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Abgract. The influence of a carbon nanomeaterial
obtained in a high-voltage discharge plasma on the
endurance of eastomer compositions has been
investigated. Complex tests of elastomeric compositions
with highly dispersed carbon additives dlowed us to
confirm the model of nonlinear elastic deformation of
macromol ecules and adhesion between the elastomer and
the nanoparticles. The results of these investigations agree
with those obtained in determining the Mooney viscosity
and relaxation, the parameters of the vulcanization
kinetics of rubber mix, conventional tensile strength, and
relative breaking elongation of highly filled rubbers based
on butadiene-nitrile caoutchoucs. To verify the assumed
mechanism underlying the action of a carbon
nanomaterial on elastomer compositions, the parameters
of their vulcanizing network have been determined using
the method of equilibrium swelling.

Keywords: butadiene-nitrile caoutchouc, rubber, carbon
nanomeaterials, nanotubes, nanofibers, relaxation of rubber
mix, elastic-hysteresis property, vulcanization kinetics,
crosslink density.

1. Introduction

Performance requirements to rubber products are
constantly increasing. Thisis due to the expansion of their
areas of application and the tightening of the conditions of
the use. Therefore, the research on various methods
dealing with improving the properties of rubber and
improving the mix formulations of eastomeric
compositions is a promising direction. Adjustment of
guantitative and qualitative content of ingredients allows
improving the complex of technical properties of products
without changing the design of equipment and
technological methods of production. This leads to an

increasing use of composite materials with a complex
structure involving components that have high dispersion
ability.

Failure resistance, deformation and strength
properties of the materials including nanomaterials are
significantly determined by the inhomogeneity of their
structure.

Mechanical properties of composite materials are
determined by the interaction of the elastomer and fine
component at the phase boundary.

2. Experimental

We investigated a filled elastomer composition
based on butadiene-nitrile caoutchouc with a content of
bound acrylonitrile of 17-23 wt %. The high dispersion
additives introduced into rubber mixtures ranged from
0.05 to 0.2wt parts per hundreds of caoutchouc. For
comparison, we used samples free from a nanoadditive.
As a highly dispersed additives the fraction of the carbon
nanomaterial (CNM) are used.

The starting carbon nanomaterial was obtained in a
high-voltage discharge plasma, and then, after complex
acid treatment and annealing, it was divided into fractions
by ultrasound. The following fractions were used as
additives to elastomer compositions: a “film” involving
graphite and amorphous carbon particles, relatively large
ranges of nanotubes and fibers, and a *“suspension”
consisting of separate carbon nanotubes with traces of
other allotropical modifications.

Development of CNM was initiated in HMTI of
the NAS of Belarus. Now they are produced at the FPE
“Promising Investigations and Technologies’ (the city of
Minsk) under the name of “ ART-nano” specifications BY
690654933.001-2011. In Fig. 1 TEM-pictures of additives
are presented.
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Fig. 1. TEM- pictures of the“film” (a) and “suspension” (b) fractions

The Mooney viscosity was determined with
MV2000 viscometer and tests were conducted employing
the procedure similar to that recommended by ASTM
D1646-07. The parameters of the vulcanization kinetics
were determined with the aid of an ODR2000
vibrorheometer in accordance with the state standards.
Crosslink density was measured by means of equilibrium
swelling method. The test on the rotorless shear rheometer
(in accordance with ASTM D6601-02) was used for
evaluating cure and dynamic property differences resulting
from the use of carbon nanotubes in various dosage. In the
work a physical rdaxation of tension of vulcanized stocks
was also defined. Additionally, the method of dynamic
indentation alowed us to estimate the tangent of the
mechanical loss. The essence of the method is striking with
adiff indenter on test material inasingle pulse mode. After
that electrical signal was recorded during impact, further it
was converted into a chain of dependencies that alows
obtaining physico-mechanical properties of the materia
upon impact. The method is implemented in the device
“1PM-1K", developed at the Institute of Applied Physics of
the National Academy of Sciences.

3. Results and Discussion

The rubber composition should provide a product
with the specified performance characteristics and it still
should be manufacturable at processing. The viscosity of
the material determines the dynamics of the processing; it
is a measure of material resistance to gradual deformation
by shear stress or tensile stress. That parameter is a
measure of the force which should be applied to the
material for its flow at a given rate at various steps of the
process [1, 2]. Introduction of fine component will affect

the plastoelagtic properties of elastomeric compositions. It
is difficult to estimate interaction between matrix and
carbon nanomaterial and to determine the mechanism of
this process. This is due to the fact that originally the
composition contains a large amount of ingredients and it
is highly filled. Inactive carbon blacks with a particle size
ranging from 9 to 320 microns are used.

The data obtained in the course of the tests
(Table 1) indicate that the introduction of carbon nanoc-
materials into elastomeric compositions based on buta-
diene-nitrile caoutchouc reduces the Mooney viscosity by
14 %. Minimum values of Mooney viscosity are observed
in rubber mixtures containing fraction “suspension” in a
dosage of 0.1 phr, containing “ film” — 0.2 phr.

The data obtained after tests (Table 1 and Fig. 2) on
stress relaxation show that samples of elastomeric
composition having the minimum Mooney viscosity are
naturally characterized by a higher rate of stress
relaxation. Thisis dueto the increased segmental mobility
of macromolecules in caoutchouc. Samples of rubber
mixtures containing fraction “suspension” in a dosage of
0.1 phr, have values of Slope and Relaxation coefficient
totaled -0.417 and 51.7 % (sample comparisons matter
dope is -0.386 and K, = 49.7 %). When adding “film”
fraction in a dosage of 0.2 phr the values of the indicators
are: dopeis-0.406 and K; = 50.8 %.

The authors [3, 4] indicate that the linkage of
macromolecules elastomeric matrix with filler is not
absolutely rigid, and under shear loading the matrix (due
to the “mobility” of the adsorption bond) is able to move
along the surface of the particles. In the context of this
hypothesis, the authors have made the structural model
which represents the two substrates (surfaces of adjacent
particles) united by a spring (macromolecule) associated
with the particles of the aid adsorption force (Fig. 3).
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Table 1
Results of the tests of elastomeric compositions on Viscometer M V2000
Fraction of CNM Dosage, phr M ooney viscosity, Mooney units Slope
Without additives - 57.3 -0.386
0.05 55.4 -0.395
“Eilm” 0.10 53.1 -0.400
0.15 51.2 -0.403
0.20 50.1 -0.406
0.05 515 -0.410
“ - 0.10 49.5 -0.417
Suspension 0.15 49.8 0411
0.20 49.9 -0.405
Table 2
Kinetics of vulcanization of investigated rubber mixtures
Fraction of CNM Dosage, phr t.(90), min R, min™"
Without additives - 11.4 11.2
0.05 11.0 114
“Flm” 0.10 10.2 11.7
0.15 10.1 115
0.20 10.3 115
0.05 10.6 11.6
“ —_ 0.10 10.0 11.8
Suspension 0.15 9.9 1.7
0.20 9.7 12.0

Notes: t(90) — time for attaining the optimum vul canization, min; R, — vulcanization rate, min™
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The geometry of the structural unit represents the
following characteristics. L, — length of spring, D — length
of the substrate and L4 — the gap between the particles.

According to a structural model of the relaxation of
the interaction of macromolecules elastomer nanomaterial
particles decreases flow resistance of rubber compounds
due to the fact that the interaction between the polar
groups of acrylonitrile in the structure of macromolecules
of caoutchouc is greater than the interaction between
macromolecules of caoutchouc and CNM particles. As a
result, nanotubes relief of molecular orientation in the
direction of flow, which leads to a decrease in the M ooney
viscosity of rubber mixtures and acceleration of the
relaxation processes in the volume of the eastomeric
matrix after removal of the load. The greatest change is
observed in the relaxation properties of rubber compounds
which contain fraction “suspension”, characterized by a
more homogeneous structure.

Carbon nanomaterials have a large specific surface
area and a functional group which may have impact not
only on plasto-dastic properties of rubber compounds, but
also participate in the formation of a spatia grid in curing
process. In that process particles may interact with
components of vulcanizing system and take part in
formation of chemical and physical bonds at various steps
of the process. Nature and structure of the vulcanization
spatial grid defines a wide range of technical properties of
elastomeric compositions. Results of the kinetics of
vulcanization tests of rubber mixtures are presented in
Table2.

Analysis of the vulcanization kinetics of
elastomeric compositions based on the butadiene-nitrile
caoutchouc with sulfuric vulcanizing system showed that
the introduction of the carbon nanomaterial assists in
reducing the time of attaining an optimum degree of
vulcanization. In the case of the “suspension” fraction,
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there isalmost a linear dependence of the time of attaining
the optimum on the dosage of carbon nanomaterias (the
lowest value is 9.7 min at 0.2 phr), whereas in the case of
the*film” fraction, the dependence is of extreme character
with the inflection point at the fraction content of 0.15 phr
(10.1 min).

Vulcanizing system of the investigated samples of
rubber mixtures includes a combination of accelerators:
analogue of Accelerator MBTS and N,N'-
diphenylguanidine (DPG). In the given case, the most
probable is the surface interaction of nanoadditives with
the polar components of the vulcanizing system (in
particular, with DPG). The deactivation of the vulcanizing
group polar agent by the particles of nanomaterials can
occur, and its tendency to agglomeration or condensation
decreases, thus favoring better dispersion of DPG within
the mixture. Since in our case it is used as a secondary
accelerator for the basic one MBTS, this favors a more
intense, joint action of accelerators and of the vulcanizing
system as a whole. That may affect the structure of the
spatial grid of vulcanizates, which is confirmed by the
change in the density of crosslinking (Fig. 4) and the
temperature coefficient of linear expansion (TCLE) of
vulcanizates (Fig. 5).

According to the obtained data, applying “film”
and “ suspension” fractions leads to the increase by 30 %
in concentration of cross-links and thus reduce the values
of the samples TCLE rubber in the temperature range of
(313+£2)«393+ 2) K.

With increasing density of the spatial grid of the
vulcanizate to an optimal value, the intermolecular
interaction increases, that leads to an increase in modulus
of internal friction and hysteresis of rubber [5]. Elastic-
hysteresis property of the samples was estimated with a
dynamic rheometer rotorless type RPA 2000 and device
“IPM-1K” (Table 3).
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Fig. 4. Crosslink density of the vul canizates
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Fig. 5. The temperature coefficient of linear expansion of the samples with “film” (a) and “suspension” (b):
dosage of CNM: —without additives, ——— 0.05 phr; ----- 0.1 phr; - 0.15phrand - - - 0.2 phr

Table 3
Elastic-hysteresis property of the samples

Fraction of CNM Dosage, phr tgo G, kPa G, kPa tged
Without additives - 0.157 2502 3%4.1 0.173
0.05 0.154 2450 377.3 0.177
“Eilm” 0.10 0.156 2445 380.9 0.183
0.15 0.159 2430 386.1 0.197
0.20 0.162 2435 396.2 0.190
0.05 0.159 2434 394.2 0.168
“Sugpension” 0.10 0.151 2252 339.5 0.161
0.15 0.140 2221 315.2 0.163
0.20 0.142 2230 314.1 0.167

Notes: tgo — tangent of the angle of mechanical losses determined on the RPA 2000; G’ — loss modulus, kPa; G” — storage
modulus, kPa; tgyd — tangent of the angle of mechanical |osses determined by method of dynamic indentation

The results obtained in testing the samples on an
RPA 2000 show that application of the “suspension”
fraction of CNM leads to reducing of loss modulus, rather
than storage modulus. This behavior of the rubber is
probably due to the participation of the nanotubes in the
relaxation, load distribution and temperature in the bulk of
the sample. It results in reduction of the local overstress
and overheating in the volume of the elastomeric matrix.
Therefore, the dependence of the tgo from the dose of the
fractions CNM has an extreme behavior. The rubbers
containing 0.15 and 0.2 phr have the minimum value of
tgo from 0.140 to 0.142. Addition of “film" fractions
allows us to increase dightly (less 3%) tangent of the
angle of mechanical losses value. Similar dependences
were obtained in tests on the device IPM-1K (tgqy0).

4. Conclusions

Thus, complex tests of elastomeric compositions
with highly dispersed carbon additives alowed us to
confirm the model of nonlinear elastic deformation of
macromol ecules and adhesion between the elastomer and
the nanoparticles. Introduction of the additives leads to
lower viscosity and increase the relaxation rate of
elastomeric compositions. This can be explained by
orientation facilitation of the macromolecules to each
other. Furthermore, additives interact with the components
of mixtures in the processing and during the vulcanization
process. This is probably due to the interaction of the
functional groups of the additives and ingredients of
vulcanization system. This assumption is confirmed by re-



310

duced time of attaining an optimum degree of
vulcanization by 15%, increased density of the
crosslinking by more than 20 % and the changes in the
elastic-hysteresis properties of elastomeric compositions.
The studies revealed a complex and multi-stage
mechanism of interaction between carbon nanoadditives
and components of elastomeric compositions.
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PO JESIKI BJACTUBOCTI EJJACTOMEPHHUX
KOMITIO3UIlIIX 3 BUCOKOJUCIIEPCHUMH
BYI'VIEHEBUMMU JOJATKAMHU

Anomauin. Jocniodiceno 6nnug gy2neyesoeo HaHoMamepiary,
OMPUMAHO20 8 NAA3MI BUCOKOBOTINHO20 PO3PAOY, HA 006206IHHICHIb
enacmomeprux — Komnosuyiti.  Komnnexcnumu — 0ocnioocennamu
eNaAcmomMepHUx  KOMNO3UYiti  NIOMGEPONCEHO MOOeib  HEHIUHOT
npyoIcHoi Oeghopmayii’ MaKpOMONEKyl, A MAKONC A0LE3iUHY 63AEMO-
Oito midic enacmomepom i Hawovacmunkamu. Pezynemamu docnio-
JHCEHb  Y3200CYIOMbCA 3 OAHUMU, OMPUMAHUMY NPU  BUSHAYEHHI
6'sizkocmi 3a Mymi, penaxcayii ma xinemuyi 8VIKAHI3QYIl 2yMOGUX
cymiwietl, YMOBHOI MIYHOCE Npu pPO3MACHEHHI Ma GIOHOCHOMY 8U-
0062ICeHHT NPU PO3PUBI BUCOKOHANOBHEHUX 2YM HA OCHOBI OymadicH-
HIMpUIbHUX KayuyKig. [l niomeeposicentst nepeobaiy8anoeo mexa-
HI3MY, IKULL 1eJCUNb @ OCHOBL GNIUBY 8Y2T1eyeB020 HaHoMamepiany Ha
enacmomepti  KOMNO3uyii, napamempu  8VJIKAHI3ayilHoi  cimKku
BUSHAUEHT MEMOOOM PIBHOBANCHOZO HAOYXAHMHS.

Knrouosi cnoea. 6OymadicH-HimpunoHui Kayuyk, 2ymd,
gyaiieyesuil HaHoMamepian, HaHOMpPYOKU, HAHOBONOKHA, pelaKcayis
2YMOBUX CyMidell, NPYHCHO-2ICMEPe3UCH] BIACTUBOCTIE, KIHEeMUKA
BYIKAHIZAYIL, 2YCMUHA NONEPEYHO20 3UUEAHHSL.



