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B smom 0630pe Kpamko onucwléaemcs cocmosanue uccie006anuii o 6IUARUI0 Qyriepe-
HO086 u yznepoonvix nanompyoox (YHT) na oonzoeeunocms paziuyunpix noaumepHoixX KOMHOZUUUOH-
HbIX MAMEPUAno6, IKCRAYAmupyemvlx ¢ IKcmpemanvHuuix ycnosuax. Oynnepenvt Ceo, Co, Ppynnepe-
Hosaa caxca u YHT, ssedénnvie 6 nonumepnyro mampuuy, ippekmusno npeoomepawiaom npo-
yeccyl KaK mepmMudecKkoil, maxk u mepmo- pomookucaumensnoi oecmpykyuu. Mexanusm cmaounu-
3ayuu yenepoonvix nanocoeounenuii (YHC) npakmuuecku udoenmuuen u cocmoum @ oopuiee yenei
OKUCTIeHUsA HA HAHOY21epoOHOM KapKace. IIpu 3mom éce oannvle 00HO3HAUHO YKA3LIGAIOM HA npe-
umyujecmeennoe npucoeounenue k YHC y2nepoo-uenmpupoeannvix ankuibHvlx paouxanos. Takum
00pa3om, yKazanHnvie y2inepooHsle HAHOCHPYKHYPbl MO2YHL PACCMAMPUBAMbCA KAK PEOKUIL KNacc 3¢)-
dhekmusHbIX 6A306b1X AHMUOKCUOANRMO8, OelicmEue KOMOPBIX 3AKNI0YAEHICA 6 CHUNCCHUU CKOPOCMU
3aposicoeHus yeneil mepMOoOKUCTUMEbHOI 0eCMPYKYUU HA CAMOM nepeom Imane. /i 3mozo ma-
Kue GHmMUOKCUOAHMbL 00J1CHBL 007100amb 04€Hb GbICOKOI KOHCHIARMOU CKOPOCIMU RPUCOCOUHCHUA
ANIKUNbHBIX PAOUKATI06, YMOObl cocmagumy Konkypenyuio peakyuu R° + O; — RO>". B oannoi pa-
Oome paccmompenst paziuiHble NOJUMEPHbIE KOMNOZUWUOHHbIE MAMEPUATbL HA OCHOGE NOAUOIe-
dunos, nonuakpunamos, noauamuoos, noaukapoonamos, rnacmomepos. Onucannvie nOOX00bl
Hanpaeenvl, 6 OCHOGHOM, HA PeuleHle 3a0aul NOBbIUEHUS CIAOUTBHOCIU NOAUMEPHBIX KOMNO3U-
moe6 nymem 88e0eHUs 6 UX COCMAE PA3TUYHBIX KOMOUHAUUI HAHOY21ePOOHBIX 000a60K. Onmumas-
Has 0o3uposka YHC u mesicpaznan coemecmumocmy medncoy ROAUMEPOM 1 HANOJIHUMETIAMU MOZYM
3HAUUMEILHO NOGHICUMb MEPMOCMOUKOCHL KOMNO3UMOE. 3AMEHA AMOMOG y21epooa 6 MoJieKye
dynnepena zemepoamomamu makice ModHcenm UIMEHUMb ee ITIEKMPOHHbIE CEOUCMEA U YIYUUIUMD
AHMUPAOUKATILHYIO U AHMUOKUCAUMENbHYI0 akmuenocmy. Odnacmu Igpgekmuenozo ucnonviosa-
Husa gynnepena Coo 6 600HBIX CPEOAx MOy 0bimb 3HAYUMETbHO PACUIUPEHbI NyHIeM UX MOOUPUKa-
yuu cuopogunvuvimu noaumepamu. Taxum oopazom, spgpexmuenocmo YHC kax cmaounuzamopos-
AHMUOKCUOAHMOE 071 NOJIUMEPHBIX MAMEPUANOE CPDAGHUMA C 0CHIEUEM CUNbHBIX CUHHIEmuYe-
ckux cmaounuzamopos. YHC oonadarom xopowiumu nepcnekmugamu 01 peaibHo20 RPOMbLULICH-
HO20 npUMeHeHU .
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This review briefly describes a state of research on the effect of fullerenes and carbon nano-
tubes (CNTs) on a durability of various polymer composite materials under extreme conditions.
Fullerenes Ceo, Cro, fullerene soot and CNTSs integrated into the polymer matrix effectively prevent
both thermal and thermo-oxidative degradation, as well as photo-oxidation processes. The stabili-
zation mechanism of the carbon nanocompounds (CNC) is likewise and consists of the substantial
end-capping termination of oxidation destructive chains on the nanocarbon skeleton. At that, the
data array unequivocally indicates the predominant addition of carbon-centered alkyl radicals.
Various polymer composite materials based on polyolefins, polyacrylates, polyamides, polycar-
bonates, elastomers are involved into the consideration. The approaches described are mostly aimed
to increase the level of stabilizing activity of the polymer composites using different combinations
of nanocarbon additives. The optimal dosage of CNC and interfacial compatibility between the
polymer and fillers can significantly increase the heat resistance of the composites. The replace-
ment of carbon atoms in the fullerene molecule with heteroatoms can also change its electronic
properties and improve the antiradical and antioxidant activity. Areas for the effective use of full-
erene Cgo in agueous media can be significantly expanded by modification with hydrophilic poly-
mers. Thus, the performance of CNC integrated in the polymer composites is similar with those for
strong synthetic stabilizers. CNC have good prospects for real industrial applications.

Key words: fullerenes, carbon nanotubes, polymer composites, thermooxidative degradation, radical scaven-

gers, stabilizers

GENERAL INTRODUCTION

Nanoscience area is exemplified by numerous
studies and important results having high scientific and
applied significance.

Polymer nanocomposites are currently the
main targets of contemporary polymer chemistry and
hence, the issue of their stability and durability during
storage and performance is one of the most important
[1, 2]. This review presents some noteworthy results in
this field recently published and indexed in the Web of
Science.

REVIEW OF THE PUBLICATIONS

Issues on the effect of disparity of carbon na-
nomaterials (CNMs) along the matrix and their inter-

action with the polymer were considered. It is postu-
lated that the uniform distribution of CNMs can be sig-
nificantly improved by functionalization of a surface
of carbon nanofillers, as well as by optimal processing
the preparing nanocomposites. Potential carbon nano-
fillers, such as CNTSs, graphene, fullerene and carbon
nanofibers (CNF) significantly increase the thermal
stability of polymer compositions by way of several
mechanisms. The optimal dosage of CNMs and inter-
facial compatibility between polymer and fillers can
increase the heat resistance of composites to greater ex-
tent. CNMs can also significantly change the glass
transition temperature and crystallization, as well as
degree of crystallinity of a composite polymer phase [3].

Nanocarbon compounds have a peculiar elec-
tronic structure making possible the intensive attach-
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ment of various nucleophilic particles, such as elec-
trons, free radicals, anions, hydrogen atoms to their
walls or surfaces [4]. For instance, fullerenes possess
high electron affinity within the range 2.65 eV (Ceo)-
3.5 eV (Cags) [4]. Hence, the high electron affinity al-
lows fullerenes intensively attach electron-deficient or-
ganic radicals, such as benzyl and tert-butyl radicals
[5-7]. The active addition of alkyl radicals to fullerenes
is also confirmed by high values of the rate constants —
ca = 10%! M1s? [8-12]. Thus, fullerenes can act as ef-
fective terminators of radicals in radical chain pro-
cesses, including thermal and thermooxidative degra-
dation of polymers. The chain processes are ruled by
alkyl and peroxide macroradicals and therefore can be
retarded and even suspended by compounds which ca-
pable to trap such radicals.

Actually, there are a series of publications in
the literature showing the stabilizing role of fullerenes
while polymer materials are subjected to ageing or dis-
ruption.

One of the first works proving the inhibiting
activity of fullerene Cego in oxidizing hydrocarbon me-
dium was Ref. [11]. There was demonstrated both us-
ing model reaction of cumene initiated oxidation and
by thermooxidative degradation of polystyrene and
polydimethylsiloxane rubber [11].

Another study was undertaken to determine
the antioxidant activity of a number of Ceo-Cro fuller-
enes and their mixtures, in order to set them according
to the efficiency [9]. The low-temperature model cu-
mene oxidation reaction initiated by 2,2'-azo-bisisobu-
tyronitrile was used. Kinetic measurements of the oxi-
dation rate in the presence of various fullerenes showed
that there is a satisfactory correlation between the rate
constant values and electron affinity for fullerene mol-
ecules. At the same time it has been found the discrep-
ancy in the inhibition mechanism for fullerenes Ceo,
Cro and fullerene soot: — all fullerenes — Cgo (99%),
Ceo/Cm (93/7, mixture 1), Ceo/C7o (80 +5/20 + 5, mix-
ture 2) and Cyo operate in the mode of acceptance of
alkyl radicals, while fullerene soot unexpectedly exerts
mechanism of double mode — first, similar to that for
Ce0-Cro fullerenes, and the second, like action of many
primary phenolic and amine antioxidants. It was found
for Ceo and Cyo that the oxidation rates linearly depend
on the inverse square root of the fullerene’s concentra-
tion in a fairly wide range thereby confirming the
mechanism of addition of R* alkyl radicals to a fuller-
ene core. This fact is in accordance with well-known
published data about preferences of alkyl radicals in
the described reactions. The rate constants of the cumyl
R’ radicals attachment to fullerenes were determined to
be k (sask) = (1.9 = 0.2)-10% (Cgo); (2.3 £ 0.2)-108

(Ceo/Cro, mixture 1); (2.7 £ 0.2)-108 (Ceo/Cro, Mixture 2);
(3.0£0.3)-108 (C70), M"1s’t, An increase of Cyo portion
in the fullerene mixture leads to corresponding in-
crease in the rate constant. Fullerene soot inhibits the
oxidation in accordance with mechanism of peroxide
radicals capture. In this case, the oxidation proceeds
with induction period and exemplified by kinetic
curves which are well straightened in semilogarithmic
coordinates. Effective concentrations of inhibitory
centers and inhibition rate constants for fullerene soot
were first determined as:

fn [Ceo-soot] = (2.0 £ 0.1)-10** mol g* and
Kin. = (6.5 + 1.5)-10° M1 s, respectively [9].

It was shown that fullerenes Ceo and Cyo are
new high-temperature antioxidants of polymers and
operate more effective than known inhibitors of the
polymer oxidation. It was found that Ceo forms a syn-
ergistic mixture with PhsSb and phenyl-beta-naphthyl-
amine (Neozone-D) upon thermo-oxidative degrada-
tion of polystyrene. These synergistic fullerene-based
mixtures are proposed as hew high-temperature antiox-
idants for polystyrene (PS) [13].

Although fullerene Cego is considered as a
strong acceptor of alkyl radicals, it is unexpectedly not
susceptible to peroxide radicals. It seems the replace-
ment of carbon atoms in the fullerene cage with het-
eroatoms can change the electronic background of the
molecule and improve antiradical and antioxidant ac-
tivity [14]. In the study being under this consideration,
the antiradical and antioxidant activity of azafullerenes
CaoNzo and CsNis were studied and compared with
those for Ceo using method of calculating the electronic
structure (DFT). The process of adsorption of several
alkyl and peroxide radicals on the most active sites of
various separated isomers of these azafullerenes was
studied. The results unambiguously showed that both
isomers of azafullerenes exhibit stronger antiradical
activity than Ceo [14].

Avreas for effective use of fullerene Cgo in aque-
ous media can be significantly expanded by modifica-
tion with hydrophilic polymers. Kinetics of radical ad-
dition for four water-soluble fullerene polymer sys-
tems (Ceo-PAA-Cso, PAA'CGO, PEO-b-PAA-Ceo and
PDMA-Cs Was studied by using calorimetric analysis.
The measure of these compounds to accept stable 1,1-
diphenyl-picryl-hydrazyl radical (DPPH) showed a
two-stage kinetic tendency that correlates with the self-
assembly behavior of fullerene-polymer systems in
aqueous solutions. Since there was a mixture of
unimers and micelles, the first kinetic process was ex-
plained by the inherent scavenging property of more
accessible unimers, while the second stage was con-

N3B. By30B. XumMus u xuM. TexHonorus. 2020. T. 63. Beim. 11



cerned to the scavenging behavior of micelles. The mi-
cellar scavenging reaction rate depends on the size of a
micelle: for larger micelles the reaction is going faster,
especially if larger number fullerenes are available for
the scavenging reaction. The results demonstrate the
effect of nanostructure on the antioxidant efficiency of
fullerene polymers solutions. Such knowledge will
contribute to the development of optimally effective
fullerene-polymer systems for inhibition of radical
processes [15].

The stabilizing effect of 1-4% Cgo or C7o addi-
tives on the thermal decomposition of poly-2,6-dime-
thyl-1,4-phenylene oxide and its mixtures was studied
using mass spectrometric thermal analysis and differ-
ential scanning calorimetry (DSC). It was shown that
the addition of fullerenes shifts the onset of thermal de-
composition of the polymer with formation of gaseous
products in the area of higher temperatures range. The
inhibitory effect of fullerene Cz is more pronounced
than that for fullerene Cq [16].

Fullerene Ceo was studied as promising ther-
mal stabilizer and antioxidant for natural and synthetic
rubber (cis-1,4-polyisoprene) [17]. The study was car-
ried out in a stream of nitrogen and air. Thermogravi-
metric and differential thermal analysis (TGA-DTA)
methods were used. The results showed that fullerene
Ceo (in the absence of oxygen) is good thermostabilizer
for cis-1,4-polyisoprene due to active interaction with
polyisoprene macroradicals formed by the thermally
induced chain breaking reaction. Supportively, under
conditions of thermal oxidative degradation (in the air
stream), Ceo fullerene acts as antioxidant for cis-1,4-
polyisoprene provided that the heating rate of samples
is low (5 °C/min). However, at higher heating rates
(20 °C/min) Ceo does not exhibit any additional anti-
oxidant effect. This result is extremely noteworthy
since is evidence that fullerene Cgo reduces the intrinsic
antioxidant efficiency in the intense oxidation condi-
tion and high amount of macro-peroxide radicals. This
is due to obvious indifference to radicals centered on
oxygen atom.

Thermostabilization of isotactic polypropyl-
ene (i-PP) in the presence of Ceo fullerene and adducts
with resin acid, nanocarbon, and soot was studied by
chemiluminescence (CL) [18]. Thermal oxidation of
i-PP samples was carried out in air at 170, 180, and 190 °C.
Several kinetic parameters were determined: oxidation
induction period, half-life of polymer matrix structure,
oxidation rate, maximum CL intensity, and maximum
oxidation time. According to their effectiveness, the
additives were arranged in the following order: fuller-
ene Cgo < nanocarbon < soot < adduct of fullerene Ceo.

E.B. Zeynalov, M.M. Agaguseynova, N.I. Salmanova

Many studies describe the effect of fullerene
Ceo On the thermal and thermooxidative decomposition
of polymethylmethacrylate (PMMA). In particular,
DTA and TG studies were performed on the effect of
Ceo on decomposition of PMMA and PS in helium
stream, containing 0.06% oxygen and pure oxygen at
282 and 238 °C [19]. It was shown by the TG method
that Ceo retards polymer degradation — the induction
periods, curves of mass loss of polymers — all data in-
dicate substantial shift of the temperature onset. Simi-
lar results were obtained by using DTA method. It was
established that Ceo significantly increases the decom-
position temperature point of polymer oxidation. As of
the degradation mechanism, it has been suggested that
in the case of thermal degradation, the inhibition effect
of Ceo is associated with interaction with R* macrorad-
icals affording inactive particles. During thermo-oxi-
dative degradation of PMMA at elevated temperatures,
the inhibitory effect of Ceo is ruled by interaction not
only with R* but also with oxygen-containing radicals.
In the case of PS, the inhibitory effect of fullerene is
mainly associated with its reaction with oxygen-con-
taining radicals, although the interaction Ceo + R’ isS
also not excluded [19].

The introduction of additional MMA units
(5-15 mol.%) in PMMA reduces the rate of thermoox-
idative degradation due to the formation of anhydride
rings interacted between adjacent co-monomer units.
Ceo additives inhibit the thermal oxidative degradation
of MMA copolymers with styrene, butyl acrylate, glyc-
idyl methacrylate and hydroxyethyl methacrylate for a
long time. Possible schemes describing the reactions of
fullerene Cg with macroradicals formed as a result of
thermooxidative degradation of copolymers are pre-
sented. The scheme shows the inhibitory effect of full-
erene Ceo [20, 21].

Other authors also described similar research
results on the effect of fullerene Cg 0On the processes
of thermal and oxidative degradation of PMMA [22-24].
DSC, TG, (DTG and mass spectrometry (MS) were in-
volved in these studies. It has been established that dur-
ing PMMA oxidative aerobic degradation three pro-
cesses occur almost simultaneously: thermal degrada-
tion or chains breaking, oxidation or incorporation of
oxygen atoms in polymer chains and decomposition
products and sublimation of decomposition products.
The introduction of small amounts of Ceo into the sys-
tem leads to the replacement of one oxidizing agent
(oxygen) with less active (with fullerene) and, as a re-
sult, to partial prevention of oxidation. As a result, in
the first stage fewer oxidation products are formed than
expected theoretically. Ceo molecules are convention-
ally subdivided during oxidative degradation of
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PMMA into two groups: linked (about 20%) and unre-
lated to PMMA macroradicals. Unbound Ce mole-
cules, in turn, are subdivided into oxidized and sub-
lime, that is, not oxidized and not decomposed. The in-
hibitory effect of Ceo 0n thermal oxidative degradation
is reduced mainly to two processes: chain transfer with
formation of fullerene-containing macromolecules and
inhibition of the non-chain oxidation pathway. This be-
havior of fullerene Cgo extends to atactic, anionic syn-
diotactic, and isotactic forms of PMMA [25].

Fullerene Ceo inhibits high-temperature oxida-
tive degradation of PMMA copolymers and methyl
methacrylate with methacrylic acid [26]. The copoly-
mers of methyl methacrylate with methacrylamides
undergo thermal oxidative degradation less actively
than PMMA. Cq fullerene supplements inhibit degra-
dation [27].

Study of the thermal and thermooxidative de-
composition processes in polymer (PMMA, polysty-
rene)- fullerene (Ceo, C70) — Systems detected limits for
the stabilizing effect of fullerenes. The constraint de-
pend on solubility of fullerene in the polymers: for PS
and PMMA these values are 4-102and 8-10° mol/kg,
respectively. For PS-based systems containing Cgo Or
Cro, the thermal decomposition temperature limit was
380 °C; for PMMA-based systems, this parameter was
339 and 336 °C for Cg and Cro, respectively. For the
thermo-oxidative degradation of these polymers and
polycarbonate, the temperature range of 335-340 °C
was the highest temperature limit for the action of full-
erene Cgo acting as an antioxidant. This limit is lower
than the temperature (370-400 °C) of oxidation of the
fullerene itself [28].

MS thermal analysis, DSC, DTG and broad-
band X-ray diffraction analysis were used to study the
thermal and oxidative degradation of two types of full-
erene-containing polymer systems (FCPS): 1) FCPS
with covalently bonded fullerene Ceo; 2) FCPS is a
mixture of Ceo with polymers, where the interaction is
carried out only by means of the Van der Waals forces.
The fullerene property to accept electrons and radicals
is manifested in both types of FCPC. In the first type
systems, a significant decrease of thermal stability of
the polymer component was observed; in the second
type systems, the ability of fullerene Ceo to play the role
of a «trap» of free radicals is especially pronounced.
The polymer matrix also affects the thermal behavior
of fullerene Ceo. In particular, fullerene can serve as a
specific «probex» of chemical processes that is occured
during the thermal decomposition of a polymer. Vari-
ous PS and PMMA containing 1-10 wt.% Ceo (FCPS)
had been studied [29].

8

A two-stage study was conducted to determine
the antioxidant properties of fullerenes Ceo/C70 and Ceo
in PS [12]. The antioxidant activity of the Ceo/C70 Was
studied by aid of a model reaction of the initiated oxi-
dation of styrene, and then in accelerated tests of mix-
tures of Ceo/C70 and Cro with PS. It was found that the
rates of initiation and oxidation of the model reaction
significantly decrease in the presence of Ceo/Cro. The
rate constant for adding styryl radicals to Ceo/Cro Was
determined for the first time kssk) = (9.0 £ 1.5)- 10" Ms™,
It was demonstrated that fullerenes exhibit a stabilizing
effect comparable to that of sterically hindered phenols
(ca. Irganox 1010) and secondary aromatic amines
(ca. Agerite White). It was suggested that fullerenes
inhibitory effect is associated with its interaction with
the R* macroradicals leading to the formation of inac-
tive particles that are not capable more to develop the
chain oxidation process.

The antiradical activity of fullerene Cg was
studied in the case of oxidation of 1,4-dioxane and sty-
rene initiated by azobisisobutyronitrile and benzoyl
peroxide [30]. The effective rate constants of interac-
tion of peroxide radicals with fullerene Cgo (k7) and
also the stoichiometric inhibition index (f) were deter-
mined for aerobic oxidation and oxidation with pure
oxygen. The effective inhibition rate constant was
found as k= (2.4 + 0.2)-10* M!s™%, Chain termination
during styrene oxidation occurs both during the inter-
action of Ceo with peroxide (k7 = (1.2+0.1)-10% M-1s1)
and alkyl (ks = 1.07-10" M-'s%) radicals.

The effect of Cg fullerene additives on the
thermal degradation of poly-n-alkyl acrylates and
polymethacrylates was studied using thermogravime-
try under dynamic conditions and pyrolysis/gas chro-
matography in isothermal mode at 400-650 °C range
[31]. Fullerene is well-known effective radical scaven-
ger and its presence really affects the thermal decom-
position of acrylic polymers, shifting the decomposi-
tion process from a radical path to a non-radical mech-
anism. This was confirmed by repeated experiments
and there is no doubt about it.

For poly-n-alkyl acrylates, the addition of full-
erenes leads to an increase in the yield of olefin and
alcohol, — the products of the polymer decomposition
occuring along a non-radical path. At the same time,
the yields of other pyrolysis products, such as mono-
mer, dimer, saturated diester, trimer, corresponding ac-
etate and methacrylate are reduced. The recorded max-
imum weight loss temperatures fixed by TG experi-
ments increase slightly in the presence of fullerene.
The effect is more pronounced for the thermal behavior
of poly-n-alkyl methacrylates: the increase in maxi-
mum weight loss temperature is 19-25 °C. Mixtures
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containing fullerene lead to a noticeable decrease in the
yield of monomer and, at the same time, an increase in
the number of olefins and methacrylic acid. Fullerene
acts as an acceptor of radicals, inhibiting the ramifica-
tion of the oxidation chains and contributing to the oc-
currence of non-radical side reactions [31].

Carbon nanotubes (CNTSs) have electron affin-
ity that is similar or even greater than fullerenes, and
therefore it can be assumed their acting as powerful
radical traps in chain reactions such as polymerization
and thermal decomposition. It can be expected that due
to their potential ability to accept radicals CNTSs inte-
grated in a polymer matrix will be excellent termina-
tors of chain oxidation processes, leading, in particular,
to the antioxidant stabilizing effects.

It was recorded that polymer-nanotube compo-
sites with significant electrical conductivity and capa-
ble to carrying high current densities are very heat up
during a passage of electric current. Actually, authors
Ref. [32] observed high heating effects (above 200 °C)
of the polymer while the direct current passed through
the composites. Therefore, it was important to study
how CNTs affect the stability of polymers at elevated
temperatures. In the article, it has been shown accord-
ing to the TGA and CL profiles that CNTs act as anti-
oxidants during strong calefaction of polystyrene, pol-
yethylene, polypropylene and polyvinylidene fluoride
compositions. The dosage of CNTs over 5% leads only
to small increase in the antioxidant efficiency. In the
case of polyvinylidene fluoride, there is data that nano-
tubes can act simultaneously as antioxidants and halo-
gen absorbents [32].

Sterilization of implants and other clinical sup-
plies is an integral part of any medical application. Alt-
hough many materials are used as implants, polyeth-
ylene materials are unique due to their versatility. It is
proposed to use CNTSs as a filler to improve the prop-
erties of such polyethylene composites. The goal was
to study the role of multi-walled CNTs (MWCNTS) as
effective antioxidant and radical scavenger to improve
the sterilization effect. The work [33] was undertaken
to study mechanical properties and oxidation stability
of irradiated high density polyethylene (HDPE) rein-
forced with 0.25%, 0.50%, 0.75%, and 1.00 wt. %
MWCNTSs. The composites were exposed to radioac-
tive ®°Co in air and irradiated at various dosages, rang-
ing from 25 to 100 kGy, and then aged for 120 days
before the main experiments. It was found that the loss
in toughness, Young's modulus and limit strength at
100 kGy for a composite with 1 wt.% MWCNTS is
21.5%, 20.3%, and 19.2% of the wastages in the com-
posites without MWCNTS. FTIR and ESR studies have
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also confirmed the higher antioxidant and radical abil-
ities of MWCNTSs of more dosages. It was found that
adding 1 wt.% MWCNTSs to pure HDPE the oxidation
index of the composite at 100 kGy decreases by 56.2%.
Thus, finally was concluded that introduction of
MWCNTSs to polyethylene matrix leads to not only to
improvement of mechanical properties, but also to in-
creasing oxidation resistance of the composite material
upon the irradiation [33].

Carbon nanotubes are widely used as rein-
forcements in polymeric materials due to their excep-
tional properties. The antioxidant ability of CNTSs in
HDPE was studied in the Ref. [34]. Single-walled car-
bon nanotubes (SWCNTs), MWCNTSs, and hydrox-
ylated multi-walled carbon nanotubes (MWCNTSs-OH)
were involved in this study to determine the effect of
the walls number and surface functionalization on their
antioxidant behavior. Based on measured temperature
and time of induction of oxidation of CNTs / HDPE
composites the detected antioxidant efficiency of
CNTs may be ordered as: MWCNTs-OH > MWCNTSs >
SWCNT. It was defined by means of ESR and Raman
techniques the free radical quenching mechanism. The
extent of radical capture efficiency and number of de-
fects in CNTs are in good agreement with their antiox-
idant ability. CNTs having more number of walls and
surface hydroxyl groups contain more structural de-
fects and exhibit a higher antioxidant activity. The
study gives concrete and real recommendations on how
to improve the antioxidant properties of CNTSs, as well
as the mechanical properties of polymers [34].

The effect of carbon nanotubes on photodegra-
dation of ethylene-vinyl acetate (EVA)/carbon nano-
tube nanocomposites was studied. The nanocompo-
sites were photooxidized in oxygen atmosphere under
irradiation with wavelength A > 300 nm, and tempera-
ture 60 °C. The effect of nanotubes on both the EVA
photooxidation mechanism and the oxidation rate of
the polymer matrix were determined. It was shown that
CNTs act simultaneously as internal filters and as anti-
oxidants, which contributes to a sharp decrease in the
rate of the polymer matrix photooxidation. It was also
shown that the light absorption can cause an increase
in local temperature and entail photooxidation of the
polymer. The competition between these three effects
makes up the overall rate of the photooxidation. Sev-
eral influencing factors were investigated: varied con-
centrations, morphology and degree of functionaliza-
tion of CNTSs surface [35].

MWCNTSs/linear low density polyethylene
(LLDPE) nanocomposites have been studied to under-
stand stabilization mechanism of their thermal and ox-
idative degradation [36]. Thermogravimetry combined
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with infrared analysis of the evolved gas and gas chro-
matography-mass spectrometry combined with pyrol-
ysis gas chromatography showed that the MWCNTSs
slightly delays thermal volatilization (by 15-20 °C)
without changing the mechanism of thermal decompo-
sition. While thermo-oxidative degradation in air is de-
layed by about 100 °C regardless MWCNTS concen-
trations used (0.5-3.0 wt.%). The stabilization occurs
due to formation of a thin protective film of MWCNTSs
(the carbon generated on the surface of nanocompo-
sites), which was shown using SEM and ATR FTIR of
residual degradation products [36].

Results of investigation on the influence of
CNTs additions in polyamide-6 (PA6) on mechanical,
thermal properties and fire resistance of nanocompo-
site layered materials made from fiberglass-reinforced
CNT/PAG are presented in Ref. [37]. The samples were
characterized by tensile and bending tests, TGA, ther-
mal distortion temperature (HDT) measurements, ther-
mal conductivity tests and a cone calorimeter. The ad-
ditions of up to 2 wt.% CNTs in CNT/PA6/GF lami-
nates improves the bending stress of the laminates by
36%, thermal conductivity by about 42%, and the igni-
tion and heat release times were slowed by about 31%
and 118%, respectively [37].

The high energy grinding process was used
(HEBM) as a new approach for incorporating CNTs
into a polyethylene (PE) matrix. This approach allows
avoiding high temperatures, solvents, ultrasonic expo-
sure and chemical treatment of CNTs usually used in
preparation of composites. Films containing 1, 2, 3, 5,
and 10 wt.% of CNTs were prepared by hot pressing of
the composite powders. The morphological and ther-
mal, mechanical, and electrical properties of the films
were determined [38]. The processing conditions used
allowed to obtain a satisfactory level of CNTs disper-
sion in the PE matrix that is obligatory to have the re-
producible results. The thermal degradation was signif-
icantly suppressed already with 1-2% wt of CNTs. The
mechanical properties are significantly improved for
low filler content (up to 3 wt. %). The electrical meas-
urements showed a percolation threshold for composi-
tions containing CNTs within the range 1-3 wt % [38].

MWCNTSs have been incorporated into ultra-
high molecular weight polyethylene (UHMWPE). This
type of polyethylene is used in orthopedics and in in-
dustry for special purposes. The compositions were ob-
tained by ball grinding and thermal compression pro-
cesses in concentrations of MWCNTS up to 3 wt.% and
then subjected to gamma radiation at 90 kGy. Conduc-
tivity measurements have shown fairly low percolation
threshold for nanocomposites with 0.5 wt.% of CNTSs.
The electron-spin resonance of the detection of radicals
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induced by radiation proved the pronounced ability of
MWCNTSs to accept radicals: i.e. with increasing the
concentration of nanotubes in the composites, the num-
ber of free radicals generated during gamma irradiation
decreased sharply. Allyl radicals are apparently the
most active types of radicals in the process of attach-
ment to nanotubes in this polymer matrix. In order to
establish the effect of irradiation on the oxidation in-
dex, infrared spectroscopy methods with Fourier trans-
form and accelerated ageing methods were used. The
results showed that MWCNTSs additives uniquely in-
crease the thermo-oxidative stability of the composites
as compared to the control samples. At the same time,
despite the ability to quench radicals, MWCNTSs do not
affect the crosslink density — this is unlike other anti-
oxidants that inhibit the processes of radiation cross-
linking in polymers [39].

Polymer nanocomposites containing CNTSs as
fillers have attracted much more attention than any
other nanomaterials. Therefore, the detailed elabora-
tion of the materials requires a deep understanding of
how they behave under operating conditions. In Ref.
[40], the resistance to accelerated photooxidation of
the syndiotactic polypropylene/ MWCNTSs composite
films was compared with behavior of unfilled polypro-
pylene films with the same structural morphology.
Chemical and structural changes resulting from pho-
tooxidation were monitored using infrared spectros-
copy and diffractometry analysis. It was found that
good degree of dispersion of the nanofiller, estimated
by atomic force microscopy, reduces the rate of pho-
tooxidation and increases the oxidative thermal stabil-
ity of the polymer matrix. To explain these results, var-
ious concomitant effects were considered in the work,
including morphology and structure of nanocompo-
sites, as well as the ability of MWCNTSs to interact with
oxygen [40].

A chapter was published in a book that sum-
marizes many of the latest technological advances in
the field of carbon fillers for elastomers such as carbon
black, carbon nanotubes, and fullerenes. Their charac-
teristics, influence, and level of their load on the ther-
mal properties of rubbers such as natural rubber, sty-
rene butadiene rubber, ethylene propylene diene mon-
omer, and acrylonitrile butadiene rubber (NBR) are
discussed in light of recent published data. In addition
to the literature review, this chapter provides valuable
information related to methods of thermal analysis of
polymer compositions — differential scanning calorim-
etry, thermogravimetric, and thermomechanical analy-
sis [41, 42].

Results of thermooxidative degradation of com-
posites of low density polyethylene (LDPE) containing
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fullerene Ceo/Cro and purified multi-walled carbon
nanotubes (CNT-MW-Ib) are described [43]. TG and
DTA analysis of the composites showed that carbon
nanocompounds (CNC) exhibit high stabilizing activ-
ity comparable to the action of strong commercial basis
antioxidants. The mechanism of stabilizing action is
reduced mainly to the breakage of alkyl macroradicals
on the CNC frameworks.

A set of reactions ensuring the effective stabi-
lization of a polymer matrix may be represented as fol-
lows:

(CHZ' H‘)n
T°C o Cgo/ CNT-MW
(CHy-CHy)y ——> (CHy- CH-) T
2
CH; - CH-)n

(CHz - CH-),
Lo

CONCLUSIONS

According to the inherent property to quench
free radicals the carbon nano-compounds (CNC) — full-
erenes and carbon nanotubes are able to effectively re-
tard and terminate the chain oxidation processes of pol-
ymers thermal and thermo-photooxidative degrada-
tion. As shown in many investigations, this feature is
spread both to the carbon-chain and hetero-chain poly-
mer composites.

A solid polymeric environment implying the
restricted oxygen diffusion is the most suitable for
CNC to manifest the anti-oxidative activity as it rules
by the scavenging carbon-centered radicals

The anti-oxidative efficiency of CNC is very
high and comparable with that of strongest commercial
polymer thermal stabilizers.

There are other approaches to improve the sta-
bility of polymer composites: e.g. to improve interfa-
cial compatibility between the polymer matrix and
nanocarbon additives or to replace carbon atoms in the

CNC structure with heteroatoms, etc.
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