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Abstract

The aim of this work was to investigate the post-g-irradiation behavior of an ethylene-propylene
copolymer loaded with an antioxidant containing the -NH functional group. The oxidative degradation of
the polymer was studied using Infrared Absorption Spectroscopy. The shape of the oxidation profiles, and
the dependence on thickness and on dose rate were in good agreement with the Gillen and Clough model.
The interaction of polymeric free radicals with the antioxidant led to the formation of R-NO° stable
radicals. These species are easily detectable using Electron Spin Resonance Spectroscopy. We used this
technique to study the influence of the total absorbed dose, of dose rate and of oxygen and the time
evolution of the oxidation products. High Performance Liquid Chromatography allowed us to determine
the amount of antioxidant not involved in the oxidation reaction as a function of the total absorbed dose.
The stabilization toward gamma radiation effects, of different types of curing agents for epoxide resins,
and of fly ash as filler, were also investigated through monitoring the mechanical properties of such
composite materials.

1. INTRODUCTION

The fundamental process of polymer degradation and stabilization has been extensively
studied [1-3]. The most important effect on the irradiated polymers is the oxidative degradation
initiated by the formation of peroxy radicals in the polymer, which led to the formation of
carboxylic groups of different chemical nature, that are commonly evaluated using Infrared
Absorption Spectroscopy (IR) [2-8]. Inhomogeneous oxidation effects in polymers exposed to
ionizing radiation have been often found and extensively studied by different experimental methods
[9-11]. The most used technique to obtain the oxidation profile is the measurement of the
carboxylic content by IR absorption spectroscopy [8, 12, 13]. We used this technique to obtain the
oxidation profile as the spatial distribution of carboxylic groups across the rubber plates [8]. The
observed inhomogeneity is attributed to diffusion-limited oxidation, and in order to take into
account such effects several theoretical models have been derived for pure polymers. Less
attention has been devoted to crosslinked polymers loaded with antioxidant, in spite of their
relevance for a wide variety of applications [3]. A preliminary study [7] performed on an ethylene
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propylene co-polymer (EPR) loaded with antioxidant suggested that the observed inhomogeneity
effects can be explained [16] with the Gillen and Clough model, even if this model does not take
explicitly into account the presence of antioxidant. A more systematic study of the inhomogeneous
oxidation of EPR rubber has been performed, and this hypothesis was confirmed. Oxidation
profiles have been measured as a function of thickness, dose rate and antioxidant content.

Electron Spin Resonance (ESR) spectroscopy is of great importance in radiation damage
studies in spite of its ability in the detection of radical species involved in the degradation process.
The effects of gamma rays on an ethylene propylene loaded with antioxidant containing -NH
functional groups have been previously investigated using ESR [17-19]. It was possible to
ascertain that upon interaction with the antioxidant, the free radicals produced under irradiation of
the polymer lead to the formation of R-NO° stable radicals. The R-NO° production starts during
irradiation, and lasts for about 100 hours. A stable level was reached afterwards which depends on
dose, antioxidant content and temperature [18-21]. The post-irradiation time evolution of the
different radical species, and the influence of various parameters such as temperature and dose rate
have been studied [22]. Once the ESR signal had reached a stable value after the irradiation and
the storage in air at room temperature, an extraction procedure was applied and it was possible to
determine the antioxidant extractable levels as a function of the total absorbed dose using HPLC,
that for its high specificity and sensitivity is one of the most frequently employed analytical method
for stabilizers in polymers [23].

In order to confirm the importance of the presence of stabilizing chemical functions in
polymers, we also studied the effects of gamma radiation in an epoxy resin cured by means of two
different curing agents, and the effect of fly ash as filler. We were able to evaluate the eventual
changes of the mechanical properties of these composite materials, whose application in the
confinement of low and medium waste radioactive material has recently been proposed
[24, 25, 26].

2. EXPERIMENTAL METHODS

The material studied is an ethylene-propylene copolymer (30% propylene) and was supplied
by Montedison. All the samples were manufactured by Pirelli Cavi S.p.A. Company adding an
antioxidant with the -NH functional group, and crosslinked with dicumilperoxide in the final form
of thin plates (10x10 cm2).

The epoxy resin used was DGEBA type EPON 828 from Shell; the curing agents were
tetraethylenepentamine (TEPA), Fluka Techn. Product and a polyaminophenolic oligomer (PAP)
obtained from TEPA by reaction with phenol in the presence of formaldehyde [27]. Fly ash [28]
was used as filler.

The irradiation of the samples has been performed in air at room temperature in the
irradiation plant Calliope at ENEA Casaccia Center (Rome). Fricke dosimetry was used to
measure the absorbed dose.

2.1. EPR samples for infrared measurements

Samples have been irradiated in the dose range of 100-400 kGy at dose rates in the range of
0.21-1.31 Gy/s. In order to determine the oxidation profile we cut from the center of the plates a

66



slice 0.25 mm thick orthogonal to the surface. IR spectra of the slices were recorded using an
FTIR 1720 Perkin Elmer equipped with a Spectra Tech mod. Plan 11 microscope; the field of
view was 300 x 300 mm.

2.2. EPR samples for ESR measurements

The samples used to investigate the free radicals were irradiated in air at a dose rate of
1.6 Gy/s in the dose range of 10-375 kGy, and at 100 and 600 kGy with dose rates ranging from
0.009 up to 374 Gys"1 [22]. Measurements were performed with a Bruker EMS 104 EPR
Analyzer.

2.3. EPR samples for HPLC measurements

The samples used to measure the antioxidant extractable levels were irradiated in air at room
temperature at a dose rate of 1.6 Gy/s in the dose range of 10-375 kGy. The HPLC apparatus was
a Bruker model LC 22, the column was a reversed phase analytical column. All the solvents were
RS Plus by Carlo Erba. The extraction procedures and the set up apparatus have been described in
a previous work [29].

2.4. Epoxy resin samples

The form and dimension of the samples were as prescribed by ASTM standards. The infrared
absorption spectra of samples (solid dispersion in KBr) were measured with a Perkin Elmer
spectrometer mod. 1213. The calorimetric curves of powdered specimens were obtained by using a
DuPont (v4.1c-2100) Differential Scanning Calorimeter. The IR absorption spectra of samples
(solid dispertion in KBr) were recorded using a spectometer Perkin Elmer mod. 1213. The
samples were irradiated in the dose range 10 kGy-1.8 MGy at a dose rate of 350 Gy/s.

3. RESULTS AND DISCUSSION

3.1. Infrared results and discussion

The infrared spectra have been analyzed using the procedure discussed in a previous work
[7] in order to obtain the "differential spectra", i.e. the spectral changes due to the radiation. The
integrated absorption of the C=O band centered about 1720 cm*l has been assumed to give a
quantitative evaluation of the radiation induced oxidation. The oxidation as a function of depth is
obtained by integration of the spectra in the 1850-1650 cm"* region. A typical example of the
results obtained is presented in Fig. 1.

The inhomogeneity of the oxidation is evident. We have found that the oxidation depth is
reduced and the profile becomes steeper with increasing dose rate. For all the samples, the total
oxidation increases linearly with absorbed dose in the dose range up to 400 kGy. The dose rate
dependence is evident and can be attributed to inhomogeneous oxidation effects. The oxidation
decreases linearly with the antioxidant content, and its effect seems to be independent from the
dose rate, thus suggesting that the antioxidant content does not change the inhomogeneity of the
oxidation. The rate of oxidation under homogeneous conditions is related to the dose rate by the
following equation [16]:
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FIG. 1. Oxidation profile for the sample irradiated
at 150 kGy at the dose rate of 0.21 Gy/s.

The inhomogeneity of the oxidation is evident. We have found that the oxidation depth is
reduced and the profile becomes steeper with increasing dose rate. For all the samples, the total
oxidation increases linearly with absorbed dose in the dose range up to 400 kGy. The dose rate
dependence is evident and can be attributed to inhomogeneous oxidation effects. The oxidation
decreases linearly with the antioxidant content, and its effect seems to be independent from the
dose rate, thus suggesting that the antioxidant content does not change the inhomogeneity of the
oxidation. The rate of oxidation under homogeneous conditions is related to the dose rate by the
following equation [16]:

R u IS

The total oxidation after the irradiation time t = D/I (where D is the absorbed dose) is given
by:

At the dose rates used, our samples do not exhibit homogeneous oxidation, but we can
assume surface oxidation as representative of the homogeneous oxidation process. The pure
unimolecular (g = 1) or bimolecular (g = 0.5) processes do not properly fit the experimental
results, which are well-described assuming g = 0.7 in the equation. This value agrees with the
results found in the literature for similar materials [4] and indicates that the oxidation is due either
to the superposition of unimolecular and bimolecular processes or to bimolecular processes
involving products partially originating from a single spur. In order to model the oxidation profile
we have used the Gillen and Clough expression. The obtained results confirm that the antioxidant
content does not change the oxidation profile but only its absolute value [22].

68



3.2. ESR results and discussion

The ESR spectrum of samples recorded after irradiation in air (Fig. 2) can be interpreted as
the superposition of two signals [19,20]. The first is due to antioxidant R-NO° radical (g = 2.007)
and the second to polymer free radicals P° (g = 2.003).

9R-NO°=2-°°7

9 p° =2.003

Fig. 2 - ESR spectrum of a sample measured soon after
the irradiation in air at 100 kGy (dose rate 0.3 Gy/s).

During post-irradiation storage in air two different processes take place: i) the partial
disappearance of the polymer radicals, and ii) the start of a bimolecular process leading to the
formation of the R-N0° radical. For each dose rate, the sample reaches a stable condition about
150 hours after irradiation, and the ESR spectrum is dominated by the R-N0° component. The
R-N0° concentration, measured in the stable phase, decreases with dose rate [22].

To describe the radical behavior, a semiquantitative model has been proposed [22]. ESR
measurements obtained for a sample irradiated at a dose rate of 1.6 Gy/s in the dose range of
10-375 kGy confirm these results [31]. The relative R-N0° radical concentration after 1000 hours
storage time, as a function of dose, is reported in Fig.3 for the sample irradiated at 0.3 Gy/s, and in
Fig. 4 for the sample irradiated at 1.6 Gy/s. The results suggest that the process involved in the
R-NO° production is non linear with the dose.

Indeed at each dose value the ESR signal amplitude has been measured, and it increased
linearly with the antioxidant content. Fig. 5 and Fig. 6 report an example of the time evolution of
R-NO° radicals and of polymer P° radicals for the sample irradiated to 245 kGy at dose rate of
1.6 Gy/s. The obtained results confirm previous evidence that in the presence of oxygen: i) the
recombination and production processes of the involved radicals are concomitant and ii) the
R-NO° vs dose production is nonlinear with the involved radical concentrations. It is well known
that when antioxidant (A) is present in the material, the polymeric radicals react with each other
and with the antioxidant producing radicals in the antioxidant itself and termination products
[17, 33]. Referring only to long-lived free radicals, the simplified reaction can be used to describe
the process. On the hypothesis that correlated nonlinear chemical reactions take place after gamma
irradiation, it is possible to describe the processes of the three involved species with the following
rate-equations:
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FIG. 5. ESR signal amplitude for R-NO0 radical
irradiated at 245 kGy (dose rate 1.6 Gy/s).
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FIG. 6. ESR signal amplitude for P°radical
irradiated at 245 kGy (dose rate 1.6 Gy/s).

The obtained results confirm previous evidence that in the presence of oxygen: i) the
recombination and production processes of the involved radicals are concomitant and ii) the R-
NO° vs dose production is nonlinear with the involved radical concentrations. It is well known
that when antioxidant (A) is present in the material, the polymeric radicals react with each other
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and with the antioxidant producing radicals in the antioxidant itself and termination products [17,
33]. Referring only to long-lived free radicals, the simplified reaction can be used to describe the
process. On the hypothesis that correlated nonlinear chemical reactions take place after gamma
irradiation, it is possible to describe the processes of the three involved species with the following
rate-equations.

dt

dt

and Nc are the concentrations of A, B and C species and a is different from 1 to
take into account the nonlinear processes involved. In the studied material the antioxidant contains
the -NH functional group, thus the NA radical concentration of the scheme can be related to the
R-NO° radical concentration. Moreover, the ESR spectrum reported in Fig.2 suggests that the
two components can be assigned to the N B and Nc radical concentrations of the scheme. It is
possible to give a theoretical prevision of the behavior of R-NO° ESR signal amplitude as a
function of dose and the time evolution of the R-NO° and P° radicals by solving the equations with
the initial condition; NC(0) and NB(0) proportional to the absorbed dose. The best agreement
between experimental and theoretical data was obtained for a = 2. It is possible to hypothesize that
B and C are species of type PO° and PO20 that allow the following reactions [17]:

PO20 + A => AO° + stable products

PO20 + PO°=> stable products

In this hypothesis the number of radicals detectable on the polymer is always the sum of NB
and NC. The proposed model well describes the R-NO° behavior with dose and the time evolution
R-NO° and P° [22],

3.3. HPLC results and discussion

The set-up used allows a high selectivity since most by-products of reticulation and
oxidation absorb at wavelengths between 250 and 280 nm. The use of m-nitophenol as internal
standard was justified by the strong absorption of aromatic nitro compounds at the wavelength of
our interest and by the sharp chromatographic peak obtained under our conditions. A typical
chromatogram obtained is shown in Fig. 7. The measured quantity was the antioxidant versus
internal standard peak area ratio; the data were obtained as the mean of six analyses belonging to a
single extraction of each irradiated sample.

In Fig. 8 is reported the antioxidant extractable level as a function of the absorbed dose. The
percentage value is referred to the total value (in weight) contained in the polymer. The
experimental trend is in agreement with ESR results obtained for the same material, and is
consistent with the reaction mechanism previously described.
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The antioxidant extraction from the samples irradiated at the highest dose rate for HPLC
analysis has been carried out when the ESR signal had reached the stable value. The analytical
results show clearly that the extractable levels decrease as the dose increases. The observed
behavior confirms that the antioxidant is consumed in consequence of oxidation reactions due to

Chrowatoflraw CFIS0048

FIG. 7. A typical chromatogram of an extract of the
copolymer stabilized with 1 % of antioxidant. The two
major peaks are due respectively to the internal standard
(rt 3.55 min) and to the antioxidant (rt 7.7 min).
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FIG. 8. Antioxidant exctractable level as a function of
the total absorbed dose (dose rate 1.6 Gy/s).

irradiation in air, according to the previously proposed reaction scheme. The low percentages are
probably due to the fact that products derived from the degradation of the antioxidant occurring
during initial processing and fabrication (zero dose value) and during post irradiation storage in air
were becoming covalently bound to the polymer as a result of radical coupling processes.

3.4. Radiation effects on participate composites

The high mechanical strength, the chemical, water and thermal resistance [27], the
exceptionally high adhesion to every substrate and the good radiation resistance [28] of some
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epoxy-resins suggest their use in the confinement of low and medium activity radioactive wastes.
Our interest in the study of radiation stabilization of polymers prompted us to evaluate this
possibility of application by following the degradation of some mechanical properties, the changes
in the ER spectra of different irradiated samples and the thermal resistance of such compounds
after exposure to gamma radiation. The epoxy resin studied in this paper was dyglicidyl-ether of
bisphenol A-type resin, cured at room temperature by means of a synthetic polyaminic product
(P.A.P) containing some phenylic units linked to the nitrogen atoms of the main chain.

The aim of the research was to investigate the improvement of radiation resistance due to
the PAP-curing agent and to the presence of fly ash from coal as filler (to obtain a paniculate
composite epoxy-fly ash). During exposure to gamma rays, typical damages that can take place in
thermosetting resins are the crosslink and cleavage reactions. Epoxy resins are generally resistant
up to a dose of 9.5x10^ MGy without degradation [34], because of their aromatic units: benzene
rings on the main chain and the use of aromatic curing agents can greatly enhance the radiation
resistance of the cured resin through the protective effect of the aromatic arrangement of the
p-electrons [27]. A series of tests were carried out on samples from the three experimental
formulations: matrix cured with TEPA for reference, matrix cured with PAP, and composite of fly
ash with epoxy-resin cured with PAP. The results of the mechanical tests are reported in Table I,
while Fig. 9 refers to the results for the more interesting PAP-cured matrix alone.

From the obtained results, it can be stated that PAP-cured epoxy resin is a matrix that can
safely withstand gamma irradiation, in comparison with the commercial polyaminic cured matrices,
owing to the protective action of the phenolic group linked to the main chain of the "tailored" PAP
curing agent. The decomposition in air of the non-irradiated TEPA-cured matrix starts at 145°C,
while the irradiated one (1.8 MGy) decomposes at about 100°C; the PAP-cured matrix
decomposes at 135°C after exposure at 1.8 MGy; that is quite similar to the decomposition
temperature of the unirradiated TEPA-cured matrix. The infrared absorption spectra for the PAP-
cured matrix remains unchanged, while the TEPA-cured product shows the increase of the effects
at 725, 800, 1500, 1655, 1885 and 3040 cm~l, interpreted as an increase of the non-aromatic
unsaturations.

The raising of the content of unsatured groups can explain the lower thermal resistance of
the matrix cured with the conventional aminic curing agent; on the contrary, PAP product protects
the matrix that withstands unchanged. Similar considerations can explain the results obtained for
the mechanical tests. Irradiation gradually enhances the static tensile and flexural strength of the
formulations, the maximum being attained by the TEPA-cured matrix; the fly complex trend:
PAP-matrix practically remains unchanged, while TEPA-matrix attains a maximum with "medium"
dose, then gradually decreases. This trend can be explained as a result of an initial crosslinking
action followed by a slow degradation. PAP-cured matrix shows higher stability both in static and
dynamic strength. Shore D hardness increases for the TEPA-cured product (crosslinking effect),
then decreases; PAP-cured matrix and composite above all remain practically unchanged.

In Fig. 10 the differential scanning calorimetric curves before and after irradiation for the
matrix cured with PAP (a) and with TEPA (b) are reported.
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Fig. 11 shows the changes occurring after irradiation in the infrared absorption region 1440 -
1550 cm'* for the matrix cured with TEPA. No changes in the infrared spectra have been
observed for the matrix cured with PAP in this region.

From the obtained results, it can be stated that PAP-cured epoxy resin is a matrix that ash
composite and its matrix attain a minor static strength. Impact strength shows a more complex
trend: PAP-matrix practically remains unchanged, while TEPA-matrix attains a maximum with
"medium" dose, then gradually decreases. This trend can be explained as a result of an initial
crosslinking action followed by a slow degradation. PAP-cured matrix shows higher stability both
in static and dynamic strength. Shore D hardness increases for the TEPA-cured product
(crosslinking effect), then decreases; PAP-cured matrix and composite above all remain practically
unchanged.
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FIG. 9 - Mechanical strength of PAP-cured matrices during irradiation tests.
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TABLE I. MECHANICAL STRENGTH OF THE IRRADIATED FORMULATIONS
(DOSE RATE 350 Gy/s).

Dose

[kGy]

Impact

TEPA

Strength

PAP

[kJ/m2]

Fly

Ash-

PAP

Tensile

TEPA

Strength

PAP

[Mpa]

Fly

Ash-

PAP

Flexural Strength

[MPa]

TEPA PAP Fly

Ash-

PAP

0 3.19±0 1.64+ 3.80+ 36.65± 25.38+ 37.14+ 9.11±0. 9.19±0. 5.39±

.44 0.46 0.29 2.6 3.4 4.5 3 4 0.6

10 - 2.15+ - - 26.74+ -

0.37 2.8

20 2.82±0 2.16+ 3.02+ 44.50± 23.10+ 37.34+ 12.15± 11.19+ 6.47+

.41 0.37 0.39 4.8 2.5 4.8 0.9 1.3 0.6

50 2.68±0 2.17+ 2.96± 36.06± 23.58± 38.61+ 12.25± 10.56+ 5.68±

.50 0.37 0.26 3.3 4.5 3.5 0.6 1.9 0.5

100 - 2.04+ - - - 28.81+ - 9.41±0.

0.14 5.6 3

212 - 2.04+ - - 28.80± - . . .

0.08 1.7

340 3.26±0 2.02+ 3.90+ 32.24± 31.99± 31.46+ 12.05± 9.11±0. 5.78+

.40 0.15 0.14 6.0 4.0 4.2 0.6 1 0.7

850 - 1.80+ - - 41.62+ - - 9.11+0.

0.47 7.4 4

1800 2.51±0 1.28± 2.95± 53.21± 32.40+ 37.53+ 11.37± 8.10±l 5.59±

.36 0.06 0.35 3.7 4.5 5.8 0.8 0.1

In conclusion epoxy matrices and their particulate composites are globally more resistant to
gamma radiation by means of a "tailored" curing agent containing aromatic units. The
Polyalkylenepolyaminophenolic product, formerly synthesized to obtain an epoxy matrix more
resistant to the leaching action of water, is also advantageous from the gamma ray resistance point
of view. It can be finally noted that during irradiation the particulate composite always shows the
best mechanical properties (hardness, impact and tensile strength) except for flexural strength.
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of the matrice cured with TEPA
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