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Abstract: The influence of superfine carbon additives and their pretreatment by ultrasonication on the
properties of elastomer compositions has been investigated. Superfine carbon additives come in two different types: fullerene-containing additives and ultra fine carbon additives (a complex mixture of nanofibers
and nanotubes, graphite and amorphous carbon particles). Mooney viscosity, parameters of relaxation and
vulcanization kinetics of rubber mixtures, tensile strength, elongation at break and resistance to thermal
aging, abrasion resistance and compression of filled rubbers based on butadiene-acrylonitrile were carried
out. Except for the identified characteristics, crosslink parameters by the method of equilibrium swelling
were determined. It was found that the introduction of the ultrasonically pretreated, superfine carbon additives to elastomeric compositions based on butadiene-acrylonitrile rubber led to rubber with improved
thermo-oxidative and wear resistance in comparison to rubbers containing untreated additives.
Keywords: elastomeric compositions, rubber, carbon nanofillers.

Właściwości kompozycji elastomerowych z drobnymi dodatkami
węglowymi poddanymi sonikacji
Streszczenie: Wykonano badania wpływu drobnych dodatków węglowych i ich wstępnej obróbki
ultradźwiękami na właściwości kompozycji elastomerowych na bazie kauczuku butadienowo-akrylonitrylowego. Zastosowano dwa rodzaje drobnych dodatków węglowych: dodatek zawierający fulereny
oraz wysoko zdyspergowany dodatek stanowiący mieszaninę złożoną z nanowłókien, nanorurek, grafitu
oraz amorficznych cząstek węgla. Wyznaczono lepkość Mooney’a, parametry relaksacji i kinetykę wulkanizacji mieszanek gumowych, a metodą pęcznienia równowagowego określono gęstość usieciowania
wulkanizatów. Zbadano także wytrzymałość na rozciąganie, odkształcenie przy zerwaniu, odporność na
starzenie cieplne oraz odporność na ścieranie i ściskanie napełnionych gum.
Słowa kluczowe: kompozyty elastomerowe, guma, nanonapełniacze węglowe.

The properties of elastomeric compositions can be significantly improved by using highly-dispersed components of different chemical nature, size, and specific surface areas. At the moment, of great scientific and practical
interest is the use of rubber carbon nanofillers, which
possess a specific set of properties: high reactivity, defined small particle size, and presence of a large number
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dency of self-association in nanostructures (fullerenes,
nanotubes, and nanofibers), the use of such substances
to modify the properties of the elastomer is refrained
[1–6]. Therefore, the main problem in the manufacturing
of elastomeric nanocomposites is the dissociation of agglomerates into nanostructures and their uniform distribution in the polymer matrix. The method of ultrasonic
processing of the nanostructured agglomerates is used
to obtain their maximum possible specific surface [7–11].
The aim of this work was to determine the effect of the
sonicated superfine carbon additives on the properties of
elastomeric compositions made of nitrile rubber.
EXPERIMENTAL PART
Materials
Filled rubbers based on raw rubber for special application were investigated. The main component was a buta-
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diene-acrylonitrile rubber (trade name BNKS-28), which
contains 27–30 wt % of bound acrylonitrile. As a filler, a
combination of semi-active (N550) and inactive types of
carbon black (N772) were used in the amount of 15 and
60 phr, respectively.
The curing system consisted of sulfur (2.2 phr) and accelerator, which was N-cyclohexylbenzothiazole-2-sulfenamide (CBS, 1.7 phr). Additional additives were used:
zinc oxide (5 phr), stearic acid (1 phr), dibutylphthalate as
a plasticizer (32 phr), and anti-deteriorating agent (3 phr).
Two kinds of ultra fine carbon additives at a dosage
of 0.20 phr were added into the rubber mix formulation.
Samples without ultra fine additives in their composition
served as reference samples. Mixtures were made in a
laboratory mixer.
Fullerene-containing additive (FCA) is a fullerene-containing carbon black, which was obtained from the hardware LLC “FizTehPribor” at the Ioffe Physical-Technical
Institute (St. Petersburg). The results from high performance liquid chromatography revealed that this additive
contains 5 % of fullerene in a mass ratio C60/C70 = 2.6. The
specific surface of the FCA was 180–200 m2/g (determined
using the BET method).
Ultra fine carbon additive (UFCA) is a complex mixture of relatively large structures, such as tangles of
carbon nanofibers and nanotubes, graphite formation,
amorphous carbon particles, etc. It had a specific surface
in accordance of the BET method of 200–220 m2/g. This
kind of fine-grained carbon material is produced by Advanced Research and Technology (Minsk) with the trade
name “ART-NANO” (TU BY690654933.001-2011).
Methods of testing
The properties of the prepared compositions were determined using rotational viscosimetry (Mooney viscometer MV 2000, Alpha Technologies) in accordance with
the ASTM D1646-07 standard. The relaxation coefficient
(Kp) was calculated as a percent of the Mooney viscosity
[ML(1+4) at 100 °C] of residual torque 1 s after the rotor
stopped (Intercept). The slope of the tangent to the curve of
the relaxation after 1 s after the stopping of the rotor (tgα')
was also determined. Vibration rheometry (oscillating disc
rheometer ODR 2000, Alpha Technologies), in accordance
with the ASTM D2084-11 standard, was used to determine
the vulcanization characteristics. The tensile properties,
abrasion resistance and compression set were determined
using methods regulated in the GOST 270-75, GOST 426-77,
and GOST 9.029-74 standards, respectively, using a Universal Tester T2020 DC (Alpha Technologies). All vulcanized
samples were swollen by toluene to calculate their crosslink
densities through the Flory-Rehner equation:


(1)

where: Мс – average molar mass of the molecular chain
between the two crosslinks, V0 = 106.3 cm3/mol – the mo-

lar volume of utilized solvent, ρr – density of raw rubber,
Vr – the volume fraction of polymer in the swollen sample, χ – the Flory-Huggins polymer-solvent interaction
parameter or the enthalpy of mixing.
The value of χ may be found in the literature or determined by the following equation:


(2)

where: β1 – the lattice constant of entropic origin (often assumed to be zero), T – the medium temperature,
δ1 = 18.2 MPa0.5, δ2 = 19.0 MPa0.5 – solubility parameters for
the solvent and BNKS-28 rubber, respectively.
The crosslink density was determined from the density of rubber (ρ) using equation:


(3)

The resistance to thermal aging (K) at 125 °C over 72 h
was evaluated by comparison of the elastic-strength
properties (tensile strength and elongation at break) determined before and after aging. On the basis of this data,
the aging coefficients were calculated:
A1



(4)

where: A0 – property value before aging, A1 – property
value after aging.
Ultrasonic processing of the additives was carried out
at 20 °C on an ultrasonic cleaner pc-08a (ultrasonic power
was 70 W and processing time 30 min).
Statistical processing of the results of measurements
was carried out using the program Statistica 5.5. The relative errors for the main measured parameters are listed
in Table 1.
T a b l e 1. The relative errors of determined parameters
Parameter

Relative error, %

Mooney viscosity of rubber
mixtures

2

The time to reach an optimal
degree of vulcanization

2

Torque (ML and MH)

2

Conventional stress at 100 % of
elongation

6

Tensile strength

6

Elongation at break

6

Crosslink density

7

Abrasion resistance

5

Compression set

6

RESULTS AND DISCUSSION
One of the main indicators to evaluate the processability of rubber compounds is the viscosity according
to Mooney. The viscosity of the processed material determines the dynamics of the processing because it is a
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T a b l e 2. Mooney viscosity of the elastomeric compositions tested by viscometer MV 2000
Type of the additive
Without additives
FCA
UFCA

Dosage of additive
phr

Mooney viscosity of composition
Mooney unit

tgα’

Kр, %

–

111.0

-0.395

55.6

0.2

107.9

-0.405

56.4

0.2 (sonicated)

109.1

-0.410

56.2

0.2

109.4

-0.400

56.6

0.2 (sonicated)

106.5

-0.410

56.9

measure of the force that must be applied to the material for its flow at a given speed at a certain stage of the
process [12]. The use of fine additives in the elastomeric
compositions, even in small amounts, may influence the
elastoplastic properties of rubber mixtures and, above all,
the Mooney viscosity. The results of the research listed
in Table 2 show that the introduction of superfine additives of various structures leads to some reduction of the
Mooney viscosity (1–4 %).
The effects of ultrasound treatment of fullerene-containing additive on the viscosity of compositions was not
important (the maximal change of the viscosity was between 106.5 and 109.4 Mooney units). In the case of treatment by ultrasound of FCA, the viscosity of the rubber
composition slightly increases in comparison with compositions containing this additive without treatment
(from 107.9 to 109.1 Mooney units). In the case of compositions containing UFCA, sonication of the additive causes
some reduction in the Mooney viscosity (by 2.6 %, i.e.,
2.9 Mooney units).
Such behavior of the properties may be due to the
structure and form of agglomerated nanoparticles. Ultrasonic treatment helps to dissociate and better disperse
the investigated components in a volume of the elastomeric matrix. This can lead to a relieved orientation of
the molecules in the direction of flow and decrease the
Mooney viscosity of rubber compounds, as well as accelerate the relaxation processes in the volume of the elastomeric matrix after removal of the load. This assumption
is supported by the increase in the relaxation rate (tgα'
in Table 2). At the same time, increasing the contact surface between rubber and particles in the case of sonicated
fullerene additives leads to difficulties in the flow of the

polymeric material. Perhaps this is due to the interaction
between functional groups of the polymer and investigated additives.
Superfine carbon additives have large values of specific surface and functional groups may participate in the
curing process and form chemical and physical bonds
at different stages of the process, as well as in interactions with the components of the vulcanization system.
The parameters of vulcanization (carried out at 153 °C) of
elastomeric compositions based on BNKS-28, filled with
carbon additives, are collected in Table 3.
The data show that the use of additives in the elastomeric composition has some influence on the kinetics of
vulcanization of the rubber mixtures. The introduction
of FCA and UFCA without ultrasonic pretreatment leads
to a reduction in the time necessary to reach an optimal
degree of vulcanization by 4–7 %. Using ultrasonic pretreated UFCA leads to an increase in this parameter of
6 % in comparison with the sample without additives.
Such an effect of the additives on the structuring process
is connected apparently with their ability to participate
in the decay and recombination reactions of radicals of
the vulcanizing components. Formed during the decay
of vulcanizing agents, radicals can react with active additives, wherein the crosslinking of macromolecules goes
through a series of intermediate reactions [13].
Ultrasonic treatment of superfine carbon additives can
lead to the formation of defective areas with uncompensated bonds, which gives the surface of nanoadditives
new properties and accelerates the processes of adsorption on their surface [14]. This, in turn, may influence
the formation of crosslinks between rubber macromolecules.

T a b l e 3. Parameters of the vulcanization of the rubber compositions at 153 °C
Type of the additive
Without additives
FCA
UFCA

Dosage of additive
phr

ML a)
dH · m

MH b)
dН · m

tS2c)
min

t50d)
min

t90e)
min

ΔSf)
dН · m

–

12.6

68.9

3.7

4.7

9.1

56.3

0.2

12.0

68.5

3.5

4.5

8.5

56.5

0.2 (sonicated)

12.5

68.9

3.5

4.4

8.7

56.4

0.2

12.6

69.6

3.5

4.5

8.8

57.0

0.2 (sonicated)

12.0

68.3

3.5

4.5

9.6

56.3

ML – minimal torque, b) MH – maximal torque, c) tS2 – the time required to increase the minimum torque at 2 units, d) t50 – the time to
reach a set degree of cure, e) t90 – the time to reach an optimal degree of vulcanization, f) ΔS – the difference between maximal and minimal torque.
a)
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T a b l e 4. Changes to strength properties of the rubbers under aging by heating in air

before aging

after aging

before aging

after aging

before aging

after aging

–

5.9

12.0

14.1

14.7

250

120

0.2

10.0

13.5

14.7

15.4

240

130

0.2
(sonicated)

10.4

13.3

14.4

15.4

210

130

0.2

8.0

13.7

15.3

15.9

230

120

0.2
(sonicated)

9.4

14.7

14.7

15.5

220

120

mal aging is associated primarily with features of the
spatial structure formed during the vulcanization of the
rubber mixture.
In this regard, parameters of the vulcanization network by equilibrium swelling, using the Flory-Rehner
equation [16], were determined and are listed in Table 5.
The results show that rubbers with the addition of superfine carbon additives have higher crosslink densities,
both before and after thermal aging, which correlates
with the S100 of elongation and thermal resistance (K coefficient) data.
Increasing the concentration of crosslinking, probably
due to the occurrence of a more complete curing process, is likely to be in response to interactions of additives with components of the rubber mixture. It should
be noted that ultrasonic pretreatment of superfine carbon
additives allows rubbers with lower crosslinking density but more resistant to oxidative aging. In this case, in
addition to a more uniform distribution of the additive
in the elastomeric matrix, physical bonds, the same as
thixotropic structures, may be formed due to the interaction between polar groups of rubber and active centers
of the additive. Intense ultrasonic treatment is an effective method of surface modification of superfine carbon
additives [14], which allows us to better ensure these in1.2
1.0
0.8
0.6
0.4
0.2

K by tensile strength

with
UFCA
(sonicated)

0.0
with
UFCA

Crosslinked rubber during deformation is characterized by a predominance of the elastic deformation over
the plastic one. To evaluate the elastic-strength characteristics, conventional stress at 100 % of elongation (S100),
tensile strength (TS) and elongation at break (εb) were determined and changes in these parameters after thermal
aging were measured. The results of the strength properties before and after aging of cured rubbers based on
BNKS-28, containing superfine carbon additives, are listed in Table 4.
The analysis of strength-elongation properties of rubber without thermal aging showed that the application of superfine carbon additives makes S100 grow by
1.36–1.76 times compared to samples without the additive. At the same time, the tensile strength does not differ
substantially. Comparative analysis of strength properties after thermal aging showed that high temperatures
in the bulk of the elastomeric matrix lead to dominated
structuring processes. This increases the strength of rubber but causes the loss of its elastic properties. It should
be noted that in the case of the sample without additives,
the S100 value was lower by 11–22 % in comparison with
rubbers containing the investigated additives. It is known
[15] that one of the determining factors to obtain rubber
with high strength properties is the nature and regularity of the distribution of crosslinks in the amount of vulcanizate. In this case, higher values of S100 of the rubbers
with superfine carbon additives may be associated with
higher crosslink densities of the elastomer and with the
spatial grid of defects, which contributes to the relaxation
of local overstrain and the orientation of the material at
the moment of breaking.
On the basis of the data obtained before and after thermal aging, aging coefficients (K) were calculated, allowing the assessment of the effect of superfine additives on
the resistance of rubbers to high temperatures. The results are presented in Fig. 1.
The data show, that the use of superfine carbon additions in the elastomeric compositions allows some increase in their resistance to thermo-oxidative aging. At
the same time, it should be noted that a rubber with the
ultrasonically pretreated additives is less prone to changes in elastic and tensile properties under aggressive factors. Changing of the properties of rubber during ther-

with FCA
(sonicated)

UFCA

εb
%

with FCA

FCA

TS
MPa

without
additives

Without
additives

S100
MPa

Dosage of
additive
phr

K

Type of the
additive

K by elongation at break

Fig. 1. Aging coefficient (K) of rubbers calculated from values of
tensile strength and elongation at break
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T a b l e 5. Parameters of the vulcanization network of the rubber compositions
Type of the additive

Dosage of additive
phr

Without additives

–
0.2

FCA
0.2 (sonicated)
0.2
UFCA
0.2 (sonicated)

Мс, kg/mol

n · 10 -19, cm3

ν · 10 -5, mol/cm3

Before

6530

11.4

18.5

After

5300

13.0

24.3

Before

4200

13.8

22.9

After

3320

17.4

28.9

Before

4330

13.4

22.2

After

2200

16.3

27.6

Before

4240

13.6

22.6

After

3520

16.4

27.3

Before

4500

12.8

21.3

After

3790

15.3

25.3

teractions, which possibly leads to an interpenetrating
network structure, complementary to the vulcanization.
Changing of the vulcanizate structure by using superfine carbon additives can have an effect not only on the
thermal resistance but also on other technical properties
of elastomeric compositions, which are presented in Table 6.
T a b l e 6. Some technical properties of the tested rubber
Type of the
additive
Without
additives
FCA

UFCA

Parameters of the vulcanization network

Before or after
aging of samples

Dosage
of additive
phr

Abrasion
resistance
J/mm3

Compression
set
%

–

32.0

14.0

0.2

36.4

11.5

0.2
(sonicated)

46.3

11.7

0.2

33.2

11.6

0.2
(sonicated)

48.7

11.8

The data show that the introduction of the additives into
the elastomeric composition based on BNKS-28 allows an
increase in the abrasion resistance of the rubber. Thus, the
use of additives without pre-sonication improves the abrasion resistance only by 4–14 %, but in the case of pretreatment by 45–52 %. In this case, additives may help to distribute the load and temperature in the bulk of the sample,
thereby reducing local stress and overheating, which leads
to a breaking of crosslinks. Due to the fact that ultrasonic
pretreatment results in deagglomeration and a more uniform distribution of superfine carbon additives in the elastomeric matrix, and possibly modifies the surface properties of the rubber, it allows us to significantly improve the
abrasive resistance of the sample surface layer during its
contact with the opposite element.
The results of the determination of the compression set
demonstrated that the application of the superfine carbon
additives in the elastomer compositions leads to a reduction of this parameter (by 19–22 %). It should be noted that

in this case of the ultrasonic pretreatment of the additives
has no significant effect on the rate of the compression set.
This pattern of changes in the properties is probably due
to the fact that rubbers with carbon additives are characterized themselves by a slightly higher resistance to thermo-oxidative aging and a more dense structure. These
factors are the determining one for samples in the conditions of static loading under high temperature (under the
conditions of the test of the compression set).
CONCLUSIONS
It was found that the introduction of the ultrasonically pretreated, superfine carbon additives to elastomeric compositions based on BNKS-28 leads to cured compounds with improved thermo-oxidative and abrasion
resistance in comparison to rubbers containing the nonpretreated additives. The improvement of these rubber
properties is probably due to a more uniform distribution of sonicated components and to form, besides curing network, the additional physical network due to interactions between the active centers of superfine carbon
additives and polar rubber groups of rubber. As a result,
the structure of interpenetrating network is formed in
elastomeric matrix.
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