
which the spectra disappeared. Interpretation of the experimental signals was proposed. The mechanism of the two-stage
action of phenolic antioxidant on PE was suggested on the basis of EPR spectra of individual components. It was found that
paramagnetic defects generated by radiation in ATH decayed in parallel and independently of radical processes in PE matrix
due to phase separation. Thus, in contrast to antioxidants, they did not affect the degradation of the PE matrix. The decrease
in concentration of ATH defects in the range of 100–190 K was more efficient in the dispersed phase of the polymer composite
than in the microcrystalline ATH powder.
Keywords: damage mechanism, wires and cables, radical processes, polyethylene, antioxidant

1. Introduction

nucleation agents. Thus, the properties for the same
grade of polymer depend on both processing parameters and additives. Polyethylenes are stabilized
against thermo-oxidative degradation or radiation induced degradation throughout their service lifetime
under harsh conditions by primary stabilizers (antioxidants) and secondary stabilizers (hydroperoxide
decomposers) able to scavenge radicals affecting the
aging processes [14, 15].
The importance of antioxidants reactions is not fully
recognized despite the fact that they can influence
yield of radicals and the kinetics of their decay. Their
impact can be followed only by direct observation of
intermediates and analysis of radical processes.
It is well known that radicals are responsible for the
deterioration of physicochemical and thermal properties during radiation induced aging. The process can
be considerably suppressed by antioxidants present

Various types of polyethylene have been widely used
in the cable industry as insulating materials in the
last decades [1–5]. They found applications in many
Nuclear Power Plants (NPP), particularly as crosslinked compositions filled with selected additives
that provide advantageous properties, such as thermal stability, reduced flammability, good processability and improved electrical properties, etc. [6–8].
Aging of polymer compositions occurs via different
mechanisms affecting their functionality and lifetime.
Despite the relatively simple elemental composition,
polyethylene is a quite complex polymer due to various structural and morphological forms [9–12]. The
presence of antioxidants or other additives significantly influence radiation/thermally induced oxidative degradation [13, 14]. Additionally, they can modify crystallization during processing playing a role of
*
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Table 1. The composition of the tested samples.

in plastics at a concentration of 0.5–1% [16, 17]. The
nature of antioxidants is usually insightfully selected
in order to efficiently protect the polymer.
In our studies, to monitor radicals in the irradiated
compositions based on polyethylene (PE) matrix and
the mechanisms of the reactions between products
initiated by radiation, Electron Paramagnetic Resonance (EPR) spectroscopy was used under cryogenic
conditions. A series of PE materials doped with phenolic and thioether antioxidants, together or separately, and additionally filled with flame retardant,
were studied in order to determine influence of individual components on radical processes in polymeric matrix. All components and related contents
were especially selected for this study. Two antioxidants were chosen for testing: primary antioxidant
Irganox 1076 and secondary antioxidant Irganox
PS802. Aluminium hydroxide (ATH) was used as a
flame retardant.
The research is relevant for modelling the processes
responsible for aging of polyethylene insulation in
cables installed in the NPP [1, 2, 18], especially in relation to their qualification and lifetime prediction
[3, 4]. The proposed approach might complement
our knowledge about degradation mechanisms because in practice information on the composition/
formulation of polymeric materials is not disclosed
by cable manufacturers.

Material
Silane cross-linked LLDPE
Silane cross-linked LLDPE
+ 1 phr phenolic antioxidant
Silane cross-linked LLDPE
+ 1 phr thioether antioxidant
Silane cross-linked LLDPE
+ 1 phr phenolic antioxidant
+ 1 phr thioether antioxidant
Silane cross-linked LLDPE
+ 50 phr ATH
Silane cross-linked LLDPE
+ 50 phr ATH
+ 1 phr phenolic antioxidant
+ 1 phr thioether antioxidant

Symbol
PE
PE+I1076
PE+I802
PE+I1076+I802
PE+ATH

PE+I1076+I802+ATH

thick tapes is listed in Table 1. The antioxidants and
flame retardant were successively added to silane
cross-linked polyethylene at the given concentrations.

2.2. Irradiation and methodology of research
Quartz tubes filled with the samples were tightly
closed and irradiated in a gamma cell (Gamma Chamber 5000, BRIT) to a dose of 10 kGy at a dose rate of
4.3 kGy/h in liquid nitrogen. Alanine dosimetry was
performed according to ISO/ASTM 51607:2013(E)
to determine precisely absorbed dose.
EPR measurements were carried out using an
X-band EMXplus Bruker EPR spectrometer. The apparatus was equipped with a cryostat (temperature
control system ER 4131VT) and a cylindrical resonant cavity with high sensitivity. The following parameters were applied: sweep width to 60.0 mT, microwave power 1 mW, modulation amplitude 0.1 mT,
time constant 10 ms. Number of scans was adjusted
to the intensity of the experimental signals. The spectra were measured at every 30 K, from 100 K to the
temperature at which the complete decay of radicals
took place, using a controlled temperature annealing
procedure. After heating, the samples were kept at
the selected temperature for 5 min to achieve a thermal equilibrium. The spectra were analyzed using
WinEpr software provided by Bruker. The radical
concentration was determined by double integration
of the experimental spectra. It was assumed that the
amount of radicals at 100 K was 100%. The decrease
in the concentration of PE alkyl radicals was estimated taking into account intensity of the second
high-field line.

2. Materials and methods
2.1. Tested components and composites
Studied materials were prepared in accordance with
prior arrangements regarding components and contents. A silane (vinyltrimethoxysilane) cross-linked
linear low density polyethylene (PE) with melting
point at 121 °C and a density at 0.918 g/cm3, commonly used to produce insulation, was applied as a
matrix. Silane-grafted PE was produced on a twinscrew continuous mixer. The degree of crystallinity
of PE determined by differential scanning calorimetry method was 33%, assuming that the heat of fusion for 100% crystalline polymer is 293 J/g [19].
PE was modified by selected additives often applied
in insulating materials, namely: primary phenolic antioxidant (Irganox 1076), secondary thioether antioxidant (Irganox PS802) and flame retardant (ATH,
Al(OH)3, with a particle diameter d50 = 1–2.2 µm and
a Specific Surface Area BET at 3–5 m2/g). The composition of samples prepared in the form of 0.3 mm
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3. Results and discussion
3.1. EPR spectroscopy of components

trans-vinylene groups, where spins become trapped
due to a well-known resonance phenomena [22], or
through direct hydrogen abstraction. In addition to
alkyl and allylic radicals, a polyenyl-type product,
–CH2C●H–(–CH=CH–)n–CH2– is present, showing
a broad symmetric singlet.
As seen from Figure 1a, there were also radicals having a center at oxygen containing groups produced
by oxidation of carbon radicals [24–26]. Polyethylene was stored in an air atmosphere, and was therefore saturated with oxygen. Due to oxygen access,
carbon centered radicals converted to a peroxy radical (RPE3) –CH2–CH(OO●)–CH2–. The process is
efficient only in the amorphous phase, while in ordered domains oxidation is inhibited due to very limited diffusion of oxygen molecules in crystals. Thus,
observed at higher temperatures alkyl radicals which
avoided oxidation, were mainly located in the crystalline phase [27]. Peroxy radicals (RPE3) of g-factors 2.031 and 2.0095 are able to abstract hydrogen
from methylene groups of the main chain forming

Polyethylene
Several types of free radicals were found in irradiated polyethylene, in accordance with the previous
studies [20–23]. The most abundant intermediate,
secondary alkyl radical (RPE1) –CH2–●CH–CH2–,
was formed as a result of carbon–hydrogen bond
scission. The radical was observed from 100 to 280 K
(Figure 1a). It is a short-lived intermediate which
completely decays at ambient temperature. The EPR
spectrum of the radical showed sextet of hyperfine
splitting (hfs) about 3.0 mT. Due to conformational
restrictions, anisotropy of α protons and broadening
of line width, the peak resolution was poor.
The second radical demonstrating the septet of hfs
1.4 mT with further complex splittings, probably in
the form of doublet, was assigned to allyl type radical –CH2C●H–CH=CH–CH2–, (RPE2). They are
formed as a result of migration of unpaired electrons along the polymer chains until they encounter

Figure 1. Sequences of EPR spectra of the samples gamma irradiated to a dose of 10 kGy at 77 K, after annealing to the indicated temperatures. a) PE; b) I1076; c) I802; d) ATH.
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or amino groups. Due to the rigidity of the crystals,
deprotonation in the powdered antioxidant is initially
inhibited. The presence of a proton in the hydroxyl
group significantly changes the distribution of spin
density, decreasing the coupling with other substituents. The peak-to-peak (Hpp) intensity of alkyl
radical RI10761 signal, measured as a distance between the minimum and maximum of the whole
spectrum, decreased during heating.
At low temperatures we observed additional lines
appearing on both sides of the dominant signal. They
are components of the spectrum whose internal lines
create a superposition with an intensive doublet. The
whole spectrum seems to consist of a quartet of
triplets of hyperfine splitting 2.71 and 1.21 mT, respectively. The stick diagram of the signal is marked
RI10762 in Figure 1b. Such a pattern can be attributed
to the radical shown in the Figure 2. The unpaired
spin interacts with three equivalent hydrogens, one
α and two β protons of the methylene group adjacent
to the oxygen atom of the ester group situated in the
para substituent. Hfs of two γ hydrogens is greater
than that of typical aliphatic radicals due to the influence of the ester group.
Above 340 K the spectrum changed significantly. A
distinctive triplet of triplets appeared, which was attributed to phenoxy radical (RI10763) showing coupling of spin with hydrogen atoms of the methylene
group in the para position (1.20 mT) and two meta
protons (0.15 mT). As can be seen from the evolution of the EPR spectra, the only possible precursor
of the intermediate is the radical showing the doublet
at lower temperatures [33]. The conversion proves
that the two intensive lines were correctly assigned
to the phenolic radical cation. Above the melting
point (323–328 K), due to the increasing conformational movements of macromolecules, the intermediate was deprotonated. Such a pattern was also found
in solutions of other phenolic species, in which the
loss of a proton was facilitated by a hydrogen bonding network [34, 36].

hydroperoxides that are converted to carbonyl or carboxylic group and initiate chain oxidative degradation. Hydroperoxide decomposition seems to be particularly important in LLDPE having significant
number of short branches and therefore many labile
tertiary hydrogen atoms [28].
Irganox 1076
Sterically hindered phenolic antioxidants attract attention due to versatile applications in food industry,
biology and industrial applications. They are primary
antioxidants used in polymer processing to protect
the materials during manufacture and aging. Their
architecture is tailored to the chemical structure of
plastics and to the secondary antioxidants to achieve
a synergistic effect. After adding to polymeric materials, they form suspension due to aliphatic hydrocarbon residues, which increase compatibility between components. Irganox 1076 showing a linear
response to low doses, was in the past considered as
a dosimeter for clinical applications, appropriate for
various types of ionizing radiation. There were reports in the literature, that in the polymeric matrix it
can form after irradiation one, stable radical observed by EPR spectroscopy [29–31].
However, as seen in Figure 1b, the signals of microcrystalline Irganox 1076 powder are more complex.
The spectrum of antioxidant irradiated with gammarays at 77 K and recorded at 100 K consists of at
least two components. The intensive doublet of hfs
1.71 mT was assigned to the phenolic radical cation
(Figure 2, RI10761) formed after electron loss by the
hydroxyl group. The intermediate shows a g-factor
(2.0035) characteristic for this group of radicals [32].
The susceptibility of hydroxyl groups to deprotonation depends on the substituents of the aromatic ring
and grows with their electron-withdrawing ability.
Alkyl groups are considered substituents with moderate electron donor properties, weaker than alkoxyl

Irganox 802
Irganox 802 is a dialkyl ester of thiodipropionic acid.
It is used as a heat stabilizer in combination with primary phenolic antioxidants. It provides long-term
heat stabilization to polymeric materials and shows
low volatility.
In Irganox 802, radiation generates alkyl radicals exhibiting a spectrum marked RI8021 in Figure 1c. The

Figure 2. Structures of radicals generated in Irganox 1076
by gamma-rays.
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signal was attributed to alkyl radicals whose centers
interacted with five hydrogen atoms and were located
at hydrocarbon domains. Above 220 K, they were
fast converted to peroxy radicals. In the central part
of the experimental spectra there are unknown signals
which could not be interpreted because of poor line
resolution. Absorption is probably related to the radical centers localized in the vicinity of sulfur atom.
ATH
Aluminium hydroxide (ATH), which emits water
above 220 °C, is used in a wide variety of compounds as a flame retardant [e.g. 36–38]. Gammarays modify ATH generating paramagnetic defects
in the crystal lattice and hydrogen atoms demonstrating characteristic two lines at a distance of about
5,05 mT (RATH1) (Figure 1d). The doublet disappeared below 250 K. Moreover, at low temperatures,
a broad singlet appeared, which was presumably a superposition of various signals containing unresolved
lines. The anisotropic singlet (RATH2) showing g1 =
2.034 and g2 = 2.0002 is usually assigned to O– paramagnetic ionic center trapped in the crystal [39]. The
resulting g-factor, g = 2.0060, is far from the value
characteristic for free electron revealing the influence of oxygen centered radicals.
At elevated temperatures, eleven lines demonstrating
hfs around 1.12 mT were found (RATH3), which were
assigned to radical anion O– interacting with two Al3+
centers. In the past, analogous structure Al–O––Al
was found in irradiated Al2O3 [39].
The following sequence of reactions initiated by ionizing radiation is proposed:
OH– → ●OH + e–
●OH + OH– → H O + O–
2
OH– → O– + H

3.2. Polyethylene doped with antioxidants
The series of EPR spectra were recorded for polyethylene containing antioxidants (Figure 3).
At low temperatures EPR spectra of virgin PE and
PE doped with antioxidants are the same. There are
no signals related to the presence of antioxidants in
the range of 100–160 K. Such an effect was anticipated because their concentration was very low
(1 phr) thus, the dominant target of ionizing radiation was the polymeric matrix.
The shape of EPR spectra recorded for polyethylene
protected by antioxidants are different than in the
case of virgin polyethylene from 190 K, i.e. above

Figure 3. Sequences of EPR spectra of the materials gamma
irradiated to a dose of 10 kGy at 77 K, upon annealing to the indicated temperatures. a) PE doped
with 1 phr of I1076; b) PE doped with 1 phr of
I802; c) PE doped with 1 phr of I1076 and 1 phr
of I802.

glass transition temperature [40]. Thus, the additive
has an impact on radiation induced processes in the
polymer only when the movement of macromolecules in amorphous phases is sufficiently intensive.
560
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that at the first stage of the interaction between the
macroradical and phenolic antioxidant the transfer
of hydrogen atom from hydroxyl group is inhibited
and only radical center changes localization. In the
transient state the hydrogen atom is shared and just
at higher temperatures the irreversible shift to PE is
possible. Traces of the characteristic spectrum of
phenoxy radical appeared at 340 K.
Determination of RPE1 decay (on the basis of the intensity of the second high-field line, marked in Figure 1a with an arrow) revealed that the profile did
not change distinctly in the presence of antioxidants
as shown in the section 3.3. (at least within the limits
of measurement error). Therefore, it seems that peroxy radical is the dominant reactant and hydrogen
acceptor.
I802 affected insignificantly PE radicals, as seen in
Figure 3b. The shape of signals remained almost unchanged except small decrease in anisotropic singlet
of peroxy radical. In this case, there were no obvious
signals from the antioxidant radicals, probably due
to its long-lasting action related to the decomposition
of hydroperoxide groups and negligible concentration of them at steady state.
When both antioxidants were present in PE, the effects observed by EPR spectroscopy were found to
be additive, and the main difference was the emergence of the RI10761 doublet.

Antioxidants in PE are not homogeneously distributed throughout the material. They are located in the
amorphous phase and interface regions because, during crystallization and crystal growth, additives are
expelled from the ordered domains. Thus, concentration of antioxidants in the amorphous phase is higher than in lamellae regions. This phenomenon results
in significant consequences: antioxidants are active
mainly beyond crystalline phase. Therefore, antioxidants hardly influence radicals in the ordered areas.
They have to slowly migrate towards the phase
boundary where can be scavenged by antioxidants.
On the other hand, above the glass transition temperature the mobility of the transients produced in the
amorphous phase is relatively high which facilitates
reaction with antioxidants. As seen in Figure 3, at
250 K the process significantly affected the profile
of EPR spectra, particularly for samples comprising
I1076. Interestingly, under these conditions a doublet
appeared, i.e. a signal similar to that one attributed
to phenolic radical cation (Figure 1b). Its hfs is about
0.2 mT smaller than that determined for microcrystalline I1076. It should be taken into account that one
of the doublet lines is superimposed on the absorption of peroxy radical interfering the exact determination of splitting. It is also possible that the bond
between oxygen and hydrogen is slightly longer because of the vicinity of the macromolecule, which
eventually acts as a hydrogen acceptor. This effect
may weaken the interaction between unpaired spin
and proton. The origin of the doublet was confirmed
by the fact that it occurred only in the spectra of samples containing I1076. The shape of spectrum suggests

Polyethylene filled with ATH
In the next stage of the research, the influence of
ATH on PE radical processes was investigated. The
amount of mineral in the composition was about 1/3

Figure 4. Sequences of EPR spectra of the materials gamma irradiated to a dose of 10 kGy at 77 K, upon annealing to the
indicated temperatures. a) PE doped with 50 phr of ATH; b) PE doped with 1 phr of I802 and 50 phr of ATH.
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the gradual decrease in the relative concentration of
all radicals is inconsistent with the decrease in the relative concentration of RPE1 alkyl radicals determined
based on the reduction of the line’s amplitude indicated in Figure 1a. The drop of RPE1 concentration
is small to 190 K, whereas above this temperature
the radicals decay rapidly. This phenomenon is related to the conversion of paramagnetic centers to
diamagnetic substances at temperatures below and
above glass transition range, respectively. Alkyl radicals in the amorphous phase decay at lower temperatures than in crystallites due to more intensive conformational movements of macromolecules. As seen
in Figure 5a and 5b, in the range of 100–190 K the
relative decrease in concentration of all radicals is
about 70%. On the other hand, only 20% of RPE1 decays to 190 K (Figure 5c and 5d) which indicates that
other PE radicals disappear at low temperatures,
namely peroxy and allylic radicals. Under the conditions of measurement, in the first stages of processes,
the oxygen present in PE was exhausted during oxidation of carbon centered radicals localized in the
amorphous phase, therefore the contribution of peroxy
radical decreases with increasing temperatures due to
the lack of available O2 molecules and reactions with

of the total weight, thus a direct effect of radiation
on both components, PE and ATH, was expected. At
–
100 K, the presence of O was confirmed (Figure 4a).
However, the signal almost disappeared to 190 K,
and the only spectra attributed to ATH paramagnetic
defects were found below this temperature. It seems
that they did not affect the radical processes in PE.
Their loss occurred at lower temperatures than in the
case of native microcrystalline powder. Thus, the defects were more efficiently stabilized in microcrystals non-dispersed in the polymeric matrix. Probably
during mixing the crystals were damaged and consequently their lattice was less effective in stabilizing
paramagnetic centers causing their faster decay. Due
to phase separation, there was no transfer of paramagnetic centers between PE and ATH.
Analogue processes occurred when additionally antioxidants were present in the system (Figure 4b).
The ATH paramagnetic species also disappeared to
190 K. Additionally, as in other systems doped with
I1076, a RI10761 doublet became visible.

3.3. Relative concentration of radicals
Figure 5 shows that the profiles of radical decay are
similar for all studied polymeric materials. However,

Figure 5. a) and b) decay of all radicals in PE materials in the presence of antioxidants or/and ATH as a function of annealing
temperature. c) and d) decay of alkyl radicals in PE materials in the presence of antioxidants or/and ATH as a function of annealing temperature.
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of insulating materials. Studies on the effect of components commonly used in cable industry on radiation chemistry of silane cross-linked PE showed that:
• Tested antioxidants (Irganox 1076 and 802) react
with radicals generated in PE above the glass transition temperature. The phenolic antioxidant is ultimately a hydrogen donor although initially, in a
transient structure, the proton is shared with the
polymeric acceptor as evidenced by the doublet
present in all EPR spectra for materials doped with
I1076. At higher temperatures, the processes lead
to the production of phenoxy radical stabilized by
resonance [34] which shows the EPR signal in the
form triplet of triplets.
• Irradiation of PE filled with ATH, the most commonly used flame retardant, initiates in the matrix
the same radicals as in the ATH-free polymer and
the radical processes occur in parallel and regardless of the presence of the dispersed phase. Paramagnetic defects in ATH crystalline powder are
more stable than in microparticles dispersed in the
PE matrix. Thus, the filler has neither positive nor
negative impact on the processes initiated by radiation in polymer and on its degradation.
• PE radicals decay even under cryogenic conditions. Alkyl radicals detected by EPR spectroscopy
are relatively stable because (i) the most labile
RPE1 radicals participate in cross-linking, (ii) their
conversion to peroxy radicals is limited by restricted oxygen availability under the condition of experiment, (iii) part of them can be considered as
residual radicals trapped in the PE crystalline
phase [22].
Currently, intermediate products and final compositions are subjected to long-term thermal and radiation aging to investigate macroscopic consequences
of the observed radical processes.

Figure 6. Comparison of radical content per gram of sample
expressed as the double integral of the spectra
recorded at 100 K normalized to the weight of the
sample.

antioxidant. Additionally, as was confirmed in the
past, allylic radicals were unstable and disappeared
relatively fast [26].
Analyzing spectra presented in Figure 4a it was
found that paramagnetic defects in ATH decayed at
lower temperatures in PE matrix than in microcystalline powder. The question arises whether the effect results from the transfer of active centres to
polymeric macromolecules or due to facilitated conversion to diamagnetic products. To explain this
issue, the amout of paramagnetic centers (measured
by double integration of spectra) per 1 gram of sample was determined at 100 K (Figure 6).
The concentration of radicals in the composites containing ATH is about 25% lower than in ATH-free
polyethylene. Thus, the observed effect was mainly
due to the reduction of paramagnetic defects in ATH
microcrystals because in the case of spins transfer
between the dispersed phase and polymer matrix
their total concentration in the sample should remain
constant.
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4. Conclusions
Research on radical processes in polymeric materials
used in difficult environment is of increasing importance because their degradation inevitable reduces
lifetime of the products made of plastics. These issues are crucial when radiation-induced aging of
wires and cables in NPP is considered. EPR spectroscopy is the only technique used to follow directly
radiation induced processes and to monitor the impact of additives applied to increase the functionality
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