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Abstract:

Introduction/purpose: The development of elastomeric materials based on
synthetic polyisoprene (IR) with high green strength is a rather urgent task,
because it allows to replace, completely or partially, the main ingredient -
natural rubber in responsible rubber products. The aim of the work was an
additional increase in the green strength values of IR and rubber mixtures
based on it by its modification with high-density polyethylene of PND 277-
73.

Methods: The main methods of the research of the technological, physical-
mechanical and operational properties were used. All tests conformed to
ASTM or ISO standards. Rubber compounds were made in the Haake
PolyLab rubber mixer. In parallel with the effects of modification, the
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influence of the mixing temperature on the main properties of IR and NR
based elastomeric materials was investigated.

Results: It is shown that the increase in the mixing temperature of NR and
IR for 20°C leads to significant changes in the technological properties of
rubber compounds (primarily green strength), as well as the physical-
mechanical and operational properties of cured rubber. It has been
established that a significant increase in the green strength of the rubber
compound is achieved by combining IR with 7 mass. % HDPE.
Conclusion: The developed polymer composition based on IR and HDPE
has a level of green strength of the rubber compound 2 times higher than
that of natural rubber, while maintaining the physical-mechanical and
operational characteristics of cured rubbers at the level of natural
rubber.The polymer composition IR/HDPE 93/7 can be recommended for
use in the manufacture of products whose manufacturing technology
requires increased green strength of rubber compounds, including large-
sized and all-metal tires.

Key words: synthetic polyisoprene, natural rubber, green strength,
polymer mixtures, high-density polyethylene.

Introduction

The range of industrially synthesized rubber is quite limited, and the
industry of synthetic rubber is unable to satisfy the ever-increasing needs
of the rubber industry. The use of polymer mixtures in fact expands the
range of elastomeric materials without requiring complex special
equipment, which ultimately makes it possible to produce technical
products with the required properties. Therefore, interest and attention to
extraordinary mixtures of rubber with rubber or thermoplastics are
constantly increasing. Previous experience and modern practice show that
the use of polymer mixtures of different classes allows to improve the
technological properties of rubber mixtures, the physical-mechanical
properties of cured rubbers and the operational properties of finished
products (Schwartz & Dinzburg, 1972; Kerber et al, 2024; Alekseenko et
al, 2024).

Natural rubber is an indispensable elastomer for the manufacture of
a wide range of rubber products, including tires, rubber and defense
products. Now, one of the most popular materials in the tire industry is
imported natural rubber (NR). This is especially true for all-metal, aviation
and large-scale civil and defense tires, which are made of more than 85%
NR. The only synthetic analogue for NR is synthetic isoprene rubber of the
SKI-3 (IR) brand, which is inferior to natural rubber in several important
indicators. Thus, one of the main disadvantages of IR compared to NR is




the low green strength of rubber compounds based on IR, which is
important in the prefabrication and assembly operations. Green strength
is the most important technological characteristic of rubber compounds
and is responsible for the confection adhesion and stable frame of the
product elements until their complete assembly and vulcanization
(Zolotarev et al, 2021; Zuev et al, 2024; Nasyrov et al, 2020; Lyusova &
Chernyshov, 2022).

There are two ways to improve the green strength of IR: chemical
modification (Aksenov, 2021; Akhmetov et al, 2023) and physical
modification of rubber (Cruz-Morales et al, 2023; Chernyshov et al, 2023a,
2023b). Over the past more than 50 years, a lot of research work has been
done on the first path, i.e. chemical modification of synthetic isoprene
rubber (Aksenov, 2021). Many ways of chemical modification of IR gave
an opportunity to increase cohesive strength, but did not receive further
development for various reasons: carcinogenicity, toxicity or unsatisfactory
processability. Physical modification, i.e. combining IR with other
polymers, is the most promising way to increase green strength in the
production of rubber products, as it does not require additional
technological operations and is environmentally friendly.

As early as in the 1960s and 1970s, the possibility of increasing the
green strength of rubber mixtures made of synthetic polyisoprene by
introducing crystallizing polyolefins, including polyethylene, was
considered (Schwartz & Dinzburg, 1972; Priklonskaya et al, 1969). Then
high-density polyethylene (HDPE) was the most effective due to its high
crystallinity. Presumably, the reinforcing effect of HDPE could be due to
the presence of crystalline particles contributing to the orientation effect of
the macromolecules of highly elastic polymer, accelerating the
crystallization of rubber during deformation (Priklonskaya et al, 1969;
Yanez Flores et al, 1997). But the number of the published works in this
direction with specific test results is quite small, and those that exist are
incomplete and the data in them are ambiguous. For example, there is no
information on the used brands of polyethylene and on the process for
producing a rubber compound containing polyethylene. There are no
vulcanization characteristics and viscosity values for Mooney rubber
compounds, no data on fatigue characteristics of vulcanizations, and no
direct comparison with rubber mixtures and rubbers based on NR (Guseva
et al, 2002). It should also be noted that since then the brand assortment
of polyethylene has changed significantly, and there have been notable
changes in the synthesis of SKI-3.
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Materials and methods

The objects of the research in this work were elastomeric materials
based on synthetic isoprene rubber (IR) brand SKI-3 (Mooney viscosity —
74 units) produced by LLC «Tolyattikauchuk». High-density polyethylene
(HDPE) of LLC «Stavrolen» brand PND 277-73 was used to increase the
green strength of the material. Based on the previous obtained data
(Chernyshov et al, 2023a), the content of HPDE was 7 mass. %. The
elastomeric material based on natural rubber brand RSS-1 was chosen as
a standard.

The combination of the tested polymers and the production of the
rubber compounds based on them were carried out in the Haake PolyLab
rubber mixer (within 9 minutes) with the subsequent introduction of sulfur
on rollers at a temperature of 50°C for 1.5 minutes. The mixing mode is
given in Table 1. The initial mixing temperature in the rubber mixer was
120-140°C for IR and NR based rubber compounds. For a mixture
containing HDPE (melting point — 134°C), the initial mixing temperature
was 140°C.

The formulations of the rubber compounds are presented in Table 2.

Table 1 — Mixing mode of the rubber compounds

. General
Duration, .
Compound ) time,
min .
min.
1st stage
Rubber (IR and/or NR) 1 1
HDPE (PND 277-73) 2 3
Stearic acid 6.0 9.0
Zinc oxide 6.0 9.0
Accelerator CBS 6.0 9.0
Carbon black N330 5.0 9.0
2nd stage
Sulfur | 1.5 | 105

The green strength of the rubber compounds and the physical-
mechanical characteristics of cured rubber were determined on the Gotech
AI-3000-U tensile testing machine according to ASTM D 6747-15 and
ASTM D 412, respectively, and the vulcanization characteristics were
determined on the MonTech MDR 3000 Professional rheometer according
to ASTM D 5289. Using the MonTech MV 3000 Basic viscometer, the




Mooney viscosity was measured according to ASTM D 1646. The fatigue
endurance at repeated elongation (¢ = 125% at 3 Hz) and fatigue
endurance under repeated bending with puncture (3 Hz) was determined
on the MonTech FT 3000 CH according to ISO 6943 and ASTM D 813,
respectively. Hardness and rebound resilience were determined according
to ASTM D 2240 and I1SO 4662.

Thus, the above methods and materials were used in the study of the
influence of the mixing temperature on the technological properties of the
rubber compounds based on NR and IR, and the physical-mechanical and
operational properties of cured rubber based on them Their properties
were also compared with the indicators of the polymer composition
containing HDPE.

Table 2 — Formulations of the rubber compounds

Contents, parts per hundred rubber
Compound IR/HDPE

NR IR 93/7
NR (RSS-1) 100.0 - -
IR (SKI-3) - 100.0 93.0
HDPE (PND 277-73) - - 7.0
Stearic acid 1.0 2.0 2.0
Zinc oxide 5.0 5.0 5.0
Accelerator CBS 15 1.5 1.5
Carbon black N330 35.0 35.0 35.0
Sulfur 2.5 2.0 2.0

Results and discussion

As it is known, tire rubber mixtures are manufactured at temperatures
above 120°C, so in the first stage of the work, the influence of the mixing
temperature in the range of 130+10°C on the main complex of the
properties of elastomer materials was investigated.

As it can be seen in Figure 1, an increase in the mixing temperature
leads to a decrease in the green strength of both NR and IR-based rubber
compounds, and for natural rubber the decrease in green strength is much
greater. It can be assumed that the mixing temperature increases, the rate
of thermal-oxidative degradation increases, which leads to a decrease in
the molecular weight of polymers. This assumption is supported by the
Mooney viscosity data given in Table 3.
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Figure 1 — Green strength of the rubber compounds

1.1 12

Table 3 — Technological properties of the rubber compounds and the physical and

mechanical properties of the vulcanizates

Polymer base
IR/HDPE
Index NR NR NR IR IR IR 93/7
120°C | 130°C | 140°C | 120°C | 130°C | 140°C
140°C
Technological properties of the rubber compounds
mooney Viscosity, units | 4 39 37 | 46 39 | 39 49
ooney viscosity
Eom, Yo 725 612 550 887 1137 | 1350 762
Physical-mechanical properties of the vulcanizates
f100, MPa 3.2 2.7 24 25 1.7 1.5 2.9
f300, MPa 18.6 14.3 14.6 14.7 10.2 94 14.2
fo, MPa 30.7 27.7 26.9 314 274 25.3 275
&, % 422 473 443 465 520 503 461
6, % 32 23 21 31 20 22 36
Pr, KN/m 103.1 | 108.9 96 94 95.8 85.6 100.4

Note: ecv — elongation of a rubber compound in tension, fioo, fa00— stresses
at an elongation of 100 and 300 %, f, — tensile strength, €, —elongation at break,
0 — residual elongation, and P-—tear resistance.




As shown in Figure 1 and Table 3, the introduction of HDPE in the
amount of 7 mass. % (IR/HDPE 93/7) can significantly increase the green
strength of the rubber compound and increase the Mooney viscosity to
some extent. When comparing rubber mixtures (Figure 1), it is shown that
during mixing at 140°C, the green strength of the mixture is 2 times higher
than that of NR and 12 times higher than that of IR.

The analysis of the curing curves (Figure 2) showed that an increase
in the mixing temperature of the rubber compounds leads to a significant
decrease in the torque increment (AM), as well as to a slight decrease in
the induction period and an increase in the rate of the vulcanization
process. The decrease in AM is probably due to thermo-oxidative
destruction of rubber macromolecules during the mixing process. At the
same time, the introduction of HDPE has practically no effect on the
vulcanization process.
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Figure 2 — Curing curves for the rubber compounds
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The increase in the mixing temperature, which leads to an increase in
the rate of thermo-oxidative destruction of rubber leads to a decrease in
the physical-mechanical properties of rubber. Table 3 shows that there is
a decrease in the tensile strength, the stresses at an elongation of 100 and
300%, and the tear resistance. The introduction of HDPE into the rubber
composition leads, in comparison with IR based rubber, to a 93% increase
in the stresses at an elongation of 100% and an increase in the tear
resistance by 17%. As a result, the parameters of the vulcanizate are
almost the same as for the NR-based rubber. The increase in these
parameters is probably due to the same mechanism as the increase in
green strength.

Table 4 shows that, as the temperature of mixing increases, there is
a slight increase in rebound resilience and a decrease in hardness in
rubbers regardless of the rubber base. The decrease in hardness is
probably due to a decrease in the molecular weight of rubber
macromolecule during destruction.

Table 4 — Hardness and rebound elasticity of the vulcanizates

Polymer base
Index NR NR NR IR IR IR IRgé%PE
[¢] 0 (o] [o] 0 (o]
120°C 130°C 140°C 120°C 130°C 140°C 140°C
Hardness
(Shore A), 59 58 57 55 55 54 60
units.
Rebound 60 61 61 56 56 58 51
resilience, %

As shown in Table 4, the introduction of HDPE into rubber results in
an increase in its hardness, since polyethylene is in a solid state at normal
condition and its influence on this parameter is like that of fillers. When
combining IR with polyethylene, there is a significant reduction in rebound
resilience. This is probably due to the small number of physical and/or
chemical bonds of the rubber matrix with polyethylene and the existence
of the interface that prevents the distribution of fluctuations throughout the
volume of the material.

One of the main operational properties of rubber and rubber products
exposed to dynamic loads is fatigue, which characterizes the durability of
the product. The fatigue characteristics for the tested compositions are

shown in Figure 3.
1984
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Figure 3 — Fatigue characteristics

It has been found that the increase in the mixing temperature of the
rubber compounds has different effects on the fatigue endurance of NR
and IR-based rubbers. As the mixing temperature rises, fatigue endurance
increases in NR-based rubber and in IR-based rubber passes through the
optimum with a maximum at 130°C. At the same time, fatigue endurance
under repeated bending changes similarly for both rubbers (passes
through the optimum at a maximum temperature of 130°C). The increase
in fatigue is due to the reduction of the rubber modules due to thermo-
oxidative destruction.

The fatigue characteristics of the rubber presented in Figure 3 showed
that the introduction of HDPE into IR-based rubber had little or no effect
on fatigue endurance at repeated elongation and repeated bending when
comparing equal modulus rubber. However, IR/HDPE’s fatigue endurance
at repeated elongation is like NR-based cured rubber, and fatigue
endurance under repeated bending is 28% higher.
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Conclusions

Thus, it is shown that the increase in the mixing temperature of the
rubber compounds based on NR and IR from 120°C to 140°C leads to
significant changes in both the technological properties of the rubber
compounds and the physical-mechanical properties of cured rubber and
the operational properties of their vulcanizates. At the same time, it is worth
noting separately that the increase in the temperature of the mixture
negatively affects the green strength of the rubber compounds, especially
based on natural rubber.

The work shows that combining IR with 7 mass. % HDPE leads to a
significant increase in the green strength of the rubber compound.
Moreover, at similar mixing temperatures, it exceeds the level of the green
strength of a rubber compound based on natural rubber by 2 times.

The rubber based on the proposed polymer composition IR/HDPE
93/7 has the physical-mechanical and operational characteristics close to
the NR-based rubber. The inventive polymer mixture is characterized in
that it exceeds the NR-based rubber for fatigue endurance under repeated
bending by 28%.
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Resumen:

Introduccién/objetivo: El desarrollo de materiales elastoméricos basados
en poliisopreno (IR) sintético con alta resistencia en verde es una tarea
bastante urgente, porque permite reemplazar, total o parcialmente, el
ingrediente principal, el caucho natural, en productos de caucho
responsable. El objetivo del trabajo era aumentar adicionalmente los
valores de resistencia en verde del IR y de las mezclas de caucho basadas
en él mediante su modificacion con polietileno de alta densidad de PND
277-73.

Métodos: Se utilizaron los principales métodos de investigacion de las
propiedades tecnologicas, fisico-mecanicas y operativas. Todas las
pruebas se ajustaron a las normas ASTM o ISO. Los compuestos de
caucho se fabricaron en el mezclador de caucho Haake PolyLab.
Paralelamente a los efectos de la modificacion, se investigo la influencia de
la temperatura de mezcla sobre las principales propiedades de los
materiales elastoméricos basados en IRy NR.

Resultados: Se demuestra que el aumento de la temperatura de mezcla de
NR e IR por 20°C conduce a cambios significativos en las propiedades
tecnolégicas de los compuestos de caucho (principalmente resistencia en
verde), asi como en las propiedades fisico-mecanicas y operativas del
caucho curado. Se ha establecido que se logra un aumento significativo en




la resistencia en crudo del compuesto de caucho combinando IR con 7
masa. %PEAD.

Conclusion: La composicién polimérica desarrollada a base de IR y HDPE
tiene un nivel de resistencia en verde del compuesto de caucho 2 veces
mayor que el del caucho natural, manteniendo las caracteristicas fisico-
mecanicas y operativas de los cauchos curados al nivel del caucho natural.
La composicion polimérica IRZHDPE 93/7 se puede recomendar para su
uso en la fabricacion de productos cuya tecnologia de fabricacion requiere
una mayor resistencia en verde de los compuestos de caucho, incluidos
neumaticos de gran tamario y totalmente metalicos.

Palabras claves: poliisopreno sintético, caucho natural, resistencia en
verde, mezclas de polimeros, polietileno de alta densidad.
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Manuxa B. XapbinraHosa?, mumpud HO. HebpaTteHko®

aMNP3A — Poccuiickuin TeXHONOrM4ecknin yHuBepceuteT, IHCTUTYT TOHKMX
XMMnyecknx TexHonorun um. M.B. JTomoHocoBa, kadeapa xumun n
TexHonorun nepepaboTkn anactomepos, r. Mockea, Poccuiickas degepaums

6 Poccuiicknii yHUBEPCUTET TpaHcnopTa, MHCTUTYT NyTu, CTPOMTESbCTBA U
COOpYXeHui, kacdbeapa «ABTOMOOUIbHBIE OPOMY, a3POAPOMbl, OCHOBaHUS U
dyHaameHTbI», I. Mockea, Poccuiickas Pepepaumsi, KoppecnoHOeHT

PYBPUKA TPHTW: 61.63.09 MonumepHble MaTepuranbl, UCNOMb3yeMble B
NPOuM3BOACTBE PE3UH U U3OENUIA U3 HUX,
61.63.81 MeToab! NCMNbITaHU 1 CBOMUCTBA PE3MHOBbIX
n3genuin
BWL CTATbW: opurmHanbHasa Hay4yHas ctaTbs

Pesrome:

BeedeHue/uenb: Paspabomka anacmoMepHbiX Mamepuanos Ha
OCHoge cuHmemu4vecko2o nonuu3onpeHa (IR), obnadaroweeo
M08bILWEHHOU KO2€e3UOHHOU MPOYHOCMbIO, sienissemcss O0CmMamoYHO
akmyarnbHoU 3aladel, mak Kak 3mo r0380s5iem OofIHOCMbIO UMuU
Yacmu4yHO 3aMeHUmb 8 OMEemCMEEHHbIX PEe3UHO8bIX U30esnusx
OCHOBHOU UH2pedueHmM — HamyparsbHbil Kaydyk. Llensio pabomsi
56715710Cb  OOMOMHUME/bHOE  M08bILEHUE 3HAYeHUl KO2e3UOHHOU
npoyHocmu IR u pe3uHosebix cmeceli Ha €20 OCHO8e [ymeM €20
Moducgbukayuu nosIu3mMuUIIeHOM 8bICOKOU rromHocmu mapku MH/L 277—-
73.

Memodbi:  Ucnonb3osaHbl  OCHOBHbIe  MemoObl  Uccriedo8aHust
MEeXHO/I02UHECKUX, (bUBUKO-MeXaHUYeCcKUX U 3IKCyamauyUuOHHbIX
ceolicms. Bce ucnbimaHusi coomeemcmeosasnu cmaHOapmam ASTM
unu ISO. Pe3uHosble cmecu u3zomaesnueasnu 8 pe3uHocMecumersie
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Haake PolyLab. [lNapannensHo ¢ aghghekmamu om modugbukayuu, 8
pabome 6bin0 uccriedosaHo 8nusHUE memrnepamypbl CMeWeHUs1 Ha
OCHOBHbIE ceolicmea arracmoMepHbIX Mamepuasios Ha ocHose IR u NR.

Pe3ynbsmamei: loka3aHo, Ymo ygenudeHue memnepamypb! CMeWeHUs
pe3uHosbix cmeceli Ha ocHose NR u IR Ha 20°C npusodum K
CywecmeeHHbIM U3MEHEHUSIM MEXHOT02UHECKUX c80LUICM8 pe3uUHO8bIX
cmecel (npexde 8ce20 KO2e3UOHHOU MPOYHOCMU), @ makKxe ¢hu3uKo-
MexaHU4YeCKUX U 3KCrlyamayUoHHbIX C80lCME pe3UH Ha UX OCHOS8e.
YcmaHo8reHo, 4YmMo  CyUu,eCmeeHHoe yBeruyeHUe KO2e3UOHHOU
npo4YHoCcmMu pe3uHosol cmecu docmuaaemcs rnpu cosmeweHuu IR ¢ 7
mac. % HDPE.

Bbigodbi: PaspabomaHHas roriuMepHasi KOMno3uyusi Ha ocHose IR u
HDPE umeem ypogeHb Ko2e3UOHHOU MpoYHOCMU pe3uHO80l CMecU 8 2
pasa ebiue, 4eM y HamypasbHO20 KaydyKa, npu CoOXpaHeHuU gu3uKo-
MexaHUYeCKUX U 3KCrilyamayuoHHbIX Xapakmepucmuk 8ysikaHu3amoe
Ha ypoeHe pe3uH Ha OCHO8e HamyparsibHO20 Kay4dyKa.

Knoyesble crioga: cuHmemu4yeckul nonuu30ripeH, Hamypaanb/U
Kay4yK, KOee3UOHHas [po4YHOCmb, CMecu rofiumMepos, rnoausmureH
8bICOKOU MI0MHOCMU.

Moaundukaumja CMHTETMYKOT NonMu3onpeHa KombnHoBawem ca
NonMeTUIeHOM BUCOKE NYCTUHE

Cepzej B. YepHuwos?, Jbydmuna P. IbycoBa?,

Manuxa B. Xapunranosa?, vumpuj J. HebpateHko®

aMUPEA — Pyckun TexHONOLWKN yHnsepanteTt, UHCTUTYT prHMX
Xemujckmx TexHonoruja ,M.B. JlomoHocoB”, KaTeapa xemuje n
TexHornorunje npepage enacromepa, Mocksa, Pycka ®enepauvja

6 Pycku caobpahajHu yHuBepauTeT, IHCTUTYT 3a nyTese, rpaljeBnHapcTBO 1
nocTpojewa, Kategpa ,CaobpahajHuue, aepogpomu, 6ase un
Temerbny», Mocksa, Pycka ®eaepauuja, aytop 3a npenucky

OBNACT: xeMujcke TexHomnoruje, matepujanm
KATEFOPWJA (TUIM) YIAHKA: opurHanHu Hay4yHu pag

Caxxemak:

YB00/yurs: Pa3goj enacmomepHuUx mamepujana Ha 6asu cuHmemu4ko2
rnonuusonpeHa (IR) sucoke koxe3uoHe uyspcmohe MpuUYHO je XumaH
3adamak 3602 nompebe da ce MOMIMyHO U OesIUMUYHO 3aMeHU 2rasHuU
cacmojak Kpumu4HUX ripousgoda 00 ayme — rnpupodHa eyma. Ljurb pada
Jjecme da ce dodamHo rosehajy epedHocmu Koxe3uoHe 4yspcmohe IR u
2YMEHUX MelwasuHa 3acHO8aHUX Ha HeMy rymem He2o8e Moduchbukauuje
ronuemursieHom eeriuke 2ycmuHe PND 277-73.

Memode: KopuwheHe cy OCHO8He MemoOe  ucmpa)uear-a
MEeXHOMOWKUX, (bU3UYKO-MeXaHUYKUX U eKCrloamayuoHUX ceojcmasa.




Cea ucnumusarka buna cy y cknady ca cmaHlapduma ACTM u MCO.
MewasuHe 2yme burie cy npuripemrbeHe y Mewanuuu 3a eyme Haake
PolyLab. WicmospemeHo ca egekmuma modugpukayuje ucrnumueaH je
ymuuaj memrepamype Mewara Ha eflagHa ceojcmea efacmoMepHUX
Mamepujarna Ha 6a3u rMonuu3onpeHa u Kaydyka.

Pesynmamu: [loka3zaHo je Oa rosehawe memnepamype Mewara
rnonuusonpeHa U Kaydyka 3a 20°C doeodu 00 3HayajHux rnpomeHa y
MeXxHOMoOWKUM c8ojcmeuma 2yMeHUx cmewa (fpe cee2a KOXe3UOHe
ugpcmohe), Kao U  (DU3UYKO-MEXaHUYKUX U  eKcriioamayuoHux
Kapakmepucmuka eynkaHu3ama. YmepheHo je da ce nocmuxe 3HamHo
rnosehare Koxe3uoHe uspcmohe cMmewe aymMe KoMbuHosaH-eM
ronuu3onpeHa ca 7 mexuHckux % HDPE.

Bakrpyyqak: UNseedeHo je nonumepHo jedurserse Ha basu IR u HDPE c
HUBOOM KOXe3uoHe 4spcmohe eymeHe cmewe 0ea ryma eehe 00
npupodHe 2yme, a Mpumom cy 3adpxaHe @U3IUYKO-MexaHUYKe U
eKcCrioamayuoHe Kapakmepucmuke eyrikaHuzama Ha HUBOY MpupoOHe
eyme.

Krbque pe4u: cuHmemu4kKu rosiuu3oripeH, npupodHa 2yma, Koxe3UuoHa
LIB,DCmOFIa, rnornumepHe mewasuHe, rioyiuemursieH eesiuke cyCcmuHe.
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