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Abstract. The wvulcanization process of elastomeric
blends based on chlorinated aromatic nitrile-butadiene
rubber (SKN-40M) has been studied in the present work.
The structural parameters (molecular weight, plasticity,
rigidity, number of network chains, cross-linked mole-
cules) in thermovulcanizates were investigated on an ex-
ample of nitrile-butadiene rubber blend with polyvinyl
chloride using viscometry and the sol-gel process.

Keywords: rheology, vulcanization, hexachloroparaxy-
lene, nitrile butadiene rubber, cross-linking.

1. Introduction

Due to the expansion of the application areas for
elastomeric materials (EM), one of the requirements for
them is resistance to aggressive environments (oils, heat,
and radiation). Therefore, data on the regularities of EM
aging in aggressive environments are of direct practical
importance.

It is known from the literature'™ that to increase the
resistance of EM made of nitrile butadiene rubbers to
aggressive environments, rubbers are subjected to
crosslinking with low molecular weight compounds.
However, as shown by Onishchenko,” the resulting EM
with semi-sulfide cross-links undergo significant changes
in the physical and mechanical characteristics of the seal
(hardness, strength, permanent deformation, dynamic
endurance) under prolonged exposure to the sealed liquid
and temperature. The low aggressive resistance of EM is
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explained by their structural features, in particular, chemi-
cal bonds between high and low molecular weight com-
pounds, as well as the difference in binding energies.® "

The works''™" present data on the influence of
various factors on the mechanical-chemical processes,
which occur in elastomers based on saturated and unsatu-
rated elastomers. The authors™'****' studied the behavior
of some stressed NBR-based rubbers under the y radia-
tion. However, no clear indications exist in the literature
about heat and radiation-resistant elastomers based on
SKN-40M rubber. The modern oil industry and nuclear
engineering require the creation of reliable sealing devices
for fixed and movable links.

In this regard, information on the effect of various
factors on the aging of elastic polymers is of great impor-
tance. Such information is valuable for both practical
purposes and scientific provision. Despite the large num-
ber of studies on the destruction of elastomers under typi-
cal operational conditions, they are still relevant today.
With the development of the oil industry, engineering
industry, and nuclear technology, the implementation of
new equipment and units requires the creation of new
synthetic elastic materials operated under difficult dy-
namic and climatic conditions. It is known that agidol-2
(2,2-methylene-bis-4-methyl-6-tert-butylphenol) is a heat
stabilizer and effectively protects EM based on unsatu-
rated diene rubbers from oxidative aging, provides high
stability of materials when used in liquid aggressive envi-
ronments.”” It was interesting to use these products as
antioxidants, which have a high reactivity and react only
at their decomposition temperatures (over 373 K).

The aim of this study is the formation of the
chemical structure in NBR (SKN-40M), and the selection
of new low-molecular crosslinking agents, modifiers, and
sensitizers for NBR vulcanization, to obtain heat- and
radiation-resistant elastomer materials.
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2. Experimental

2.1. Materials

SKN-40M nitrile butadiene rubber (NBR) was
used as the object of research. The NBR average molecu-
lar weight (Mw) was 222,000. Plasticization of the elas-
tomer (SKN-40M) was carried out at 313 K for 8 min on a
laboratory mill."

Previous studies reported the effect of hexachloro-p-
xylene (HCPX)asa stabilizer 2,4-dichloro-diethylamino-
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sim-triazine (DCDEAST) and a sensitizer 2,4-dimethyl-
phenylmaleimide (DMPM) to evaluate the effectiveness of
chlorinated aromatic compounds as crosslinking agents.'*"”
When choosing carbon black (P324, P514), the following
indicators were taken into account: structure, elemental
composition, particle size, oil number, and specific surface
area. Petroleum products — fuel oil and oil PN-6, which has
a high boiling point (480 K) and low viscosity were used
for plasticization of blends. Besides these compounds, ED-
5 epoxy-diane resin was used as a modifier. The composi-
tion of the studied blends is given in Table 1.

Table 1. The composition of elastomeric blends based on SKN-40M

Components Content
(parts per 100 parts of rubber by weight)

SKN-40M 100
HCPX 4.0
DCDEAST 2.0
DMPM 3.0
Zinc oxide 5.0
Epoxy resin (ED-5) 6.0
Agidol-2 3.0
Fuel oil 4.0
PN-6 1.5
P324 40
P514 20

2.2. Methods

Elastomeric blends were prepared according to the
recipe for SKN-40M with a roll fraction of 1:2. The sam-
ples were vulcanized at a temperature of 423 K in an elec-
tric press for 60 min. Irradiation of heat vulcanizates was
carried out using a Co® source. The radiation source
power was 1.42 Gy/s during the study period. The particle
size in the finished blend was 1-3 pm.

The rheological properties of elastomeric blends
were determined by the known method.® Structural pa-
rameters of filled and unfilled vulcanizates were deter-
mined by sol-gel processes.'’ The change in the com-
pound of polar groups (—C=N, >C=0, C—Cl) during the
aging of unfilled samples was determined using IR spec-
troscopy by changing relative optical density (ROD).

The deformation and relaxation properties of the
elastomer were evaluated after aging at 373-473 K in air
and in benzene.""

Similar experiments were carried out for heat vul-
canizates during their aging under a radiation-absorbed
dose (1000-2000 kGy). The work consisted of three
stages: 1) development of crosslinking systems for SKN-
40M rubber; 2) study of the structural parameters of the
obtained vulcanizates; 3) study of the influence of tem-
perature and radiation on the aging of elastomers in air
and in benzene.

3. Results and Discussion

As a rule, crosslinking of NBRs with low molecu-
lar weight compounds involves the interaction of compo-
nents of different structures. In principle, any technologi-
cal characteristic of a mixture of nitrile-butadiene rubber
and polyvinyl chloride will obviously be a function of the
relative content of structural features of each component.
Therefore, the determination of the viscoelastic behavior
of SKN-40M rubber is the most important test that
crosslinking polymer systems should be subjected to.

Viscoelastic behavior during crosslinking with low
molecular weight compounds is related to the structure
and molecular weight. The results show that mechanical
plasticization of blends (without carbon black) is charac-
terized by a change in plasticity, rigidity, and Mooney
viscosity with an increase in plasticization time (Table 2).
It can be seen that slight changes in plasticity are observed
after 20 min of model blend mechanical plasticization. An
increase in the plasticization time to 30 min leads to minor
changes in the plasticity parameters, and an increase in the
plasticization time to 90 min reduces it sharply. Appar-
ently, this phenomenon is associated with the onset of
degradation in the samples. The subsequent increase in
time of mechanical plasticization of elastomer blends does
not lead to significant changes in the stiffness coefficient
and remains within 1000-1200 gs.
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Table 2. Dependence of the plastic-elastic properties of elastomeric blends (SKN-40M) on plasticization time in mills

(343 Kx 90"
Plasticization time, min. Mooney viscosity, c.u. Rigidity, gs Plasticity, stand. units
10 80 2500 0.60
30 70 2000 0.40
60 60 1500 0.30
90 40 1000 0.25

The decrease in rigidity is obviously associated
with mechanical plasticization and the influence of low
molecular weight compounds under the action of applied
forces, in which free radicals appear. The kinetics of the
change in the inherent viscosity of the elastomer blends is
described by monotonically decreasing curves (Fig. 1).
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Fig. 1. Dependence of the inherent viscosity [1]
of solutions on the plasticization time of filled
blends based on SKN-40M elastomer

At the same time, a high rate of change in the prop-
erties of the mixtures during mechanical plasticization
within 90 min is observed. According to the data on the
intrinsic viscosity of the polymer mixture during me-
chanical plasticization, the molecular weight was deter-
mined to be in the range of 220,000-135,000.

When using carbon black, the crosslinking process
of elastomeric mixtures after heating in an electric press is
characterized by completely different  patterns
(P324+P514). The data obtained (Table 3) indicate that
the plasticity of thermosetting vulcanizates decreases after
40 min from the start of the reaction. The destructive chan-

ges in the thermo-vulcanizates are completed and then the
plasticity increases monotonically until it reaches a con-
stant value within 60 min (1100 gs).

The most critical parameter affecting the network
structure of vulcanizates is the yield change in sol-gel
characteristics.

The result of the sol-gel process of the studied vul-
canizates is shown in Fig. 2, which shows that the amount
of sol fraction depends on the number of network chains
(1/My). The change in the amount of sol at a constant 1/M;
is observed with a change in the molecular weight distri-
bution and is obviously related to the peculiarities of the
adsorption of the elastomer of the dispersed medium
(MMR).
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Fig.2. Dependence of the amount of the sol fraction (S) on the
concentration of the number of network chains of the (1/M,) of
filled vulcanizates based on SKN-40M

The results of determining the structural parameters
of the crosslinked network formed under the action of a
crosslinking agent by the sol-gel process allow us to more
fully characterize the properties of blends based on SKN-
40M rubber obtained with a carbon black.

Table 3. Dependence of the plastic-elastic properties of elastomer blends (SKN-40M) on heating time (423K x 40")

Heating-up period, minutes Mooney viscosity, c.u. Rigidity, gs Plasticity, stand. units
10 90 1800 0.40
20 80 1500 0.35
30 65 1200 0.27
40 55 800 0.20
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The data represented in Fig. 3 show the change in
the number of chains in the crosslinked molecules vs. the
crosslinking time. The results indicate that carbon black
crosslinking occurs more efficiently.
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Fig. 3. Dependence of the structural parameters of the network
of vulcanizates based on SKN-40M on the heating-up period. 1-
number of crosslinked molecules (1/Mn;,); 2-number of network

chains (1/M,)

The experimental data, obtained by us earlier,” and
present observations allow us to present the effect of low
molecular weight compounds on the process of structuriza-
tion of the SKN-40M elastomer as follows. The rate of
crosslinking in the main period can be considered as a con-
sequence of the HCPX formation during thermal dissocia-
tion, which is capable of interacting with the elastomer.

The density of the vulcanization networks obtained
with HCPX wvulcanizates is a consequence of the fact that
the HCPX used has a crosslinking effect, which leads to the
formation of C-C bonds between the elastomer molecules.

It should be mentioned that when the number of
crosslinked molecules in SKN-40M rubber becomes sig-
nificant, the strength of the vulcanizate decreases. Indeed,
as can be seen from Table 4, a decrease in rupture resis-
tance occurs when the C-C chemical bond becomes un-
changed, while its relative elongation decreases, as a re-
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sult, a monotonous increase in the concentration of active
chains (1/M,) is observed.

So, the obtained data allow us to consider that
model systems based on SKN-40M rubber dissociate
completely in the volume of the elastomer during me-
chanical plasticization and low-molecular-weight HCPX
becomes an effective structuring agent for SKN-40M
rubber during heating-up.

Studies have shown that the crosslinking rate of
SKN-40M elastomer increases with the increase in tem-
perature during aging in air (Table 5). The most intense
crosslinking is observed at temperatures above 398 K. The
crosslinking rate increases with increasing temperature
during aging in benzene at 398 K, as well as in air, and
changes insignificantly at temperatures above 398 K. At
the same time, the aging of the elastomer in fuel occurs to
a lesser extent than in air. Compared to aging in air, the
lower degree of elastomer crosslinking in benzene (3:1) is
obviously associated with a decrease in the rates of elas-
tomer oxidation and thermal crosslinking involving nitrile
groups, as well as the effect of swelling on the degrada-
tion and crosslinking processes. On the other hand, a de-
crease in the content of —C=N, >C=0, C-Cl groups is
observed to a greater extent than at 398 K during aging at
473 K.

As can be seen from Table 5, during aging in ben-
zene in a stressed state, a different pattern of changes in
the properties of the elastomer is observed, in particular,
the accumulation of residual deformation with increasing
temperature continuously increases, as in air. The ob-
tained patterns confirm the above conclusions about the
increase in the contribution of destruction during aging in
benzene and in air. The increase in the contribution of
destructive processes in the presence of static stress is one
of the signs of mechanical activation of the chemical
process.

Stress measurements of deformed elastomers ex-
posed to radiation are one of the most common methods
used in the study of radiation aging. It simultaneously
solves two problems: quantification of structural changes
in vulcanizates during thermal irradiation and assessment
of radiation resistance by changes in contact stress, which
is responsible for the sealing ability of the material.

Table. 4. Dependence of vulcanizates properties on the HCPX content in the system

HCPC content (parts per Number of network chains, . . .
100 parts of rubber by 1M... mol/em’ Tensile strength, 5, MPa Relativity elongation, &, %
weight) ©
0.5 1.7 11.0 720
1.0 2.4 13.0 640
1.5 3.6 15.0 600
2.0 5.1 16.0 580
2.5 7.6 18.0 540
3.0 9.1 20.0 510
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Table 5. The effect of temperature on the aging of the elastomer based on SKN-40M in air and in benzene

Degree . S
Equilib
of cross- | Change in the content of polar groups Defozrglr?ltrl)i);lszit);mder fil ! g;lcmo/ Stress relaxation
\ . . . e modulus 0
! 11(11(1%(413&;) in elastomers during their aging in air (E. resid. 20 %. 24h) from baseline 61/09 MPa (24h)
)
;:;:0 In £aso- In £aso- In £aso- ‘ In £aso-
mair | 1 | coN | cc1 | =0 | mair fine n fine n fine
benzene benzene air benzene air benzene
(3:1) (3:1) (3:1) (3:1)
373 9.7 3.6 0.44 0.31 0.57 60 40 20 40 0.9 0.8
398 12.8 5.9 0.38 0.27 0.50 70 50 40 60 0.8 0.7
423 16.0 83 0.30 0.22 041 80 65 60 80 0.7 0.6
473 21.0 124 0.22 0.17 0.36 90 75 80 100 0.7 0.5
Table 6. Effect of radiation on the aging of SKN-40M elastomer in air and in benzene
Cross-link Deformation set e
2 Equilib
2 yield, Change in the content of polar groups in | under compression dqlln ! ru:cm 0 Stress relaxation
g N.107, elastomers during their aging in fuel (E. resid. 20 %. mf(; U uS’ E i /o 61/09 MPa (24h)
£ | bond/em’ 24h) om baseline
§ In gaso- In gaso- In gaso- In gaso-
S . line . line In line In line
172] = =
j,::’ In air benzene -GN & HE=0 In air benzene | air benzene air benzene
(3:1) (3:1) (3:1) (3:1)
1000 14.5 22 0.31 0.39 0.66 30 20 100 80 07 0.8
1250 16.8 3.6 0.27 0.34 0.60 60 30 120 90 0.6 0.5
1500 20.1 4.7 0.21 0.30 0.56 80 60 118 100 0.5 0.6
2000 224 5.5 0.19 0.28 0.49 100 85 118 90 04 0.6

The study of changes in the concentration of
crosslinks in unfilled heat vulcanizates under the influence
of radiation after aging showed the presence of co-
vulcanization, i.e., the formation of a three-dimensional
structure due to the interaction of polymer radicals formed
during elastomer irradiation. Table 6 shows that, when
heat vulcanizates are irradiated with a dose of 2000 kGy,
the yield of crosslinks (N.) in the elastomer is 22.4.109
bonds per 100eV of absorbed energy. The radiation-
chemical processes are intensified at dose rates above
2000 kGy.

The study of the change in the composition of polar
groups in irradiated heat vulcanizates in benzene showed
that oxidation processes are practically not manifested up
to a dose of 1500 kGy. To perform a quantitative com-
parison of the change in unsaturation, heat vulcanizates
were irradiated with a dose of up to 2000 kGy in order to
obtain a high-density network. The use of such high doses
for comparison is legitimate, since the rate of change in
unsaturation remains constant at a dose of 2000 kGy. The
observed absorption bands at specific wavelengths
(970cm’™ cm indicating alterations in 1,4 cis double bond
configurations, 2240 cm’ suggesting changes in —C=N
groups, cm’ indicating the presence of C—Cl groups, and

1720 cm™ signifying modifications in >C=0O groups) in
the context of vulcanizates imply structural and chemical
alterations resulting from irradiation."’ The change in
these bands after exposure to benzene can be caused by
cis-trans isomerization after irradiation, as well as by the
consumption of double bonds. Increasing the irradiation
dose over 2000 kGy leads to a 9 % decrease in cis-
unsaturation.

Thus, the observed changes in the properties of ir-
radiated heat vulcanizates during aging in fuel at a dose of
more than 1500 kGy are explained by oxidation processes,
and at a dose of more than 2000 kGy, destructive proc-
esses are observed in the polymer, which contributes to a
significant drop in unsaturation.

It is known that NBR-based elastomers are widely
used in nuclear engineering for the manufacture of elas-
tomeric sealing materials. Therefore, the study of the
regularities of radiation aging of these elastomers in a
wide range of absorbed doses depending on the chemical
nature of the elastomers is of considerable interest. The
aging of elastomers in a wide range of absorbed doses can
be characterized by changes in deformation during com-
pression (E, %), the equilibrium modulus (E, %), and the
stress relaxation rate under static tests.
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The radiation resistance of elastomeric materials
in a compressed state is assessed by the absorbed dose, at
which it is 80 %, and 61/c, = 0.2.7

The data obtained (Table 6) indicate that the
crosslinking of residual deformations prevails in E, and
relaxation is insignificant in cases where there is a sharp
increase in the equilibrium modulus in air and in fuel. On
the contrary, the accumulation of residual deformations
changes insignificantly with a small increase in the equi-
librium modulus but the stresses relax at a high rate.
Unlike the thermal aging of an elastomer, there is no cor-
relation between the rate of residual deformation accumu-
lation and the rate of stress relaxation during radiation
aging. The residual deformation of the elastomer at doses
of 1000-2000 kGy monotonically increases and amounts
to 40-45 %, i.e., the elastomer in this case should practi-
cally not work as a sealant. At doses of 2000 kGy, the
stress drops by no more than 20-30 %.

So, the evaluation of the radiation resistance of
elastomeric materials can be carried out both by the
change in stress relaxation and by the accumulation of
residual deformation. When choosing elastomeric materi-
als for operation under dynamic conditions and other
types of aging, radiation resistance should be character-
ized by changes in dynamic characteristics.

4, Conclusions

The abovementioned experimental data allow us
to present the behavior of high- and low-molecular-weight
compounds as crosslinking agents and explain their dis-
tinctive features. The rate of NBR crosslinking with
HCPX in the main period can be considered as a conse-
quence of the formation of low molecular weight products
capable of interacting with NBR during thermal dissocia-
tion. The density of the vulcanization networks obtained
under the influence of HCPX, DCDEAST, DMPM, and
7Zn0 is a consequence of the fact that the used compo-
nents have a crosslinking effect, which leads to the forma-
tion of C-C crosslinks between the elastomer molecules.
Crosslinked NBR with a stabilizer (DCDEAST) has a
series of positive qualities: it retains its average molecular
weight, which has an excellent effect on the elasticity of
composites, and the stiffness of vulcanizers is reduced by
2 times. The use of maleimide compounds as a sensitizer
reduces the absorbed dose and radiation resistance. The
assessment of thermal and radiation resistance of elas-
tomeric materials can be characterized by changes in
stress relaxation and the accumulation of residual defor-
mation.
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BILIUB CKJIAJLY
I CTPYKTYPU CYMILIENA EJACTOMEPIB
HA OCHOBI BHK B ITPOLIECI BYJIKAHI3ALI{
TA JOCJIKEHHS iXHbOI'O CTAPIHHS
ITJT JIIEFO TEILIA 1 PAIIAIIT

Anomauin. /locnioxceno npoyec 8yaxauizayii enacmo-
MEPHUX CyMIueli Ha OCHOBI XI0POBAHO20 APOMAMUYHO2O Him-
pun-6ymaoiernogoco kayuyky (CKH-40M). Ha npuxnadi cymiwi
6YMAdIEH-HIMPUILHORO KAYUYKY 3 HOJIBIHIIXAOPUOOM OQOCI-
00ICEHO CMPYKMYPHI napamempu (MOJIEKYIAPHA Macd, NAaAChmu-
YHICMb, JHCOPCMKICMb, KLTbKICMb JIAHYI02I8 CIMKU, 3uumi MoJle-
KYAU) 6 mepMOoGYIKAHIZaAmMax 3a 00NOMO20 GICKO3UMempii ma
30/1b-2€/lb NPOYEC).

Kniwouosi cnosa: peonocis, eynxamizayis, cexcaxiopo-
napa-KcuieH, HimpuioymaoieHo8ull Kayyyx, 3uU6anHs.



