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Abstract

Objectives. Elastomeric materials based on styrene—butadiene—styrene (SBS) triblock copolymers occupy approximately three-quarters
of the global thermoplastic elastomer market; in the Russian elastomer market, their share exceeds 80%. Their primary applications
include the production of shoe sole materials, anticorrosion coatings, waterproofing, and roofing mastics. The predominant form of
degradation of such rubber products, which occurs in the presence of heat and oxygen, is known as thermal-oxidative aging. However,
the creation of new functional materials based on modified styrene—butadiene block copolymers will enable the development of materials
with enhanced resistance to thermal-oxidative degradation. Chlorinated paraffins, comprising a constituent mixture of polychlorinated
n-alkanes, can be applied as halogen-containing modifiers for thermoplastic elastomers to enhance their strength and thermal properties.
The aim of the present study is to create climate-resistant elastomeric composite materials based on modified SBS triblock copolymers
and investigate the influence of a low molecular weight polychlorinated n-alkane modifier (chlorinated paraffin) on their thermal-
oxidative stability.

Methods. Composite materials based on the SBS triblock copolymers with various amounts of chlorinated paraffin were prepared using
the solution blending method. Fourier-transform infrared spectroscopy (FTIR) was used to analyze the impact of the amount of added
modifier on the kinetics of thermal-oxidative degradation. The molecular mobility of the elastomers following thermal-oxidation was
studied using the paramagnetic probe method to determine the correlation time that characterizes the rotational mobility of the probe in
the elastomer matrix. The strength characteristics of the modified elastomer were investigated using a universal testing machine. The
kinetics of the thermal-oxidative process were studied using the manometric solid-phase oxidation method.

Results. The results show that oxidation of SBS thermoplastic elastomers occurs mainly in the butadiene blocks. The degradation of
unmodified elastomers is caused by chemical bond breakage reactions in the macromolecules. However, due to the sensitivity of double
bonds in the polybutadiene segment of SBS, this thermoplastic elastomer is susceptible to light, ozone, and heat.

Conclusions. The multifunctional effect of the halogen-containing modifier on the elastomer leads to increased thermal-oxidative
stability of the SBS triblock copolymer thermoplastic elastomer.
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AHHOTaUUuS

Hesn. DmacroMepHBIe MaTepUallbl HA OCHOBE TPHOJIOK-CONONUMEPOB cTupona—OyraaneHa—ctupona (CBC) 3aHIMArOT MpUMEpHO TpU
YEeTBEPTH MHPOBOTO PHIHKA TEPMOIITACTUIHBIX AITACTOMEPOB, a UX oM mpeBbimaeT 80% Ha poccuiickoM peIHKe dmactoMepos. K che-
paM UX IPUMEHEHHSI OTHOCSTCS IIPOM3BOJICTBA OOYBHBIX MOJIOIIB, aHTHKOPPO3HOHHBIX MOKPBITHH, IHAPON30ISIIHOHHBIX ¥ KPOBEIbHBIX
MAacTUK. Pe3nHOBBIC W3/1eIIHs TOIBEPIKEHBI B PA3HOi CTENCHHU MOBPEKICHHIO B PE3yIbTaTe HarpeBa u Bo3aeicTus kuciaopona. Crape-
HHE 3JaCTOMEPHBIX M3/ICJIMH B MPUCYTCTBUM TEILIa H KHCIOPO/A H3BECTHOE KaK TEPMOOKHCIIHTEIBHOE CTapEeHHe, SBIsieTcs mpeobia-
JIAIOIIMM METOZIOM CTapeHHMsi JaHHbIX MarepuaioB. Co3aHne HOBBIX (DYHKIMOHAIBHBIX MaTepUajoB Ha OCHOBE MOAU(UIIMPOBAHHBIX
OJI0K-COIOIMMEPOB CTHPOJIA U OyTaJHeHa T03BOJIUT Pa3padoTaTh MaTepHAIIBI C MOBBIIICHHON yCTOWYHBOCTBIO K TEPMOOKHCIIHTEIbHOMH
JeCTPYKIUH. XJIOpPHPOBaHHbIE MTapadUHbI MPEICTABIAIOT CO00H CIOKHYIO CMECh MOIMXIOPUPOBAHHBIX H-aJKAaHOB H MOTYT OBITh IPH-
MEHEHBI B Ka4eCTBE TaJOTeHCOACPKAIINX MOAN(PHUKATOPOB TEPMOILTIACTUYHBIX JIACTOMEPOB JUTSl TIOBBIIICHHUS UX IPOYHOCTHBIX U TEp-
MHYECKHX CBOWCTB. Llenp paboThl — cO3/1aTh KIMMATHYECKH CTOMKHE 3IaCTOMEPHbIC KOMITO3HIIMOHHbBIE Marepualibl Ha OCHOBE MO-
IpHUINPOBaHHBIX TpHOIOK-conomuMepoB CbC u uccnenoBars BIMsSHUE MOAN(DUKATOPA HAZKOMOJIECKYISIPHOTO TONUXIOPUPOBAHHOTO
H-aJKaHa (XJoprapaduHa) Ha TEPMOOKUCIUTENBHYIO CTA0MIBHOCTD TpHuOIoK-comonumepa CBC.

Mertoabl. MeTOZOM PACTBOPHOTO CMELICHHS MOJNYYEHbI KOMIIO3UIIMOHHBIE MaTepHalibl Ha 0CHOBE TpubIok-conoiumepa CBC ¢ pas-
JIMYHBIM KOJIMYECTBOM XJsopnapaduua. MHdpakpacHas crnekrpockonus ¢ npeodpasoBanneM Pypbe Obula HUCIIONB30BaHA IS aHATHM3a
BIIMSIHHSL KOJIMYECTBA JI00aBICHHOI0 MOAN(UKATOPA HA KMHETHKY TEPMOOKHCIUTEIBHOI AeCTPYKIMH. MOJIEKYIAPHYIO TOABHKHOCTD
9JIACTOMEPOB 10CJIC TEPMOOKHCIICHHS M3y4alld METOJIOM IapaMarHUTHOTO 30H[a, ONPEENss BpeMsi KOPPEIILIU, XapaKkTepusyoliee
BpAIaTeNIbHYIO MOJIBKHOCTh 30H/1a B MaTpHULIE iacTomepa. [IpouHOCTHBIC XapaKTepUCTHKN MOAU(MHUIIMPOBAHHOTO 3IacTOMEpa Hecie-
JIOBAJI HAa YHUBEPCAJILHOM HCIbITATEIbHON MaliHe. KHHETHKY TepMOOKUCIUTENBHOTO POLecca U3YYalld METOIOM MaHOMETPHYECKO-
r0 TBepA0(ha3HOrO OKHCICHUS.

Pe3yabTarhl. Pe3ynbTaThl MOKa3bIBatoOT, YTO OKHCICHUE TEPMOIUIACTUYHBIX 3nactoMepoB CBC MpoucxXoanT mpeuMyIecTBeHHO B Oy-
TaJIMEHOBBIX ONoKax. JlecTpyKims HEMOAM(PUIIMPOBAHHBIX IACTOMEPOB BbI3BaHA PEAKIMSAMH Pa3pbiBa XUMHUYECKHX CBS3eH B MakKpo-
MoJieKkyaax. M3-3a 4yBCTBUTENBHOCTH JABOMHBIX CBsi3el B monnOyTaaneHoBoM cermenTe CBC naHHbINA TepMONIacTUYHBIN d1MacToMep
4yBCTBHUTEJIEH K BO3JEHCTBUIO CBETA, 030HA U TEILIA.

BoiBoabl. [anorercouepxaiinii MogupUKaTop 0Ka3biBaeT MHOIO(YHKIIMOHAILHOE BO3IEHCTBHE HA DIIACTOMED, TTOBBILIAs TEPMOOKHUC-
JIMTENBHYO CTA0MIIBHOCTD TPUOIOK-COMOIMMEpa TepMoILTacTuaHoro anacromepa CBC.
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INTRODUCTION

Significant expanded areas of application for elastomeric
composite materials and products based on styrene—
butadiene—styrene (SBS) indicates increased attention
to this type of material. Thermoplastic elastomers are
of great interest due to the possibility of purposeful
combination of the physicochemical properties of the
original elastomers. SBS triblock copolymer, which
shares many characteristics with styrene—butadiene
rubber, is the most widely used thermoplastic
elastomer worldwide. However, SBS exhibits weak
thermal oxidation stability, restricting its processing
to temperatures up to 80°C [1, 2]. The unsaturation
of the polymer indicates the presence of a double
carbon—carbon bond —C=C- in its main chain, making
it vulnerable to oxygen in the surrounding environment.
The aging of composite elastomeric products as a result
of oxidative degradation, leads to a deterioration in their
physical and mechanical properties, including fatigue
characteristics, which directly affects the lifespan of
such products. The production of SBS is continuously
expanding and has become an important part of the
petrochemical industry. Similar to butadiene rubbers, the
double bonds in the polybutadiene segment of SBS are
sensitive to light, heat, and oxidation. This susceptibility
leads to yellowing, crosslinking, and hardening, which
can adversely affect its performance [3]. Elastomers are
significantly influenced by environmental factors such
as temperature, radiation, oxygen, ozone, ultraviolet
radiation, humidity, etc. [4]. Thermal oxidation due to
exposure of the material to heat in the presence of air,
which has a substantial impact on the lifespan of such
products, involves the combined effects of thermal
energy and atmospheric oxygen on the elastomer.

While butadiene polymers and copolymers experience
both scission and crosslinking during thermal oxidation,
scission slightly predominates. Although research on
their degradation remains limited, degradation processes
in SBS triblock copolymers are known to occur in both the
polystyrene and elastomer phases. The elastomer phase is
more susceptible to degradation due to its low triglyceride
level, which enhances oxygen permeability [5]. Research
into the impact of thermo-oxidative aging on SBS
structure reveals thermo-oxidative aging to be a critical
factor leading to structural damage and performance
deterioration in SBS [6-8]. Understanding the type and
quantity of oxygen-containing groups in aged SBS under
various conditions is essential for reconstructing the
SBS molecule. While several studies have qualitatively
analyzed the structure and properties of aged SBS,
quantitative results are rarely reported. Wang et al.
used Fourier-transform infrared spectroscopy (FTIR) to
study SBS thermal oxidation involving the emergence

of polar hydroxyl and carbonyl groups to reveal that the
1,4-polybutadiene portion degrades more easily than the
1,2-polybutadiene portion [9]. Munteanu ef a/. examined
the thermo-oxidative behavior of SBS with different
structures and detected hydroxyl and carboxyl groups on
the molecular chain through FTIR [10]. Singh ef al., who
used dynamic contact angle, FTIR spectrometry, and
scanning electron microscopy to investigate changes in
SBS following ultraviolet irradiation, propose a photo-
oxidation aging mechanism [11]. Prasad et al. analyzed
SBS aging after dissolution in various solvents using
13C nuclear magnetic resonance to identify epoxides
and alcohols as photoproducts [12]. The effects of
aging on rubber materials can manifest as increased
hardness [13], reduced surface energy, and decreased
surface roughness [14].

Over the past 50 years, significant elaborations
have been made to increase the oxidative resistance of
elastomers by studying the causes and consequences of
their degradation when exposed to oxygen and ozone in
the air. Resistance to thermo-oxidative degradation is
a critical criterion for rubber products used in outdoor
applications. The degradation of rubber is well known
to result from its reaction with molecular oxygen. This
reaction can be mitigated by reducing the number of
double bonds or by introducing functional groups that
can deactivate these bonds. A described method for
modifying SBS with maleic anhydride (MAH) involves
an increase in the induction temperature and oxidation
time of SBS-g-MAH compared to pure SBS due to the
reduction of double bonds and a—H in the polybutadiene
segment. This suggests that the thermo-oxidative
stability of SBS-g-MAH is superior to that of SBS in
polymer-modified asphalt applications.

Previously, the enhancement of flame resistance
in highly flammable SBS was investigated through
chemical modification with phosphorus-containing
substances [15]. It was found that phosphorus-modified
SBS undergoes charring, which correlates with the
reduced flammability of the modified elastomer. The
resistance of polymer composites to ultraviolet radiation
is typically improved by introducing antioxidants [16]
and ultraviolet absorber/ultraviolet stabilizers into the
polymer matrix [17]. However, due to the tendency of
such additives to migrate to the polymer surface, only
short-term protection is provided. Currently, chemical
modification of elastomers with organic halogen-
containing (primarily chlorine-containing) compounds is
widely researched and implemented. Chlorinated rubbers
are used to produce elastomeric materials offering a wide
range of desirable properties, including heat-, flame-,
gasoline-, oil-, and ozone resistance, as well as resistance
to aggressive environments, nonflammability, high
strength, and gas impermeability [18]. The introduction
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of polar groups can also be used to enhance resistance to
oil, ozone, flame, and solvents [19]. In order to increase
the physical properties of rubbers to satisfy the growing
demand for materials offering specific properties for
extreme conditions, chemical modification of polymers
becomes a crucial factor [20]. The halogenation of
thermoplastic elastomers represents a convenient means
to increase their compatibility with polar polymers,
providing versatile curing possibilities that enhance
adhesion, resistance to aging, and chemical resistance.

MATERIALS AND METHODS

A radial SBS (SBS R 3000A grade) triblock copolymer
supplied by Sibur, Russia, having a styrene/butadiene
ratio of 30 : 70 and melt mass-flow rate <1 g/10 min
(200°C, 5 kg), was used as the polymer matrix.
SBS R 3000A is widely used for modifying bitumen,
plastics, rubber products, and protective coatings.

Industrial chlorinated paraffins (CPs) are constituent
mixtures of polychlorinated n-alkanes that vary in chain
length and degree of chlorination. Technical CP mixtures
(CP-66T) obtained from Kaustik, Volgograd, Russia,
which contain 69.5 + 0.1 wt % chlorine, appear as
a yellow-tinged, partly clotted powder. CPs produced by
chlorinating alkane mixtures are used in complex products
having thousands of homologs and congeners. CP-66T,
which typically has one chlorine that can be changed to
almost every carbon atom, is classified as a long-chain
chlorinated paraffin. The mean carbon formula of CP
(C4oH;4Cl,,) reveals the approximate average number
of chlorine and hydrogen atoms per carbon atom;
accordingly, 1 g of CP contains 0.695 g of chlorine.

SBS/CP composites were prepared by incorporating
various amounts (2, 5, 10, 15, and 20 g per 100 g
of resin (phr)) of chlorinated paraffin using the
solution blending compounding method according
to the formulation in the table. After casting
the SBS/CP solutions into glass Petri dishes, the solvent
was evaporated at room temperature of 22 + 2°C until
a constant weight was obtained.

A sample of 0.5 g dried SBS/CP was dissolved in
a beaker including 50 mL of toluene at room temperature
22 + 2°C over a period of 3 days. The solution
concentration was adjusted to contain 1% solution (w/v).
The sample for measurement of the Fourier-transform
infrared spectroscopy (FTIR) spectroscopy was
prepared as follows. A transparent thin film of raw SBS
and SBS/CP was made on a transparent KBr window
with dimension of 20 x 20 x 3 mm (width x length x
thickness) by coating from 1% solution. The solution
(0.2 mL) was dropped and coated thinly on a KBr
window using a glass capillary. A sample coating on
a KBr window was maintained to evaporate toluene in

Table. Formulation of chlorinated paraffin and thermoplastic
elastomer solutions, mass parts per 100 mass parts of SBS (phr)
and wt %

Copolymer SBS CI® Toluene Total
SBS-0, phr 100 0 695 795
wt % 12.58 0 87.42 100

SBS-2, phr 100 2 695 797
wt % 12.55 0.25 87.20 100

SBS-5, phr 100 5 695 800
wt % 12.50 0.62 86.88 100
SBS-10, phr 100 10 695 805
wt % 12.42 1.24 86.34 100
SBS-15, phr 100 15 695 810
wt % 12.35 1.85 85.80 100
SBS-20, phr 100 20 695 815
wt % 12.27 2.45 85.28 100

a dark at room temperature for 5 days. Thermal oxidation
was performed on transparent thin films of the original
SBS and modified SBS samples, applied to a KBr optical
window, and then thermostated for 120 h at a temperature
of 70°C.

The chemical composition of the samples was analyzed
using FTIR with a Lumos FTIR microscope (Bruker,
Germany). Spectra were recorded at a temperature of
22 + 2°C in the wavenumber range of 4600-650 cm™!.
The spectra were processed using Bruker OPUS software.
Transmission FTIR can be used to study rubber oxidation
due to its high sensitivity to carbonyl groups.

Electron paramagnetic resonance (ESR) spectra
were obtained using a EMX spectrometer (Bruker,
Germany) with 100 kHz magnetic field modulation.
The experiment was conducted at 22°C at a modulation
amplitude of <0.5 G, microwave power of 2.1 mW,
sweep width of 100 G, and 1,024 recorded points.
2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO) chosen
as a spin probe had a radical concentration not exceeding
1 - 1073 mol-dm™3. TEMPO introduced into the sample
at 30°C was initially in the vapor phase. ESR spectral
data were obtained without saturation, verified by the
signal intensity dependence on the microwave field
power. The probe rotation correlation time t, was
determined using the equation involving the width of the
low-field spectral component (A ) and intensities of
high/low-field components (7, ,):

T, = AH, | > [(1/1)% 1] % 6.65 x 10710 (s).
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Data were mathematically processed using WINESR
and SIMFONIA (Bruker, Germany) software.

The influence of the amount of chlorinated paraffin
introduced into the SBS thermoplastic elastomer matrix on
the kinetics of thermo-oxidation of the samples was studied
using the manometric solid-phase oxidation method for
determining the resistance of elastomers to the impact
of oxygen at elevated temperatures. Since the oxidation
reaction is always accompanied by the absorption of oxygen
from the surrounding medium of the oxidizing substance,
the oxidation process can be recorded by measuring the
amount of oxygen absorbed by the elastomer. In this case,
the oxidation rate was determined by the amount of captured
oxygen using a manometric device. Rubber oxidation was
conducted in the temperature range of 120°C + 2°C and
p(O,) = 500 torr. Solid KOH was used to absorb volatile
oxidation products. The experiment was carried out for
400 min. The sample weight was 0.1 = 0.001 g.

The tests for determining the -elastic-strength
properties were conducted on a Tinius Olsen universal
testing machine (USA) designed for axial tensile testing in
accordance with GOST 270-75'. Samples were prepared
in the form of rectangular blades with dimensions of
100 x 10 mm; the length of the working section was
60 mm. The blade breakage speed was 50 mm/min. Each
data point was confirmed by five measurements.

RESULTS AND DISCUSSION

Figure 1 present the FTIR spectra of the received SBS
(SBS-0) and SBS/CP blends with different chlorinated
paraffin amount (SBS-2, SBS-5, SBS-10, SBS-15, SBS-20).

The FTIR spectra of SBS triblock copolymers with
different chlorinated paraffin contents clearly show the
following absorption bands: 699 cm™! (styrene block
vibrations), 730 cm™! (cis-1,4-polybutadiene vibrations),
910 cm™! (vinyl bonds vibrations), and 965 cm™! (trans-
1,4-polybutadiene vibrations). The absorption intensity
at 699 cm™!, which remained constant during sample
oxidation, was used as an internal standard for quantitative
calculations of the degree of oxidation. The kinetics of
carbonyl group accumulation, represented as the ratio of the
optical absorption bands at 1731 cm™! and 699 cm ™! over
the thermostation time, is indicated in Fig. 2.

Transmission FTIR was successfully used to study
the oxidation of rubber due to the high sensitivity of
the carbonyl groups. The kinetics of oxidation of the
original SBS sample and SBS with various amounts
of chlorinated paraffin were studied using FTIR
spectroscopy (transmission mode) (Fig. 3).

Thermal oxidation of unsaturated elastomers follows
an autocatalytic free radical chain reaction. Consequently,
the progression of oxidation can be tracked by the
enhance in oxygen-containing functional groups, such as
carbonyls (C=0). Here, the absorption intensity of the
carbonyl stretching vibration at 1731 cm ™! is used as an
indicator of the degree of oxidation [21].

The ESR spectra of radical probes in SBS-0, SBS-2,
and SBS-20 samples before and after 120 h of thermo-
oxidation are indicated in Fig. 4, while the correlation
time dependencies for the samples over the oxidation
period are exposed in Fig. 5.

According to molecular dynamics data, the
introduction of more than 10% chlorinated paraffin

AN A
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F ~ AN // ‘ “\ ‘\\\\
Esjzi,,,,/w e / SN A N
S i \ \_/ \‘\
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[ T / \ o
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|SBS-15 .~ S /"\\\ N S
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SBS-]O-/MJ\M/M
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3200 3100 3000 2900 2800 2700 2600
Wavenumber, cm™!
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Wavenumber, cm ™!
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Fig. 1. FTIR spectra of SBS-0, SBS-2, SBS-5, SBS-10, SBS-15, and SBS-20: (a) in the wavelength range 3200—2600 cm™!,

(b) in the wavelength range 2000-600 cm™

1
standartov; 1978 (in Russ.).

GOST 270-75. Interstate Standard. Rubber. Method of the determination elastic and tensile stress-strain properties. Moscow: IPK Izdatelstvo
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20 70°C
40 k SBS-0 (/) 120 h
SBS-2 (2)
SBS-5 (3) 1.5¢
35 F SBS-10 (4)
SBS-15 (5) g
SBS-20 (6) 2 1.0f
30 F Z
' g
[_4

1850 1800 1750 1700 1650 1600 1550 1500
Wavenumber, cm™!

Transmission

4000 3500 3000 2500 2000 1500 1000
Wavenumber, cm™!

Fig. 2. FTIR spectra of SBS-0, SBS-2, SBS-5, SBS-10, SBS-15, and SBS-20 after 120 h of thermo-oxidation (70°C)
in the wavelength range 4000-600 cm™!

into the SBS matrix increases the correlation time
of the radical probe, thereby reducing the segmental
mobility of the elastomer chains. This indicates
that chlorinated paraffins do not act as plasticizers
in the mixture, since plasticizers typically increase
the molecular mobility of elastomers. The unified
approach presented in the literature suggests that
lower molecular mobility in elastomers due to reduced
intermolecular interactions results in higher thermal
and thermo-oxidative stability. This approach is
valid only for SBS-2 and SBS-5 samples, where the
initial correlation time of the radical probe increases
compared to the original SBS; according to FTIR
spectroscopy, this indicates reduced molecular
mobility and enhanced thermo-oxidative stability.
L L L L L L L The introduction of more than 5% chlorinated paraffin

0 20 40 60 80 100 120 significantly increases the initial correlation time,

Oxidation time, h . . . . .

including an extreme rise after 96 h of oxidation,

Fig. 3. Dependence of ratio between integrated absorbance which indicates further reduced molecular mobility
values of bands at 1731 cm™! and 699 cm™! during active oxidation. SBS-0, SBS-2, and SBS-5
on the oxidation time samples do not exhibit a sharp increase in correlation

Optical density ratio A1731 cm™' / A699 ¢cm™!
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0Oh 120 h
SBS-20 SBS-20
SBS-2 SBS-2
SBS-0 SBS-0

3280 3300 3320 3340 3360 3380 3400
H,G

3280 3300 3320 3340 3360 3380 3400
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Fig. 4. ESR spectra of the spin probe incorporated in SBS-0, SBS-2, and SBS-20 before and after 120 h of thermal oxidation
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Fig. 5. Dependence of the rotational correlation times
of TEMPO spin probe in SBS-0, SBS-2, SBS-5, SBS-10,
SBS-15, and SBS-20 on the oxidation time

time after 96 h of thermo-oxidation. Correlation time
is defined as the time required for a molecule to rotate
by one radian. The EPR spectrum of the nitroxide
radical provides information about the nature of its
microenvironment. Introducing nitroxide radicals into
the studied systems allows the aggregation parameters
and dynamics of these processes to be examined
using ESR. Kinetic curves of oxygen absorption by
the original SBS thermoplastic elastomer and SBS
samples with different chlorinated paraffin contents at
120°C are shown in Fig. 6.

According to analysis of the oxygen absorption
time dependence for modified SBS samples with
different amounts of the modifier and the received SBS

100

80 [

60

40

0, absorption, mol/kg

20

0 100 200 300 400
Oxidation time, min

Fig. 6. Oxygen absorption kinetic curves for as-received SBS
(SBS-0) and SBS with different chlorinated paraffins amounts
(SBS-2, SBS-5, SBS-10, SBS-15, and SBS-20) at temperature
120°C and oxygen pressure 500 torr

sample, all samples exhibit high hermos-oxidative
stability during the initial oxidation stage (up to
200 min) at a low initial oxidation rate. The induction
time for oxidation is the same for all samples. A sharp
acceleration in the oxidation process observed in
samples with 10, 15, and 20 wt % chlorinated paraffin
after 200 min is due to a rapid increase in oxygen
absorption by the elastomers. During this oxidation
stage, the oxygen absorption rate can be reduced by
introducing 2 wt % of chlorinated paraffin to enhance
hermos-oxidative stability. Various studies suggest
that low-molecular-weight additives that transfer free
valence during co-oxidation with the elastomer can be
used to inhibit oxidation.
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In SBS samples with 10, 15, and 20% chlorinated
paraffin, a heterogeneous system forms in which
modifier molecule aggregates act as inclusion phases
to offer a more developed surface than tightly packed
polymer chains. Aggregation of modifier molecules at
concentrations above 5 wt % is due to the accumulation
of unreacted modifier to form clusters. The consequent
creation of micropores offering a more developed
surface allows higher oxygen diffusion compared to
a homogeneous system based on SBS and SBS with low
modifier concentrations. The observed reduction in the
autocatalytic oxidation stage rate in SBS-2 and SBS-5
samples may result from decreased conformational
mobility of thermoplastic elastomer chains in the
presence of low-chlorinated paraffin additives and the
absence of aggregate formation. The introduction of
2 wt % chlorinated paraffin reduces the initial oxidation
and autocatalysis rates, serving to inhibit oxidation and
increase the activation energy of autocatalysis in the
elastomer mixture.

The dependence of physicomechanical properties on
the amount of modifier introduced is shown in Fig. 7.

40 r

Tensile strenght, MPa

SBS-0 SBS-2

SBS-5 SBS-10 SBS-15 SBS-20

Fig. 7. Mechanical properties of the initial samples SBS-0,
SBS-2, SBS-5, SBS-10, SBS-15, and SBS-20

Analysis of the strength characteristics of the
original SBS-0 and samples with different modifier
amounts revealed the following trend: the introduction
of up to 5 wt % chlorinated paraffin into SBS maintains
the strength characteristics at the level of the original
SBS-0. Small amounts of low-molecular-weight
halogen-containing modifiers do not significantly affect

the elastomer strength properties. SBS-10, SBS-15,
and SBS-20 form a distinct group with higher strength
characteristics compared to SBS-0, SBS-2, and SBS-5
samples. This trend aligns with ESR spectroscopy data,
indicating that reduced polymer molecule flexibility,
or molecular mobility, results in a stiffer polymer with
higher modulus of elasticity and strength.

CONCLUSIONS

According to FTIR spectroscopy data, the introduction
of 2 and 5 wt % chlorinated paraffin results in uniform
distribution of modifier molecules within the elastomer
phase, which interact with elastomer macromolecules
during swelling. However, higher chlorinated paraffin
concentrations hinder uniform distribution due to
the aggregation of chlorinated paraffin molecules as
reflected in increased radical probe correlation time
in samples with over 5% paraffin. The mechanical
characteristics are significantly improved in samples
with 10 to 20 wt % paraffin. As unreacted chlorinated
paraffin accumulates, its particles aggregate due to
thermodynamic affinity to form polar-polar interactions
within the nonpolar polymer matrix. Consequently, the
introduction of more than 5 wt % chlorinated paraffin
creates a heterogeneous system with an unstable
inclusion phase based on chlorinated paraffin aggregates,
which is more diffusively accessible to oxygen during
oxidation processes.
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