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Abstract: The long-term usage of polymer products necessitates addressing the appropriate
preservation of their low oxidation state that extends the warranty period. The addition
of pertinent stabilization components into the composite formulations (synthesis and
natural antioxidants, pristine and doped oxides, clays or couples of them) produces an
improvement in the kinetic parameters characterizing the accelerated degradation that
occurs during high-energy exposures. The competition between the material ageing and
the mitigation of oxidation is controlled by the protection efficiency. In this paper, the
main advantages of inorganic structures in comparison to classical organic antioxidants are
emphasized. A significant improvement in stability, simultaneously associated with the
enhancing of functional characteristics, the lack of migration, low cost and easy accessibility,
make the reevaluation of certain fillers as stabilizers appropriate. The correlation between
the functional properties and the filler nature in polymer materials may be reconsidered for
the assessment of the participation capability of inorganic structures in the inhibition of
oxidation by the inactivation of free radicals. The lifetimes of degradation intermediates
extended by the activities of inorganic compounds are increased by means of electrical
interactions involving the unpaired electrons of molecular fragments. These physical
contributions are reflected in chemical stability. An essential feature for the presented
inorganic options is a strong impact on the recycling technologies of polymers by radiation
processing. Plastic products, including all categories of macromolecular materials, can gain
an increased durability through the inorganic alternative of protection.

Keywords: radiation processing; polymer; stabilization; inorganic filler; phenolic antioxidants

1. Introduction

The radiation processing of polymers may be a valid option to be preferred over
other technologies involved in the deep modification of polymers due to its versatility,
its accelerated fabrication rates and the alternative diversity of products. The action of
incidental radiation is associated with a certain level of oxidation [1], if the substrate does
not contain an appropriate compound for the mitigation of structural deterioration [2]. The
fragmentation of molecules [3] followed by the competitive processes of oxidation and/or
crosslinking creates the proper conditions for the conversion of irradiated material into
the desired product with preset capabilities [4]. The modifications induced by incidental
radiation are initiated by the energetic transfer [5], which is not selectively conducted
along the molecular backbones. However, the presence of polarizing branches influences
the breaking bonds [6] that trigger chain splitting. The physical characteristics related
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to structural peculiarities may distinguish the inorganic compounds with the protection
features from the “classical” antioxidants.

Modern technologies based on radiation effects are becoming more and more fre-
quently applied due to their conversion potential. Due to the radiolysis mechanisms, the
intermediates may be transformed into new hydrocarbon structures or oxygenated stable
products [7]. The material properties closely related to bond strengths, molecular branch-
ing, functionalization and crosslinking degree, formulation, morphology, glass transition
temperature and viscosity influence the product behavior with respect to the radiation
resistance and rate of degradation [8]. The durability of polymer materials subjected to
the action of high-energy radiation is tightly conditioned by the presence of different
compounds like additives or fillers, which in turn have an effect on the evolution of the
oxidation state or the product consistency [9,10]. The two specific routes, namely suitable
protection against oxidation and molecular reconstruction, are followed, if the defensing
agents are present, due to their involvement in the propagation stage of any degrada-
tion [11]. The contribution of a protective component added to the material formulation
is fundamentally based on its interaction with free radicals, whose decay depends on the
scavenging activity of the anti-ageing phase. The efficiency of the improvement of material
properties simultaneously reached by the preservation of the oxidation state may be eval-
uated by the reinforcement development, properly illustrated by the attendant changes.
The modifications that occur in the acquired level of vulnerability determine the material’s
ability to resist over long-term usage under stressing conditions [12]. The consequence of
backbone scissions leads to the acquired structural transformations [13], which predict the
improvement in the characteristics of processed polymers concerning the mitigation of oxi-
dation. On the opposite side, the advanced degradation is accompanied by the worsening
of operation parameters [14]. Accordingly, the presence of certain inorganic compounds in
the radiation-processing recovery of polymer wastes may represent a pertinent option for
recycling, if this suitable compound is involved in the minimization of radiation effects on
engineering features [15].

During the irradiation treatment or the product service, the avoidance of polymer
debasement by the addition of an oxidation inhibitor is one of the basic considerations by
which the products keep their longer durability [16]. The validation keystone of controlling
oxidation of polymers is the significant manner of the modeling degradation by the inacti-
vation of molecular fragments with respect to their conversion into the stable oxygenated
products [17].

This survey has a peculiar target by which the appropriate formulations of irradiated
plastics can be converted into useful products without structural restrictions. It intends to
demonstrate that compounds like hindered phenols or amines are not unique options for
the protection of polymers against their degradation. Inorganic stabilizers present the great
advantage of inertial preservation of properties over the large ranges of energetic radiation
exposure that are inert in radiation fields. This way of processing or reclaiming becomes
efficient when the performances of the material are not altered, and the contribution of the
inorganic phase consists of the control over the evolution of the radiolysis intermediates.
The functionality of polymer products modified by inorganic components may limit the
material fatigue after irradiation due to the interactions between the filler and polymer
bulk at the interphase boundaries [18-20].

In this paper, the majority of reported results were acquired by the accurate measure-
ments of the chemiluminescence investigation method, whose recorded intensities observe
the structural modifications that occurred during oxidation [21]. This option was preferred
because it is an accurate tool used for the appropriation proofs of protection suitability.
The accumulation of oxygenated intermediates [22] leads to proportional photon emission,
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whose chemiluminescence (CL) intensity dependencies on time or temperature allow for
the qualification of radiation strength, antioxidant efficiencies or substituent effects on the
material durability. The CL emission mechanism is presented in Figure 1.
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Figure 1. The photoemission of quantum during the chemiluminescence measurements.

The proportionality between the measured CL intensity and the accumulated amount
of peroxyl radicals may be an indication of polymer degradability.

2. Mechanistic Approach

The radiation technologies are usually based on the fragmentation of backbones [23],
preparing the engineering materials for further processing like crosslinking, grafting,
surface modification, recycling. The assistance of radiation treatments applied to the modi-
fication of polymers gains a real industrial interest and support, if they are not associated
with a certain degree of oxidation. This requirement is addressed to the polymers belonging
to the degrading structures. The mitigation of oxidation can be achieved by the addition
of functional monomers [24], synthesis compounds [25], natural fillers [26] antioxidants,
certain appropriate inorganic fillers [27] and component compatibilization of polymer
blends [28].

The monitoring of the high performance of plastics has led to the synthesis of hin-
dered phenols and amines, whose protection mechanism against oxidation is explained
by the substitution of their mobile proton [29,30]. This means that the efficiency of each
structure depends strongly on the bonding energy of mobile protons, which retains the
attaching radiolysis fragments of the polymer. The mechanism in which hindered phenols
are involved is presented in Figure 2a.
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Figure 2. The stabilization activities promoted by various types of oxidation protectors: (a) phenolic
antioxidants by proton replacement, (b) inorganic crystalline compounds by penetration into the free
lattice space and (c) inorganic crystalline compounds by the filling free-lattice node.
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The breaking degradation chain is the process through which these organic compounds
act. The information on the stabilization stages concerns the consumption of antioxidants,
which is the nonselective consequence during the irradiation of organic materials [31].
A detailed study on the availability of synthesis antioxidants for oxidation protection
has emphasized the exudation of these additives onto the outer part of polymer sheets,
minimalizing their efficiency [32]. The suggested capability of organic antioxidants related
to their significant mitigation features remains the main studied subject by which the
qualification assays are accomplished [33]. The great disadvantage that appears due the
presence of synthesis antioxidants in the formulations of polymer materials is their high
prices, along with the formation of several intermediates, which induce harmful effects for
human bodies [34]. The exceptions from this feature are polyphenols, whose intermediates
also present antioxidant properties [35] and are healthcare agents. In addition, the products
resulting from the oxidation of organic stabilizers significantly modify the durability of
host materials because they accelerate the ageing phenomena [36].

The stabilization versions using inorganic structures are based on electrical interactions,
which involve the free-radical-possessing unpaired electron. The existence of certain zones
in the inorganic configuration with an electron density lower than the surrounding regions
(Figure 2b,c) leads to the trend of filling the electron deficit by means of outer electrons [37].
This physical structure represents the main feature that is a relevant attribute characterizing
the scavenging activity of inorganic components. This type of defect may appear either
by the scission of a bond as it occurs in the powder of POSS (polyhedral oligomeric
silsesquioxane), an inorganic structure based on the intercalation of -Si-O- units, under
the influence of certain substituents [38], by the deterioration of a ligand belonging to a
complex structure [39] or by the effects of the doping metallic atoms in the modified oxide
filler [40]. The exposure of these types of composites to intense energetic transfer from
incidental radiation induces a supplementary number of “defects”, which additionally
contribute to the formation of scavenging centers on the surface of filler particles. From
this point of view, the increase in the stabilization activity is promoted by the energetic
difference between the valence bands of the lattice and dopant playing the role of trap,
equivalent with the lattice defect (Figure 3).

lattice conduction band

dopant valence band

lattice valence band

Figure 3. The electronic jumps for doped lattices.

In support of this approach, the delay of oxidation that occurs in polypropylene
induced by lead zirconate powder is exemplified (Figure 4). The protection efficiency is
based on the multiplication of the trap concentration, which increases the stabilization
activity of the additive [41].

Actually, the identification of stabilization performances achieved by chemilumines-
cence (CL) measurements (the isothermal and nonisothermal procedures) allows the evolu-
tion of the oxidation state in the degrading polymer composites [42,43] or the evaluation of
antioxidant activities [40].
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Figure 4. The value of CL intensities recorded on the PP/PbZrO; composite samples. Testing
temperature: 210 °C; filler loading: (1) 0 wt.%; (2) 5 wt.% [41].

The intimate interaction between the lattice defects placed on the surface of filler parti-
cles and radiolysis intermediates is basically explained by the electrical attraction of free
radicals, followed by the mitigation of oxidation over a long period of their retention. The
inorganic compounds which are not subjected to any special treatment may be considered
as a potential stabilizer [44], whose participation in the protection activity is conditioned
by the particle size, filler loading, received dose, defect concentration.

The presence of an inorganic compound able to promote the diminution of oxidation
rates makes possible the improvement of material lifetimes by radiation crosslinking [45],
which represents a main gain for reaching a conservative oxidation level during acceler-
ated ageing.

In some peculiar cases of polymers, the increase in the thermal and radiation strengths
is obtained by means of the Wan der Waals bridges between the inorganic nanoparticles
closed to hydrocarbon chains [46]. This stabilization manner is also applied for the im-
provement of durability in hydrocarbon polymers by the addition of various inorganic
compounds like oxides [23,47-50].

Important information on the rate abatement during the mitigation of oxidation can
be obtained for the identification of appropriate materials suitable for radiation process-
ing purposes.

3. Polymer Systems Improved by Inorganic Protectors

Detailed analysis of the thermal resistance property shown by the polymer formu-
lations is pertinent for the correct definition of the ageing consequences on the behavior
of the material subjected to unfriendly application conditions. As a result, the extended
stability achieved by the activity of the additives means enlarging the operation ranges, as
well as the optimization of the working regimes.

3.1. Inorganic Complexes

The existence of free orbitals in the structure of the central atom creates favorable
conditions for the catching of the free radicals that appear during the degradation of
polymers due to their electron affinity [51]. This property is illustrated by a series of
copper complexes including water molecules, sulfate anions and a thiosemicarbazone
derivative [52]. Various configurations with different electronic densities were obtained
for the stability testing. Six different structures were added into an ethylene-propylene-
diene monomer (EPDM) [53]. The evolution of carbonyl radiochemical yields (Figure 5)
indicates the availability of studied structures to confine the oxidation process initiated by



J. Compos. Sci. 2025, 9, 47

6of 21

the radiolysis of polymer support (EPDM). This yield, Gearbonyl, is a radiolysis characteristic
that describes how many indicated entities appear with an absorption of 100 eV.
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Figure 5. Histogram for the variation of carbonyl radiochemical yields at various irradiation doses in
EPDM-based composites of some copper complexes [53].

The lower values of Gearbonyl for all composites containing the investigated copper
complexes suggest various degrees of involvement, shown by these structures for the
inactivation of free radicals during the propagation stage of degradation. The additional
information regarding the intimate interactions between oxidizing polymer substrates and
the additive can be found in Figure 6. So, the Oxidation Induction Time (OIT) is the early
stage of degradation, when the oxidation advances very slowly so that its rate may be under
the experimental limit. The longer the OIT, the higher the material stability. It describes
the protection activities of copper complexes in the early stage of radiation oxidation by
their values of oxidation induction times. The figures of activation energies suggest the
promoting action of these compounds on the whole decay period.
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Figure 6. Kinetic characteristics (oxidation induction times and activation energies) calculated for the
degradation of EPDM-based composites of some copper complexes [53].

Analogous results for the degradation of polypropylene assisted by several metal
(II) salt complexes with 1,4-disubstituted thiosemicarbazide were reported [54]. Their
protection efficiencies are compared with the activity of Irganox 1076(Merck, Darmstadt,
Germany), whose effects are taken as references. The structural characteristics (electron
densities and polarized bonds) define the safeguard amplitude effects, which recommend
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these compounds as appropriate anti-ageing additives for polymers. Another example
of inorganic complexes playing the role of oxidation inhibitor is the series of azomethine
compounds, which present an efficient reduction activity for the degradation process in the
ethylene-propylene terpolymer (EPDM) [55]. Their different contribution degrees to the in-
hibition of the oxidative process are based on their promoted radiation stabilities at various
heating rates (Figure 7). As may be noted from Figure 7, the complexed divalent central
metals show, unlike contributions to the inactivation of free radicals generated by radiation,
decomposition because of the different electronic distributions in the engaged bonds.
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Figure 7. The values of onset oxidation temperature for self-oxidation of azomethyne complexes of
divalent metals [55].

The inorganic complexes show pronounced antioxidative activities based on the
reactivities of functional moieties which are suitable for coordination, and their availabilities
for the electronic intercalation of polymer fragments in the outer sphere of coordination [56].

3.2. Inorganic Clays

The structural consequences during the degradation of composites revealed in poly-
mer/clay materials can be identified as the effects of binding agents, which form in-
termolecular hydrogen bonds, improving the material’s thermal performance [57]. This
conformation leads to the understanding of the barrier, which increases the opposition of
polymer materials against the accelerated progresses of oxidation. The dispersion strategy
of the clay powders like montmorillonite (MMT) in various polymer matrices concerns
not only the increase in the values of oxygen diffusion coefficients due to the filling of
the free intermolecular volume, but also the profound modifications of morphology due
to the interaction between the two phases: organic component (polymer) and inorganic
constituent (clay particles) [58]. This vision has opened the way by which oxides may
become suitable materials for the quality augmentation of plastics by self-healing [59]. The
stabilization effects of doped oxides are characterized by isothermal chemiluminescence
determinations (Figure 8) [40] that indicate the convenient delay of oxidation due to pre-
doping fillers. In radiation-treated polymer (EPDM) composites, the increases of carbonyl
indices occur much more slowly (Figure 9) [40], which suggests the intimate involvement
of structural traps in the doping oxides. The carbonyl index, the ratio between the ab-
sorbance at 1720 cm ™!, the stretching band of carbonyls, and the absorbance at 1460 cm !
as references (Figure 9) represent a suitable manner for the assessment of the degradation
level. Although the oxidation degrees would be more prominent as the irradiation dose is
higher, the conversion of polymer fragments into oxygenated products become less visible
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due to the activities of doped lead titanate (Figure 9) [40]. The protection becomes more
efficient in the presence of doped oxides, keeping the carbonyl indices much smaller than
in the control samples. The diminution of the oxidation levels is clearly ascribed to the
scavenging of the oxidation initiators in the early stage of degradation. The efficiency of
some dopants may certainly be defined by the deeper energetic traps (Figure 2).
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Figure 8. The oxidation induction times obtained on the EPDM/PbTiO3 composites with differently
doped fillers, where the testing temperature was 170 °C.
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Figure 9. The carbonyl indices obtained for the irradiated EPDM in the presence of various doped
PbTiO5 [40].

When the ageing temperature becomes 180 °C, the values of oxidation induction times
are placed between 45 and 60 min, showing that the extended energetic condition over
higher temperatures sweeps the differences between the effects of dopants. However,
the OIT (onset oxidation temperature that characterizes the thermal condition when the
degradation starts) value of EPDM/PbTiO;3 is much smaller (27 °C), which demonstrates
the lack of any stabilization hindrance in comparison with the doped filler. The sequence of
efficient protection for the doped inorganic filler is proved by the maximum CL intensities
measured at 220 °C in the EPDM substrate. This feature is illustrated by nonisothermal
chemiluminescence after the exposure of composite samples at 100 kGy (Figure 10).
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Figure 10. Maximum CL intensity measured at 220 °C identified for studied EPDM/PbTiO3 compos-
ites [40].

The manufacturing of silicon clay (polyhedral oligomeric silsesquioxanes, POSS)/polymer
hybrids [60] is an inspirited idea for the modification of thermal behavior by the initiation of
catching polymer fragments during the lifespan of corresponding hybrids, especially under
the accelerated degradation caused by high energy exposure [61-64]. These functional
composites used over various application ranges are focused on energy harvesting and
energetic storage as well as biomedical functions. They require compulsorily the charac-
terization of material resistance with respect to the delving durability of these kinds of
compositions. The stability limitation of these hybrid morphologies [65] is naturally ad-
dressed to the specific purposes, where their vulnerability to oxidation must be decelerated
over the extended stability period. The influence of inorganic phase (POSS) concentration
on the polymer supporting the stabilization effects in the polyurethane matrix [66] is sus-
tained by the oxidation hindering promoted by the penetration ofearly formed degradation
fragments (Figure 11).
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Figure 11. The activation energies required for the oxidation of polyurethane/POSS composites [40].

When the local abundance exceeds a supported limit, the scavenging action is replaced
by the rejection behavior. Accordingly, the degradation is controlled by the filler amount
contained in the matrix (Figure 11), which reflects the barrier effect of the inorganic lattice
for the penetration of scission fragments. The reorganized structure of the host polymer is
obtained when POSS content in PLA acts upon the inhibition of oxidation by the increase of
the crystallinity degree and degradation enthalpy [67]. In Figure 12, the efficiency of a high
concentration of PbZrQOj3 in polypropylene is revealed, even at a longer irradiation time,
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when 250 kGy is absorbed by exposed samples. It is evident that both kinetic parameters,
oxidation induction time and oxidation rate, bring consistent contributions of this kind of
inorganic protector, which notably breaks the degradation chain. Accordingly, the initial
oxidation state is preserved for the long duration of the application. A useful implication
of this stabilization availability may be employed in the polymer recycling by radiation
processing of about 250 million t per annum [68].
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Figure 12. The dependence of kinetic parameters on the content of the inorganic phase for PP /PbZrOj3:
(a) oxidation induction time and (b) oxidation rate [67].

As may be noted from Figure 2, the engineering polymers are structurally preserved
in the presence of doped inorganic compounds due to the multiplication of the defect
number by y-irradiation. The concentration of defects artificially formed in metal oxides
adjusts the development of oxidation [68]. The inclusion of cerium atoms in the lattice of
PbZryTiyO3 slows down the advance of degradation, even at high temperatures exceeding
200 °C (Figure 13). The upper side positions of the CL curves of the thermal degradation
describing the diminution of induction periods highlight the availability of the inorganic
compounds for the retention of free radicals in the inactivity states. The evident protective
role of doping atoms is supported by the energetic gap in the electronic lattice structure,

when the doping atoms are caught strongly enough even at high inspection temperatures
and in large doses [68].
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Figure 13. The maximum CL emission, and for EPDM/Pb(ZrxCeyTi; x_yOj3) irradiated at 50 kGy,

investigated by nonisothermal measurements [68]. Concentration of filler: 1 wt.%. Heating rate:
3°Cmin L.

The kinetic approach of the progress in the oxidation state of the EPDM modified with
PbZryTiyO3 reveals the higher values of the oxidation induction times, characterizing the
CL emission intensities at 200 °C (Figure 14) at various doses. Although the diminution of
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OIT vs dose is a normal assessment of polymer behavior, all the figures of this degradation
characteristic are longer for the oxidation of studied composites.
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Figure 14. The oxidation induction times measured on the irradiated EPDM/Pb(ZrxCey Ti1_x—yO3),
containing various amounts of CeO, as a doping component obtained by the isothermal CL tech-
nique [68]. Concentration of filler: 1 wt.%; measuring temperature: 170 °C.

Moreover, the nature of the dopant influences the progress of oxidation (Figure 15).
Therefore, the development of EPDM decay is differently affected by the doping atoms.
The presence of an activator has beneficial consequences on the antioxidative strength of
the composites consisting of polymer and inorganic components.
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Figure 15. Nonisothermal CL spectra recorded on the samples consisting of EPDM modified by
BaTiO;3, differently doped. Filler concentration: 2.5 phr; heating rate: 10 °C min~—! [27]. (a) 0 kGy,
(b) 50 kGy, (c) 100 kGy.
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3.3. Polymer/Carbon Composites

The numerous applications of carbon-integrated polymers produced for special targets
are structured composites that open up various research directions, where the fillers play
the key roles of functional additive and stabilizer, as well [69,70]. Due to the scavenger
role of carbon particles, the high energy irradiation of polymers containing various forms
of carbon powders is an appropriate treatment for their crosslinking [18,71,72], surface
modification by polymerization [73,74], the improved stability of polymer blends for
reaching convenient electrical conduction [75] or durability [76] and the compatibilization
of polymer blends [77].

The promising types of structured carbon, graphene and graphene oxide act as stabi-
lizers of degrading polymers due to the interlayer free space, where electronic interactions
keep the diffused free radicals tight [78]. The radiation-processed polymers, which contain
a suitable blend of inorganic components, generate highly strengthened composites [79] by
the tight interconnection of components. The material compactation initiated by graphene
involves the migration of molecular fragments by the hexagon distribution of carbon layers.
It is a background structural characteristic for the fabrication of the advanced bioactive
scaffolds used in tissue regeneration [80]. The graphene-based polymer composites applied
in energy storage, electronics, sensors, biomedical applications or corrosion and radiation
protection are motivated by the dislodged electrons from the carbon atoms that become
available to interact with free radicals by spin coupling [81]. The filler modified by the
graduate electron density restrains the mobility of penetrated polymer fragments [82].
The commonly spread electrons are reoriented as polarized bonds. Thereby, the diffused
radicals are tightly blocked inside the interlayer free volume. The distribution of vari-
ous functions is controlled by the potential interactions according to the Lerf-Klinowski
model [83]. Despite the less accessible prices, the graphene structures gain advanced posi-
tions through the efficient compounds included in the polymer compositions by which the
natural or induced oxidation is constrained [84,85].

It is essential to understand the improved lifespan of composites in relation to the ob-
tained performances after the addition of graphene into the structure of irradiated polymers.
While the nonirradiated samples presented have clearly differentiated oxidation induction
times [86], highlighting the well-conducted antioxidative activity of graphene (Figure 16),
the nonisothermal investigation of y-irradiated styrene-isoprene-styrene copolymer [86]
has developed radiation stabilization efficiency by the decreasing emission intensities at 100
°C as the graphene content becomes greater (Figure 17). This preference in the significant
amelioration of radiation resistance has a relevant effect on the functional properties of
composites by the conveniently extended range, covering numerous application areas of
radiation-processed polymers [75].
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Figure 16. OIT values of the unirradiated SIS/graphene samples containing various amounts of
additives, where the measurement temperature was130 °C [86].
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Figure 17. The radiation stabilization efficiency of SIS/graphene samples measured by the emission
intensities al 100 °C vs the graphene content, where y-Dose: 50 kGy [86].

3.4. Organic/Inorganic Stabilization Couples

The structural alterations induced in polymers by ionizing radiation are responsible
for the duration and warranty of products, which depend on the preservation of a low
degree of oxidation. If a couple of stabilizers are added into the engineering materials [87],
they will delay the degradation of products subjected to irreversible damage. The durable
materials are created by the suitable association of classical antioxidants with inorganic
structures [88]. The incorporation of an antioxidant in a hybrid optimizes the reliability
and durability of long-term performance materials. The expected findings from this special
efficiency of protective couples may be definitely focused on the delay of oxidation under
accelerated degradation [89].

The structured polymer composites consisting of EPDM and POSS are successfully
improved by the addition of the appropriate amounts (5 phr) of microalgal powders
(Chlorella vulgaris and Spirulina platensis) [90]. The cooperation between the two protectors
is suggestively illustrated by the growths of material durability (Figure 18a) and activation
energies (Figure 18b).
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Figure 18. The values of durabilities (a) and activation energies (b) obtained for EPDM-based
samples containing algal powders (Chlorella vulgaris—CV and Spirulina platensis—SP, 2 phr) and POSS
(5 phr) [90].

As may be noted, the low degradation level is effectively maintained by the blocking
of radical intermediates inside the tetragonal structure, simultaneously with the scavenging
of free radicals by the alkoxyl structures of microalgal extracts. A similar case is offered by
other polymers—for example, the styrene-isoprene-styrene triblock polymer, SIS, which
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demonstrates the availability of a couple POSS/extract of Spirulina platensis to strengthen
polymer support against ultimate ageing (Figure 19) [91].

100} |
=

E 75 !
é

£ 50| !

wn 95

98} i

RIS o} & 73

251 = || B & & o

9] ol = > > = &

SlHEQI Y2 o % %]

Dl alL L2 L)Ll L

0 n wn n n n n 9} n

Figure 19. The maximum oxidation time characterizing the degradation of some SIS samples during
the isothermal measurements at 120 °C. Dose: 100 kGy [91].

The attenuation effects involved in the anti-ageing contribution brought about by
several polyphenols reveal their capacity to cooperate with inorganic compounds based on
the differences between the involved mechanisms. The couple consisting of graphene oxide
and rosemary extract reveals excellent protection effects (Figures 20 and 21) [76], which
recommend it as a convenient manner to convert polymer wastes into useful products.

The co-operation factor, 8, describing the sustained contribution of two compounding
additives, gains an illustrative value for the stabilization activity of certain couples, which
presents advanced effects. Defining the contributions of both couple components, they
indicate the degrees of sustainment for the mitigation of oxidation. For the calculation of
the co-operation factor, the following equation is applied:

T2
T1 + T2

where 0 is the value of the co-operation factor and T;, T, and 11, are the values of the
oxidation induction time for component 1, component 2 and couple 1 + 2, respectively.
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Figure 20. The OOT values determined on the y-irradiated modified SIS samples [76].
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Figure 21. The modification of the co-operation factor as the recessing dose is enhanced [76], where
index 1 indicates the presence of rosemary (0.5 wt.%) and index 2 indicates the presence of graphene
oxide (1 wt.%).

The common stabilization activity of any couple of compounds presents important
advantages, which are depicted by the effective improvement of product lifespans and the
extension of security over various harmful operation conditions.

4. Suggestions and Future Directions

Starting from the basic concept of radiation processing, the background knowledge
of this kind of anti-ageing feature is more efficiently reached by accelerated procedures
that include radiation effects [92]. The decrease in kinetic parameters as well as the values
of processing activation energies demonstrate the availability of inorganic structures for
the conservation of their functional characteristics over extended operation periods [93].
The relevant wearability, one of the defining material features included in durability, is
deeply related to oxidation strength. It is obtained by the rigorous selection of structural
filler [23,94], which valorizes its physical peculiarities related to the energetic consequence
of electronic interactions. In the case of composites, the way to be followed is comprehensive
investigations into the evolution of degradation states that depict the material integrity [95]
and detailed introspection into the correlation between the amelioration of functional
characteristics and the contribution of physical and energetic peculiarities.

This survey intends to be a guide for investigators and manufacturers by which the
reader may find basic explanations regarding the contribution of inorganic filler to the evo-
lution of composite materials subjected to accelerated degradation, initiated by advanced
ageing. Although the composites are investigated for the evaluation of their functional
properties, they may gain simultaneously a certain durability degree by the stabilization
effects, which indicates the breaking of the degradation chain and the significant extension
of product lifetime [94]. The modeling of the properties attained by them after the associa-
tion of the inorganic phase with polymer materials has to open new promising classes of
composites [95].

The implementation of ionizing radiation onto the preparation and characterization
of polymer composites is based on the differences between the bond energies of macro-
molecular components [96]. Thus, the interactions of fillers, whose great boundary surfaces
allow interphase bonding with improvement effects, bring about the protection outcomes
arising from the material quality [97]. The association between polymer materials and
an appropriate stabilizer, an inorganic compound [97-99], an antioxidant [17,100,101]
and/or a couple [102] of them offers a pertinent solution for the extension of product
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durabilities and the deep correlation between the usage period, the material integrity and
high-performance characteristics.

One large range of the applicability for inorganic oxidation protectors is the recycling
of polymer materials [103]. The conversion of polymer wastes into composite products
is a convenient technological approach by which the co-operation between the two com-
pounding fractions may coexist in a stable structure [104]. Any transformation of a pristine
polymer into a structured composite assumes an academic contribution to the economic range,
due to the broadening application areas or the identification of new exploration targets.

The stability gained by the addition of the proper inorganic compounds instead of
an organic structured compound becomes an interesting solution for the improvement of
product viability due to their own reliability, the availability of electronic interaction with
the hosting material, the lack of migration inside the matrix, the absence of radiolysis effects
that would affect the stabilization activity and the identification of new solutions for certain
industrial implementations of composites. These features must be taken into consideration,
when the final goal of any study is the identification of certain filler that brings about the
increase in material performance. The functionality trials for the assessment of improved
properties must be always accompanied by stability tests, which offer valuable details on
the stabilization potential of a large spectrum of additives. This would allow the efficient
substitution of the majority of the synthesis antioxidants, the poisoning compounds, with
the safe healthcare compounds.

The enlarging areas of polymer composites in the economical spectrum are motivated
by their essential support of aggregates and machines, by which more and more activities
and products are employed for special purposes. The manufacturing of flexible products
with a large variety of properties, the rigorous selection of fillers that combine the im-
provement of their functional parameters with the role of anti-ageing protectors and the
substitution of costly materials by easily produced composites presenting high-performance
characteristics are the priority directions that must be a concern for the development and
deepening of regular and special applications.

5. Conclusions

The integrity of polymer materials raises the question of additive efficiency, their
stability under hazardous conditions, as well as the attenuation of radiation effects induced
during the processing of this type of product. The high-quality composite materials become
vital supports for the equipment with long-term usage, which is intrinsically obtained by
inorganic compounds. All the aspects related to the durability—the delay of oxidation,
the extension of high-performance characteristics, the avoidance of critical situations—
which alters the strength features by structural damaging must be identified, alongside the
behavior corrections that have to be adjusted. The exploration of various combinations of
structures might be based on intimate mechanisms, which explain the inactivation of free
radicals by electronic interactions. The inhibition of oxidation represents a key question
for polymers, by which the plastics may be protected during their storage periods and the
expended times of operation.

The great advantages regarding the efficient activities of fillers in polymer composites,
the unchangeable formulations and structures during operation, the satisfactory behavior
under energetic conditions, the extending application ranges over the most hazardous en-
vironments, the recovery of polymer wastes by radiation processing, the elimination of the
poisoning consequences brought about by “classical” organic antioxidants, the sustained
development of high-performance nanocomposites including technological alignment to
the production of biomaterials, the academic approaches for the modeled properties relative
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to the fundamental knowledge level of materials and the creation of promising candidates
for the advanced technology ranges justify the present survey.

This review highlights the background information which may be adapted to the
conversion of raw polymers into suggested solutions for various industries, like plastics
reconversion, automotive production, nuclear engineering, aeronautics including space
applications, medical items (prosthesis, scaffolds, dental joints), long-term corrosion layers
and in-depth understanding of the concepts of the interactions in emerging nanomaterials.
A large opening is offered by polymer/inorganic compound structures. The achieved
optimization of their formulations based on the stability assays is allowed by the reconsid-
eration of inorganic compounds as useful stabilizers. While the radiation effects induced in
polymer matrices are diminished or delayed, the stabilizers keep their integrity, assuring
prolonged lifespans according to the foreseen purposes.

The substitution of organic antioxidants by any inorganic structures, especially doped
oxides, opens a new way for polymer stabilization based on intimate electronic interactions
between the host material and the additive. The preservation of stabilization activity
by inorganic compounds is constantly sustained; even the material is subjected to an
accelerated oxidation by ionizing radiation.

This subject has real actuality, because the replacement of organic antioxidants ob-
tained by synthesis in specialized manufacturers is justified by the identification of health-
care compounds as multifunctional reagents. The readers will find several examples that
may be considered as the start points for their investigations. In addition, the illustration
of the amelioration effects provided by inorganic fillers on the durability of composites
by high-energy irradiation as an accelerated degradation procedure allows us to have
extended views on other degradation conditions like thermal ageing and UV exposure. Of
great interest are the spatial applications of nanocomposites, whose inorganic component
presents an efficient delay of oxidation.
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