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Objectives. The main indicator that determines electrical conductivity of rubbers is specific
volumetric electrical resistance (p,). The purpose of this work is to investigate changes in this
indicator during swelling and deswelling of electrically conductive rubbers. When considering the
swelling process of rubbers in liquid media at a molecular level, an analogy of this process with
mechanical deformation of the material is drawn and common features and differences of these
processes are revealed.

Methods. For rubber compositions based on paraffinate and alkyl sulfonate nitrile butadiene
rubbers, the degree of their swelling and the change in linear dimensions in heptane and in
gasoline grades 80, 92, and 95 were determined. The p value was determined by a potentiometric
method: the initial value was measured after temperature control of rubbers for 1 h at 120°C,
and the second measurement was carried out after these rubbers were swollen in the solvents
for 48 h, followed by drying at 20°C to a constant weight and repeated temperature control
under the same conditions. Using an IR Fourier spectrometer, spectra of the solvents used were
obtained before and after identification of the investigated rubber samples in them.

Results. It was shown that the type of rubber and solvent used influence the degree of rubber
swelling. Rubber compositions based on natural rubbers with a large amount of attached
acrylonitrile, obtained in the presence of an alkyl sulfonate emulsifier, have the highest
resistance to swelling. The effect of the used solvent on the change in the degree of swelling is
determined by its affinity for rubber and the presence of polar additives that increase the octane
number of gasoline. It was established that the linear change of the samples upon swelling in
the indicated solvents varies according to the length and thickness of the samples. Results show
that depending on the type of rubber used and the degree of its filling, the described rubber
processing technology leads to a decrease in the p value by 2 to 20 times. The greatest effect of
p, reduction is observed in low-filled rubber compositions based on paraffinate nitrile rubbers.
The spectra of the frustrated total internal reflection of the solvents after their interaction with
the studied rubbers show that particulate extraction of dibutyl phthalate, which was used as a
plasticizer in rubber compounding, takes place as a result of rubber swelling.
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Conclusions. The proposed method of rubber processing reduces the p value by removing dibutyl
phthalate from the studied rubbers and forming a more developed carbon-elastomer structure.
Furthermore, it solves the problem of the negative effect of the plasticizer on the p value of rubber
without excluding it from the rubber composition.

Keywords: rubber, specific volume electrical resistance, deformation, degree of swelling, linear
change, reduction factor, dibutyl phthalate, extraction, developed carbon—elastomer structure
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IMenu. OcHo8HbLM nokazamesiem, ONPeoenstoUUM SNeKmpPonpPo8OOHOCMb pe3UH, S8Semcs
yoenvHoe obbemHoe anekmpoconpomuaneHue. Llenv pabomul — uccnedosames udmeHeHust OGHHO-
20 nokasamesst npu HAbYXaHUU U OMOYXAHUU I1eKMponpo8oosuux pe3uH. IIpu paccmompeHuu
npouecca HabyxaHust pe3ur 8 JKUOKUX Cpedax Ha MONEKYAIPHOM YPO8He NposedeHa aHAL02USL
amozo npouecca ¢ mexaHuueckoll oepopmayueli mamepuana, esblssieHbl oduiue uepmot U pas-
JAUUUSL IMUX NPOUECCO8.

MemoobL. /Ina pe3ut HA 0OCHO8E NAPAPUHAMHBLX U AKULCYIbPOHAMHBIX OYymadueH-HUmpusio-
HbLX KayuyKkos bbliu onpedeseHbl cmeneHs UxX HabYXaHust U UsmMeHeHUe JAUHEelHbLX pa3mepos 8
eenmatre, 6eH3uHax mapok AH-80, AH-92, AH-95. YoenvbHoe o6bemHoe aieikkmpoconpomugieHue
onpedeneHo NOMeHYUUOMEMPUUECKUM MEMOOOM: UCXOOHOEe 3HAUEHUE USMEPEHO NOoCle mepmo-
cmamuposaHust pesuH 8 meuerue 1 u npu 120 °C, a noemopHoe usmepeHue nposeoeHo nocse
HabYyxaHusl amux pe3uH 8 pacmeopumensx 8 meueHue 48 u ¢ nocnedyroweti cywrxoi npu 20 °C
00 NOCMOSAHHOU MACCHL U NOBMOPHO20 MEPMOCMAMUPO8AHUSL NPU mex ske ycaosusix. C nomouwbro
HK-cnekmpomempa Pypwe bbuiu noayueHsl cnekmpst pacmeopumeneti 00 U nocsie HaxoxRo0eHust
8 HUX UCCIe008AHHbBLX PE3UH.

Pesynemameut. [IokasaHo, umo HA cmeneHb HAbYXAHUSL pe3ur oKasbleaem eausiHUue mun uc-
nosb3yemozo Kayuyka u pacmeopumens. Haubonoswieii cmotikocmsto K HabyxaHuto obradarom
Ppe3uHbL Ha 0CHOBE KAYUYKO8 C HONbUUM Koauuecmaom npucoedurHeHHozo HAK, nonyuerHsle &
npucymemeuu anKuACYIbPOHAMHO20 dIMYyaveamopa. BausHue uchonszyemozo pacmeopumenst
HO UsMeHeHUe cmeneHu HaAbYXaHus onpedensiemest e2o0 Cpo0CmMeoM K KaAyuyky u Haauwuem no-
JSPHBIX 006A8OK, NOBLILUAIOUUX OKMAHO80E UUCA0 OeH3UHA. YCMAaHO8NEHO, Umo USMEHEeHUEe SiU-
HeliHbLX pasmepos 06pas3yuo8 npu HabYxXaHuU 8 YKa3aHHbLX pacmeopumensix pasiuuHo no oAuHe
u moawure obpasya. Pesynomamul usmeperust yoeabHozo 06seMHO20 31eKMpPOCONPOMUBIEHUSL
noxkasasu, umo 8 3a8UCUMOCMU OM MUNA UCNOABb3YEeM020 Kayuyka u cmeneHu e20 HanoaHeHus
ONUCAHHASL MeXHo02Usl 00pabomKu pe3uHsbl NPUBOOUM K CHUIKEHUIO OAHH020 nokazamesst om
2 0o 20 pasz. Haubonvwiuil achgpexm CHUIeHUSL YOerbH020 06beMHO20 dAeKmMpoConpomueieHUs
Habodaemest Y MANLOHANOSIHEHHBLX pe3UuH HA OCHO8e NapaduHamHblx 6ymadueH-HUmpuibHbLX
rayuykos. [IpedcmagnerHble 8 pabome chekmpbl HAPYULEHHO20 NOJIHO020 BHYMPEHHe20 ompaike-
HUsl pacmeopumesieil nocae Ux 83aumooeticmaust ¢ UCC1e008aHHbIMU Pe3UHaMU NoKa3aiu, 4mo
8 pe3ysbmame HAbYXaHust pe3uH Npoucxooum uacmuuHdsl IKCMpaKyust U3z Hux oubymungpma-
slama, UCnob308AHH020 8 peyenmype 8 Kauecmaee niacmugpuramopa.
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Bbteoout. [Iped iorkeHHbLl cnocob 06pabomru pesutbl N0380Jslem CHUSUMb ee YyoeslbHoe 0bbem-
Hoe 3/leKmpoconpomueieHue 3a cuem YyoaneHus us Hee oubymuagpmanama u popmMuposaHust
6osiee pazeumoti Yenepoo-a1acmomepHOll. cmpyKmypsl U peuums npobremy ompuyamenbHozo
BIUSIHUSL NIACMUPUKAmMopa Ha YyoenbHoe 0b6bemHoe daeKxmpoconpomueieHue pesur 6es uckio-

UeHusl e2o us cocmaesa pe3LLHOGOl7. cMmecu.

Knroueevle cnoea: pesura, yoenvHoe obbemHoe aeKxmpoconpomusieHue, oepopmayust, cme-
neHb HAbYXaHusl, USMEeHEeHUE AUHEUHbLX Pa3mMepos, KpaAmHOCMb CHU KeHUsl, dubymungpmanam,
IKCMPAaKyusl, pasgumast Yyanepoo-saacmomepHast CmpyKmypa

Jna yumupoeanus: Kosanesa JIA., OcsaankoB H.5., 3yeB A.A. VI3MeHeHHe 2M1eKTpUUECKUX XapaKTePUCTUK PE3HH B Tpoliecce
«HabyxaHue-otOyxanuey. Tonkue xumuueckue mexronoeuu. 2020;15(6):56-66. https://doi.org/10.32362/2410-6593-2020-15-6-56-66

INTRODUCTION

Rubbers, like the vast majority of currently
known polymers, are dielectrics. However, it is
possible to make electrically conductive rubber
compositions, which are widely used in various
industries and in everyday life, and their range of
applications is constantly expanding. To create such
materials, special grades of carbon black are added
into elastomers, which have high specific adsorption
surface, dispersion, structure, and roughness [1-3].
These indicators play a decisive role in the formation
of a developed spatial carbon—elastomer structure,
which ensures charge transfer during direct contact
of filler particles or through thin rubber layers by a
tunneling mechanism [4-7].

The level of electrical characteristics of
electrically conductive rubbers determines their
specific volumetric electrical resistance, p . A decrease
in the p_value results from increasing the content of
electrically conductive filler or using filler with a
higher level of specific adsorption surface, dispersity,
and structure [8, 9]. However, after reaching the
optimum filling, a further increase in the content of
carbon black causes a sharp increase in the viscosity
of the rubber compound and, as a consequence, a
deterioration in the processability of the composition,
a decrease in the elastic-strength properties of
rubbers, and an increase in their cost [10]. The gain
in electrical characteristics of the material when filled
above the optimum is relatively small.

The current level of development of science,
technology, and medicine requires finding new
approaches to improving the electrical characteristics
of rubbers, for example, using the influence of
external factors on the carbon—elastomer structure
already formed in the process of rubber production.

It is known from the literature [11] that the
specific volumetric electrical resistance of rubber is
influenced not only by various technological factors,
such as the order of addition of ingredients and

vulcanization, or prescription factors (introduction of
plasticizers and fillers into the rubber mixture) but
also by the conditions of its operation. These include
the effect of elevated temperature, the presence of
deformation, the deformation rate and magnitude,
and the degree of swelling of rubber in solvents.

The effect of elevated temperature on rubber
leads to a noticeable decrease in the p value of
the wvulcanizate [12], which, according to many
researchers, is associated with the desorption of the
elastomer from the surface of carbon black particles
and the formation of larger extended structures—
clusters, which facilitates charge transfer. In this
case, the intensity of the decrease in the p  value is
determined by the temperature acting on rubber.

When a sample of an electrically conductive
rubber is deformed by stretching, compression, or
shear, a number of complex processes occur in it,
leading to a nonmonotonic change in the initial
specific volumetric electrical resistance: an increase
in the p  value upon deformation of up to 50% due
to destruction of the carbon—elastomer structure, a
subsequent decrease in the p value due to orientation
of the elements of the carbon—elastomer structure
along the direction of deformation at its significant
value, and a sharp increase in the p value upon
removal of the deforming force and reduction of
sample due to disorientation of the carbon—elastomer
structure [11]. Thus, any deformation of tension,
compression, and shear of a sample of an electrically
conductive rubber will ultimately lead to a significant
increase in the p value, making it more electrically
conductive.

According to the general definition of the concept
of “deformation,” swelling of rubbers in liquid media
can also be considered as their deformation. When
consideringtheprocessofswellingatamolecularlevel,
direct contact of rubber and liquid leads to diffusion of
the latter into the sample volume due to the presence
of free space between elastomer macromolecules.
Due to this, liquid molecules easily and quickly
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penetrate between macromolecules, pushing and
deforming molecular chains. The amount of solvent
absorbed by rubbers is different and is determined
by the affinity of the elastomer and the solvent, the
time of their interaction, as well as the density of
the spatial vulcanization network. However, when
rubber swells, in contrast to tensile, compression, and
shear deformation, the sample volume increases and
all of its linear dimensions simultaneously increase.
This, naturally, is accompanied by an increase in the
distance between filler particles, which complicates
the charge transfer and leads to a noticeable increase
in the p_ value.

However, in the process of solvent evaporation—
“deswelling” of rubber—the initial electrical
conductivity is restored. Thus, the nature of the effect
on the electrical conductivity of rubbers is one of the
main differences in the deformation process during
swelling and deswelling from, for example, stretching
the sample under mechanical action and returning
it to its original state, and it requires more careful
attention and study.

In this regard, the purpose of this work is to study
the change in the p value of electrically conductive
rubbers during the swelling and deswelling process.

MATERIALS AND METHODS

Elastomeric compositions based on nitrile
butadiene rubbers (NBRs) were manufactured
and investigated: NBRI18 and NBR26 (alkyl
sulfonate), and NBR1845 and NBR2645 (paraffinic)
(Krasnoyarsk Synthetic Rubber Plant, Russia).
These brands of rubbers differ not only in the
content of bound acrylic acid nitrile but also in the
type of emulsifier used during the polymerization
process, which has a decisive effect on both the
vulcanization properties and the physicomechanical
and operational properties of rubbers [13-16]. In
order to impart electrically conductive properties
into rubbers, mixed compositions [17] were used,
consisting of conductive carbon black grade UM76
(KHIMPLAST, Russia), the content of which varied
from 25 to 50 mass fractions in combination with
50 mass fractions of low-activity carbon black P803
(Tuymazytehuglerod, Russia) and 10 mass fractions
of graphite GK-1 (Zavalivskiy Graphite, Ukraine).
Mixture composition of fillers provides the rubber
compound with satisfactory processing properties
even with a total filler content of 110 mass fractions
per 100 mass fractions of natural rubber, and rubbers
have high and stable electrical characteristics. For
vulcanization, a standard vulcanizing group was used,
consisting of zinc oxide, stearic acid, sulfenamide C,
and sulfur (VitaKhim Group, Russia). In addition,

to facilitate processing operations, dibutyl phthalate
(DBP) (RosKhim Group, Russia) was used.

Elastomeric compositions were made on LB
320 160/160 rollers (Metallist, Russia), and the
electrically conductive filler was introduced into
the rubber mixture already containing carbon black
P803 [9]. After curing, the rubber compounds were
vulcanized at the optimum vulcanization time
determined on an RPA-2000 rheometer (Alpha
Technologies, USA). Degree of swelling of rubbers
after 48 h of exposure to organic solvents (heptane
(ORGKHIM, Russia) and gasoline grades AI-80, Al-
92, and AI-95 (Gazpromneft-MNPZ, Russia)) was
determined in accordance with GOST 9.030-74!.

The main characteristic of electrically
conductive rubbers— the indicator of the specific
volumetric electrical resistance—was determined by
a potentiometric method (ISO 1853:19982). Before
measurements, the rubber samples were thermostated
for 1 h at 120°C. After measuring the initial p_ value,
they were placed in the organic solvents for 48 h.
After that, the solvent was completely removed by
drying the swollen samples to a constant weight at
a temperature of 20°C and thermostated them again
in an air thermostat for 1 h at 120°C, and then the p_
value was measured.

To determine the nature of substances extracted
from the rubber samples as a result of exposure to the
solvents, spectra of the solvents used were obtained
by an IR Fourier spectrometer (Bruker, Germany)
before and after identification of the investigated
rubbers in them.

RESULTS AND DISCUSSION

The values of the degree of swelling of the
manufactured rubbers are given in Table 1.

Thedatain Table 1 show thatthe degree of swelling
is determined by the type of rubber and solvent used.
More resistant to swelling are rubber compositions
based on rubbers with a high content of acrylonitrile
(ACN), regardless of the type of emulsifier used.
Rubber compositions based on paraffinic rubbers are
inferior in resistance to swelling compared to those
that are based on alkyl sulfonate rubbers. This is
especially pronounced for rubbers based on rubbers
containing 18% ACN.

The type of solvent used has a significant influence
on the degree of swelling of rubbers. The smallest

' GOST 9.030-74. Unified system of corrosion and ageing
protection. Vulcanized rubbers. Method of testing resistance
to attack by corrosive media in limp state. Moscow:
Standartinform; 2008.

2 ISO 1853:1998. Conducting and dissipative rubbers,
vulcanized or thermoplastic — Measurement of resistivity.
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Table 1. Degree of swelling of rubbers in the organic solvents

(for example, rubber containing 35.0 mass fractions of carbon black UM76)

Degree of swelling after 48 h, %
Elastomeric rubber base
Heptane AI-80 AI-92 AI-95
NBR18 1.6 30.7 18.7 36.1
NBR26 —-0.8 15.1 11.4 17.7
NBR1845 5.0 42.6 39.2 60.0
NBR2645 -0.8 14.9 14.0 20.3

degree of swelling was observed in heptane due to a
significant difference in the solubility parameters of
the rubber samples and the solvent. For rubbers based
on NBR26 and NBR2645, there was even a decrease
in the mass of samples after swelling compared to the
initial values. This is probably due to leaching of some
of the ingredients from the sample during its swelling.
The studied rubbers swelled more intensively in
gasoline grades AI-80, AI-92, and AI-95 than in heptane,
which is due to the presence of polar additives in
their composition that increase the octane number.
By increasing the degree of swelling, the gasolines
used in this work can be arranged in the following
sequence: AI-95 > AI-80 > AI-92. An increase in
the content of ACN in rubber leads to a noticeable
decrease in the influence of the gasoline brand on the
degree of swelling of rubbers.

Table 2 shows the change in the linear dimensions
of the rubber samples based on NBR18, containing
30.0 mass fractions of conductive carbon black
UM?76, 50.0 mass fractions of low-activity carbon
black P803, and 10.0 mass fractions of graphite
GK-1, before and after their swelling in the selected
solvents.

The data presented in Table 2 clearly demonstrate
a significant change in the linear dimensions of the
samples after prolonged (48 h) exposure to the solvents,
which is evident of the occurrence of deformation
processes that affect the carbon—elastomer structure
formed in the rubber compounds. It can be noted that
the degree of deformation of the samples along the
length and thickness was different under the action of
any of the considered solvents, i.e., the sample was
unevenly deformed upon swelling. The amount of
deformation along the thickness of the samples was
noticeably greater than the deformation along the
length for all the samples and media.

Thus, the solvents used in this work interacted
to varying degrees with the studied rubbers from the
point of view of the intensity of their absorption by

the test material and, consequently, the change in
the size of the swollen samples. This allows a more
complete assessment of the effect of deformation
process during swelling on specific volumetric
electrical resistance.

Figures 1-4 show the dependence of the p,
value on the content of technical carbon in rubber,
as well as the reduction factor of the p value, which
was determined as the ratio between the values of
this indicator before and after the above-described
exposure.

As seen from Figs. 1 to 4, swelling of the rubber
samples in any of the considered solvents followed by
the complete removal of the solvent according to the
scheme described above made it possible to obtain a
material with a lower specific volumetric electrical
resistivity as compared to the initial value. The
reduction factor of the p value varied over a wide
range of values. From the presented data, it can be
seen that the greatest effect of reducing the p value
was observed for rubbers containing the minimum of
the considered dosages of electrical conductive carbon
black UM76 (25 mass fractions). The reduction factor
of the specific volumetric electrical resistance for
these rubbers was 15.0-20.5. For rubbers with carbon
black UM76 content of 30 mass fractions and more, the
effect of reducing the p value was less pronounced;
the reduction factor was in the range of 1.1-5.0.

It should be noted that the type of elastomeric
binder used to obtain electrically conductive rubbers
[14] affects the p value of the material obtained
by the method described above. The increase in the
reduction factor of the p  value was most pronounced
for rubbers based on paraffinic NBR.

When comparing the electrical properties of
equally filled rubbers based on the studied rubbers, it
can be noted that the reduction factor of the p value
for most rubbers increased with an increase in the
degree of swelling and, accordingly, an increase in
their deformation during the swelling process.
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Table 2. Change in the linear dimensions of the rubber samples based on NBR18
before and after swelling in various solvents

Sample linear dimension value
Linear dimension and mass of sample Change, %
Before swelling After swelling
Heptane
Width, mm 1.87 1.94 3.74
Length, mm 60.0 61.0 1.67
Mass, g 1.926 1.963 1.92
Gasoline grade AI-80
Width, mm 1.87 2.29 22.5
Length, mm 60.0 68.0 13.3
Mass, g 1.930 2.580 33.7
Gasoline grade AI-92
Width, mm 1.87 2.21 18,2
Length, mm 60.0 67.0 11.7
Mass, g 1.912 2.408 25.9
Gasoline grade AI-95
Width, mm 2.08 2.56 23.1
Length, mm 60.0 69.0 15.0
Mass, g 2.139 2.934 37.2
25
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Fig. 1. Dependence of the p_ value on the content of carbon black UM76 (a) and reduction factor of the p_ value (b)
for electrically conductive rubbers based on NBR18:
(1) before interaction, (2) heptane, (3) AI-80 gasoline, (4) AI-92 gasoline, and (5) AI-95 gasoline.
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Fig. 2. Dependence of the p  value on the content of carbon black UM76 (a) and reduction factor of the p_ value (b)
for electrically conductive rubbers based on NBR26:
(1) before interaction, (2) heptane, (3) AI-80 gasoline, (4) AI-92 gasoline, and (5) AI-95 gasoline.
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Fig. 3. Dependence of the p_value on the content of carbon black UM76 (a) and reduction factor of the p_ value (b)
for electrically conductive rubbers based on NBR1845:
(1) before interaction, (2) heptane, (3) AI-80 gasoline, (4) AI-92 gasoline, and (5) AI-95 gasoline.

The results shown in Figs. 1-4 show that an
increase in the content of carbon black UM76 in
the mixed filler in the dosage range of 25-50 mass
fractions, in the case of rubber processing according
to the proposed technology, changed the value of the
p, value within the same order. Thus, the considered
method of rubber processing allows reducing the
content of the expensive filler in the composition,
which will lead to a decrease in the cost of the material
and an increase in the complex of technological and
physical and mechanical properties of rubbers.

When rubber swells, solvent molecules increase
the distance between macromolecules, which can
facilitate the transition of the rubber ingredients into

the solvent. Therefore, it is natural to assume that the
effect of reducing the p  value of rubbers upon contact
with the organic solvents is due to the processes of
extracting ingredients from rubber that affect the
formation of the carbon—elastomer structure and the
formation of a more developed carbon—elastomer
structure during the removal of the solvent.

Figures 5 and 6 both show the spectra of the used
solvents before and after identification of the studied
rubbers in them, which were obtained using an IR
Fourier spectrometer.

When comparing the IR spectra of the solvent
(AI-95 gasoline) before and after its interaction
with the rubber compositions based on NBRI1S§
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and NBR1845 (Figs. 5 and 6), one can note the
appearance of bands, indicating that low-molecular
substances are extracted as a result of the swelling
process of the samples with the solvent. For all the
considered solvents, the presence of characteristic
absorption bands at 1284 and 1121 cm™' can be noted.
According to [18], such bands are characteristic of
compounds containing an ether group. In the rubber
samples investigated in the framework of this work,
of all the ingredients in their composition, the ether
group is contained only in the plasticizer dibutyl
phthalate.

The negative effect of a plasticizer on the
electrical conductivity of rubbers while maintaining
a constant content of carbon black is understandable
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and has been known for a long time. However, its
exclusion from the rubber composition in order to
reduce the p value is not always possible. In the
case of rubber compounds based on NBR, due to
their high polarity and, as a result, high viscosity, the
absence of a plasticizer complicates the production
and processing on mixing and forming equipment.
In this regard, in the case of electrically
conductive rubbers based on NBR, a choice arises
between making a more technologically advanced
rubber compound and obtaining a finished product
with a higher level of electrical characteristics. The
processing method considered above makes it possible
to eliminate the negative effect of the plasticizer
on the p value of the material. After selecting the

Reduction factor of p,

30
Content of carbon black, wt. fract.

b

Fig. 4. Dependence of the p  value on the content of carbon black UM76 (a) and reduction factor of the p_ value (b)
for electrically conductive rubbers based on NBR2645:
(1) before interaction, (2) heptane, (3) AI-80 gasoline, (4) Al-92 gasoline, and (5) AI-95 gasoline.
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Fig. 5. Attenuated total reflection spectrum of AI-95
gasoline before and after interaction with the rubber
compositions based on NBR18.

After interaction with rubber
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Fig. 6. Attenuated total reflection spectrum of AI-95
gasoline before and after interaction with the rubber
compositions based on NBR1845.
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appropriate solvent, the described method can also
be applied to rubbers for general applications [19].

CONCLUSIONS

Thus, the paper considers a method of directed
physical action on the carbon—elastomer structure
formed in rubber during its manufacture, which
provides a 2- to 20-fold decrease in the p  value of
electrically conductive rubbers. A decrease in the p_
value upon contact of an elastomeric material with
a certain solvent occurs due to the formation of a
more developed carbon—elastomer structure during
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