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1. Introduction
One of the application of polymeric materials in 

the oil industry is their use in various aggregates 
and installations such as sealants, packers, cuffs, 
seals and coatings. They are exposed to external 
factors, including high temperature, pressure and 
wear during the process.

Despite the fairly wide range of available 
developments, the issues of reliable sealing of packers 
are still not sufficiently resolved under conditions 
of high pressure. This is especially important in 
connection with the transition to a new technology 
of deep and super-deep drilling, for which there 
was a need for sealing elements (SE) with high 
physical and mechanical properties, resistant to 
thermal aging and aggressive environment. In the 
petroleum and chemical industries, rubber products 
must be corrosion resistant, since seawater corrodes 
rubber seals.

Recently, it was proposed to use rubber mixtures 
based on nitrile butadiene rubbers (NBR) for the 
manufacture of SE capable of operating under 
severe operating conditions. 

It is known that elastomers which are based on 

nitrile butadiene rubber have good performance 
properties and are often used in the packers 
elastomers as a base rubber which are operated 
in aggressive environments at high temperatures. 
However, there are also limitations to use NBR 
rubber based on their poor performance at 
temperatures above 100 °C due to the sharp 
decrease in strength and as a result, the material 
does not withstand the required operating 
condition. As it is known, wear resistance of 
rubber is an important property that impacts on 
the working life of many rubber products such as 
conveyor belts and seals.

The development of a technology for the 
production of rubber based on NBR with various 
fillers for improving the kinetics and the structure 
of the vulcanization process and increasing the 
resistance of SE against high temperature and 
aggressive environments has been studied [1-5] by 
many scientists. One of the modified methods is 
radiation vulcanization of rubber by affecting of 
high-intensity gamma rays (γ-rays) in the absence 
of sulfur. At the same time, it is also possible 
to obtain massive rubber products with more 
resistant properties to aggressive environments 
by the influence of gamma rays. As a result of 
irradiation, the heat resistance and mechanical 
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strength of the rubber increase. In addition to 
this its electrical insulating characteristics and 
operational properties are also improved [6-10]. 
It is acknowledged that [11] the rate of radiation 
crosslinking and the properties of elastomeric 
composites are closely related to the properties 
of the utilized fillers. Recently, nanoparticles of 
various chemical natures have been introduced 
into the polymer matrix as functional additives 
[12]. Having a large specific surface area, they 
actively interact with the polymer by the formation 
of chemical bonds that limit the mobility of various 
polymer fragments.

The impact of nanosized particles is aimed to 
improve the physico-mechanical and operational 
performance of elastomeric composites. For 
instance, carbon nanotubes were appeared as 
new fillers to enhance interfacial interaction and 
improve the dielectric properties of rubber [13]. 
It turned out that the participation of a Si3N4 
nanoparticle can improve (aging, oil and wear 
resistance) and tensile strength of styrene-butadiene 
rubber [14]. Also, nanosized silica [15], clay [16, 17] 
and TiO2 [18] exert their unique reinforcing effect 
on improving the characteristics of elastomeric 
composites. In practice, various metal oxides are 
used as vulcanization accelerators for activating 
the organic compounds and as a result, metal oxide 
activated vulcanization proceeded more rapidly. 
Composites based on NBR and nano Fe3O4 were 
also investigated and the results showed that the 
addition of nano-Fe3O4 particles improve the friction 
and wear resistance of the elastomer [19].  

The current work presents a study of the radiation  
crosslinking process of NBR in the presence of 
crosslinking agent-1,3-disulphochloridebenzene 
(DSChB) and 2, 4-diamino-6-phenylsymmetriazine 
(DAPhST) and the effect of metal nano oxides on the 
plasto-elastic, physical, mechanical and operational 
properties of NBR.

2. Experimental
2.1. Materials
NBR (SKN-40), in which the amount of bounded 

nitrile groups in the molecule was 40%, was used as an 
object of study (Production of Rosspolimer, Russia). 
Zinc oxide (ZnO, CAS 1314-13-2) and alumina 
(Al2O3, CAS 1344-28-1) nanopowders were used to 
activate crosslinking of the polymer. Nanomaterials 
were purchased from Sky Spring Nanomaterials Inc, 
Houston, USA. The aromatic chlorine-containing 
compound 1,3-disulphochloridebenzene (DSChB) 
was used as a crosslinking agent, which readily 
reacts with NBR macromolecules in the process. 
For decreasing the absorbed doses, 2, 4-diamino-
6-phenylsymmetriazine (DAPhST) was used as 
a sensitizer and polyester resin as a plasticizer 
(emollient).

2.2. Blends and test specimen preparation
The possibility of obtaining of high-quality 

elastomeric materials was studied on the mixtures 
based on NBR, containing 3.0 phr DSChB, 2.0 phr 
DAPhST, 3.0 phr polyester resin and 5.0 phr metal 
nanooxides (ZnO and Al2O3 each at 2.8 and 2.2 phr 
respectively). Elastomeric mixtures were prepared 
on laboratory rollers (outer diameter 470 mm, 
working distance 300 mm and rotation speed of the 
rollers 24 rpm) at a temperature of rollers 30-40 °C.

2.3. Preparation of radiation and thermo-
radiation crosslinked composites

In the frame of irradiation, samples were placed 
in 1 gram of a glass ampoule which was evacuated 
for 1.5 hours. The experiments of radiochemical 
treatment were carried out in air at room temperature 
inside the source. Composites were irradiated at the 
Co60 gamma ray irradiation source (the dose rate 
of 4.9 kGy/h) which was supplied by Institute of 
radiation Problem of Azerbaijan National Academy 
of Science with various gamma ray radiation 

Chemical name
(IUPAC) Chemical formula Melting 

point, °C
Molecularmass, 

g/mol
Density, 

g/cm3

Butadiene Nitrile 
Rubber (NBR) 108 250000-350000 0,98

1, 3-disulphochloride
 benzene   
(DSChB )

SO2Cl

SO2Cl

57-60 275.132 1.69

2, 4-diamino-6-
phenylsymtriazine 

(DAPhST)

N

N

N

C6H5

H2N NH2

227–228 187.206 1.2

Table 1 
Properties of the used compounds in the vulcanization process
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(300 KGy). Thermo-radiation vulcanization and 
preheating of the mixtures were carried out in a 
hydraulic electric press at temperature of 150°C for 
5 min at a pressure of 30 MPa and then carried out 
the studied samples by gamma radiation. Several 
models have been obtained in a specially designed 
mold by vulcanization (fig.1.).

2.4. Mechanical properties
The hardness tests of the samples were performed 

according to ISO 868 standard with a Shore 
Durometer type. The tensile tests were carried out 
using a Zwick 1435 universal testing machine. The 
samples had a standard dumbbell shape. At least 
three dumbbell-shaped tensile samples (crosslinked 
by sulphur, irradiation and thermo-radiation) 
were tested for each kind of NBR composite and 
then the average was taken as the final result. 
Tensile properties, such as tensile strength (TS) and 
elongation at break (EB), were measured before and 
after the aging procedure.

In order to reproduce the operating conditions 
of the tested materials and evaluate the durability 
of the used materials, the effect of three different 
environments (in air, seawater and oil-bearing 
solution) was considered on the mechanical 
properties of composites. The seawater was 
prepared as described in ASTM Method D1141. The 
composite materials were immersed in sea water 
and oil bearing solutions in order to determine the 
resistance of these materials to the aggressive oil 
environment.

The dumbbell-shaped specimens were placed 
in investigated solution in a thermostat at 150 °C 
for 150 h. The aging properties of the composites 
were characterized by the aging coefficient and 
the change rate of mechanical properties. The 
coefficients of aging in terms ofthe tensile strength 
(Kσ) and elongation at break (Kε) were calculated 
using equations (1) and (2):

            (1)

          (2)

where σaged and σunaged are the tensile strength of 
the aged and unaged specimens, εaged and εunaged 
are the elongation at break of the aged and unaged 
specimens, respectively.

2.5. Phase morphology
The Scanning Electron Microscope (SEM) from 

CARL ZEİSS SMT AG, Germany, was used to 
determine the particle size, tostudy the surface 
topography, structure and phase composition of the 
composite material. Studies were performed at an 
accelerating voltage of 20 kV.

 
3. Results and discussion
3.1. Effect of the low-molecular crosslinking 

agent on radiation-chemical processes
The interaction of elastomers with low molecular 

weight compounds is an important issue in the 
radiation chemistry of polymers, since radiation 
vulcanizates based on pure polymers do not have 
the necessary set of operational properties and 
therefore do not find practical application [20].

It is known that the introduction of DSChB as a 
crosslinking agent, a sensitizer of amine-containing 
aromatic compounds and nanoparticles of metal 
oxides, accelerates the radiation-chemical reactions 
in the elastomer [21]. It was also determined that 
it is possible to increase the properties of radiation 
vulcanizates by varying the vulcanization structures.

It was interesting to search the possibilities of 
improving the technical properties of radiationand 
thermo-radiation vulcanizates. 

Previously, we have already studied the changes 
in the properties of radiation and thermo-radiation 
vulcanizates based on NBR mixtures where aromatic 
amineandhalogen vulcanizing groups were used. 
It was shown that, vulcanization of DSChB with 
triazine compounds allows to obtain a vulcanizate 
containing carbon-carbon (-C-C-) bonds due to the 
independent crosslinking action of DSChB [22]. 
It must be recalled that the optimal vulcanized 
properties can be achieved only by cross-linking in 
macromolecules.

First of all, it was interesting to study the effect of 
the main components of the vulcanizing group on its 
vulcanization activity in above-mentioned mixtures 
considering the effectiveness of the action of ZnO 
and Al2O3 nanoparticles during vulcanization with 
DSChB.

Butadiene nitrile rubbers and DSChB vulcanization 
with the participation of nano-metal oxides makes it 
possible to obtain rubbers with good properties that 
are resistant to thermal aging, possessing increased 
strength, hardness at a low degree of filling, which is 
explained by the formation of spatially crosslinked 
rubber and DSChB during vulcanization [23]. The 
scheme of crosslinking process is shown in figure 2.

Fig.1. The sealing elements based on 
NBR for packer rubber
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3.2. Mechanical properties of nano vulcanizates 
based on NBR in air

It was found that improving the state of crosslink 
dispersion to be essentially equivalent to increasing 
the effective crosslink density, which is reflected 
in the topological characteristics of the network. 
Inadequate mixing and temperature gradients 
during the vulcanization process of rubber can cause 
local heterogeneities in the crosslinking density and, 
thus, have a significant effect on the mechanical 
properties and characteristics of the final material.

Taking into account the fact that as the density of 
cross-links increases, distribution of chain lengths 
between cross-links increases, and the strength 
properties decrease, due to reducing their ability to 
stretch.

The interfacial interaction between the NBR 
matrix and the filler has a significant influence 

on the final mechanical properties. As shown 
by the previously obtained results, DSChB in 
the presence of nanometallic oxides exhibits an 
effective crosslinking effect and greatly enhances the 
mechanical properties of vulcanizates.

As it can be seen from table 2, the Shore 
hardness value in the thermo-radiation and sulfuric 
vulcanizates did not change, but in vulcanizates, 
which was obtained by the radiation crosslinking 
method, it decreased till 60. On the other hand, the 
stress at 300% elongation for irradiated composites 
decreased 20% due to the effect of surface activity of 
used nano oxides. 

During the determination of the physico-
mechanical properties of filled NBR-based 
vulcanizates, it was found that the reactivity of 
DSChB with the participation of metal nanooxides 
increased with all types of vulcanizations. According 

Fig.2. The possible vulcanization mechanisms of NBR with DSChB

Mechanical parameters
Type of vulcanization

Sulphur Irradiation Thermoradiation

Stress at 300%, MPa 10 8 12
Tensile Strength (σ), МPa 25 18 26
Elongation at break (εb), % 480 600 460

Hardness (Shore A) 65 60 65
Compression set resistance (20%, 150 oС, 72 h.) 62 57 52

Dynamic endurance during cyclic 
stretching (N) (150%, 500 cyc/min) 20 20 23

Aging coefficient, K, % (150 oС, 150 h.)
by tensile strength (σ)

by elongation at break (ε)
by dynamic endurance (N)

0.70
0.52
0.75

0.82
0.62
0.77

0.85
0.64
0.77

Change of mass after swelling in mix of benzyl-
benzene (3:1) (353K, 24h), % 38 30 27

Table 2 
Mechanical properties of vulcanizates based on 

nitrile-butadiene rubber obtained by different methods
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to tables, radiation vulcanizates are inferior in 
comparison with thermo-radiation ones in strength 
properties, but they surpass sulfur vulcanizates in 
resistance to thermal aging and solvents.

According to the results of tensile tests of NBR 
composites, the samples obtained by the three 
different methods were compared and the changes 
were displayed in figure 3 a,b,c.

3.3. The aging process of sulphur, radiation 
and thermo-radiation vulcanizates in aggressive 
environments

According to the existing concepts, the necessary 
condition for strengthening is the formation of a 
structural network of metal oxides on which the 
molecular chains of the elastomer are adsorbed and 
oriented and a spatial polymer network is formed.

Physico-mechanical properties, gel formation and 
crosslinking of polymer chains ultimately depend 
on the properties of both structural networks, the 
interaction between these networks, the number of 
bonds between rubber and metal oxides and their 
strength [24-27].

To clarify the effect of temperature and operating 
conditions on the performance of elastomeric 
materials (seals), which are used as sealers and parkers 

in drilling rigs, we have conducted comparative tests 
in aggressive environments. From the data given in 
table 3, it can be clearly seen that vulcanizates based 
on NBR have good resistance to aging.

Obtained data indicates that the degree of swelling 
and the accumulation of residual compressive strain 
for sulfur seals are greater for radiated composites 
and the coefficients of thermal aging in seawater 
and oil-bearing solution are less. Detailed analysis 
of table 3 shows that the tensile strength of radiation 
vulcanizates was lower than sulfur and thermo-
radiation vulcanized samples after contact with the 
aggressive environments. It is commonly known 
that the tensile strength of vulcanizates decreases 
after aging [28]. Sulphur vulcanized NBR blends 
particularly undergo tensile strength deterioration 
by more than 20% after aging which is inadmissible 
by the standard.

Generally, sulfur cured vulcanizates exhibit good 
elastic and dynamic behaviors and possess high 
values of tensile and tear strengths. However, due 
to the low dissociation energy of sulfidic cross-
links, sulfur cured vulcanizates exhibit poor high-
temperature properties like aging.

It is important to note that the influence of 
the nature of cross-linking on the strength of 

Fig.3. Physico-mechanical properties of NBR blend vulcanizates: a - hardness Shore,
 b - the elongation at break and c - the tensile strength 
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in oil-bearing
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in air in sea water
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0.9

vulcanizates is explained by the differences in 
energies of these connections. It is known that the 
energy of connections decreases in the transition 
from C-C to C-Sx-C.

Figure 4 illustrates the dependence of the aging 
coefficients from the tensile strength and the 
elongation at break. The diagrams show that the 
effect of aging is most pronounced in the vulcanizates 
obtained by conventional sulphur vulcanization.

It is believed that the distribution of the lengths 
of the transverse bonds between adjacent nodes 
in the vulcanization network makes it easy to 
rearrange molecular chains under the impact of 
mechanical stresses. But in the case of energetically 
weak bonds (type -C-Sx-C- ) molecular chains break 

under the tension. The presence of a large number of 
such bonds in the structure of the vulcanizate leads 
to a deterioration in heat resistance and a decrease in 
resistance to reversion. The strength in vulcanizates, 
which are formed by one type of bond, is determined 
by the fraction of the elastic effective part of the 
mesh. For example, the three-dimensional grids, 
which are formed during radiation vulcanization, 
lead to certain stresses in the structure of the 
vulcanizate. Heat-resistant -С-С- bonds irreversibly 
fix these stresses, but easily rearrange able (at 
temperatures) poly-sulfide bonds contribute to the 
course of relaxation processes. As a result, a network 
without strong internal stresses arises [29, 30].

To summarize, the analysis of the results of 

Mechanical parameters
Type of vulcanization

Sulphur Irradiation Thermoradiation
Tensile Strength (σ), МPa

in seawater
in oil-bearing solution

11
13

8
10

14
15

Aging coefficient for the tensile strength (σ), %
                    in seawater

                      in oil-bearing solution
0.63
0.77

0.72
0.71

0.80
0.79

Aging coefficient for the elongation at break (ε), %
in seawater

                      in oil-bearing solution
0.71 0.80 0.92
0.87 0.82 0.89

Compression set resistance, %
                      in seawater

                      in oil-bearing solution
57
45

55
42

55
40

Change of mass after swelling, % (phr)
                      in seawater

                      in oil-bearing solution
114
65

100
58

105
60

Table 3 
The physical and mechanical parameters of NBR vulcanizates with different 

methods after thermal aging processin seawater and oil-bearing solution 

Fig.4. Aging coefficients of elastomeric materials based on NBR and metal nano oxides
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the conducted research allows us to conclude that 
elastomeric materials based on NBR and nano 
ZnO obtained by radiation-chemical method in 
the presence of a crosslinking agent DSChB and 
sensitizer DАPhST surpass the sulfur vulcanizates 
in resistance to aging at high temperature and 
dynamic endurance under repeated stretching tests 
in aggressive environments. 

3.4. Scanning electron microscopy (SEM)
Figure 4 shows the fracture surface morphology 

in the air (a), seawater (b) and oil-bearing solution 
(c) of NBR/ZnO/Al2O3/DSChB/DAPhST vulcanizates 
obtained with thermo-radiation method. 

Under SEM it is easy to see the obvious changes 

between the surface morphology after thermal aging 
in air, seawater and oil-bearing solution. 

Generally, the morphology of the heterogeneous 
polymer blends depends on blend composition, 
theviscosity of individual components and 
processing method. As shown in images individual 
particles are well dispersed in the continuous matrix 
without agglomeration. Some agglomerates (white 
balls and rod-like particles) are nanoparticles of 
ZnO and Al2O3, which shown in figure 5.a,b.

As shown in SEM images, there are cracks on 
the vulcanizates after keeping in seawater and oil-
bearing solution. The sample which was kept in 
oil-bearing solution got darkened and visible cracks 
were more clearly (fig.5c).

Fig.5. The surface morphology of NBR vulcanizates after  thermal aging: 
a - in air, b - seawater and c - oil-bearing solution

Conclusion
It is known that hardness values of rubber samples decrease due to environmental factors. As a 

result, this study provides an alternative approach for preventing reduction of hardness values by 
minimizing frequently occurring thermo-oxidative aging of rubber in the oil industry. 

The results of this study allows to conclude that elastomeric materials (EM) based on NBR and 
metal nanooxide obtained by the thermoradiation method in the presence of a crosslinking agent 
and sensitizer (DSChB, DAPhST) are superior to sulfuric and irradiated vulcanizates in terms of 
thermal aging resistance and dynamic endurance of repeated stretching in aggressive environments. 
Radiation vulcanization with the participation of nano metal oxides can overcome the drawbacks of 
chemical vulcanization such as pollution, energy-saving and reduced time of vulcanization. 

In conclusion, this work has achieved enhancement of the curing process and mechanical 
properties of elastomer composites by using a combination of nano metal oxides and a crosslinking 
agent DSChB, which may give a valuable inspiration for the preparation of high-performance rubber 
composite materials.
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Влияние наноразмерных оксидов металлов на физико-механические 
свойства герметиков на основе бутадиен-нитрильного каучука

Р. Ф. Ханкишиева
Институт Радиационных Проблем НАН Азербайджана, Баку, Азербайджан

Реферат

Впервые было изучено химическое взаимодействие 1,3-дисульфохлоридных ароматиче-
ских соединений с бутадиен-нитрильным каучуком (БНК) в присутствии комбинированных 
наноразмерных порошков. Вулканизацию смесей осуществляли двумя методами: облучени-
ем гамма-лучами (Д=300 кГр) и предварительным нагревом в прессе, а затем последующим 
облучением (453 K x 5', Д=300 кГр). Что касается активации процесса сшивания, то были 
использованы комбинации нанооксидов ZnO и Al2O3. Поверхность нанокомпозита изучали 
с помощью сканирующей электронной микроскопии. Механические свойства модификаци-
онных смесей были изучены, а затем сравнены с контрольными (серными вулканизатами) и 
были проанализированы результаты механических испытаний после термического старения 
в агрессивных средах. Исследование показало, что, использование дисульфохоридного бензо-
ла в качестве сшивающего агента с участием нанооксидов позволяет получать вулканизован-
ные материалы на основе БНК с хорошей устойчивостью к старению и обеспечивает высокие 
эксплуатационные свойства в воздухе, морской воде и нефтеносных растворах.

Ключевые слова: бутадиен-нитрильный каучук; сшивание; уплотнительные элементы; гам-
ма-облучение; термическое старение; нано-ZnO; нано-Al2O3. 

Butadien-nitril kauçuku əsaslı germetiklərin fiziki-mexaniki 
xassələrinə nanoölçülü metal oksidlərin təsiri

R. F. Xankişiyeva
Azərbaycan Milli Elmlər Akademiyasının Radiasiya 

Problemləri İnstitutu, Bakı, Azərbaycan

Xülasə

İlk dəfə olaraq nano metal oksidlərinin birgə iştirakı iləaromatik birləşmə - 1,3-disulfoxlorid 
benzol (DSXB) və butadien nitril kauçukunun (BNK) birgə vulkanlaşması tədqiq olunmuşdur. 
Alınmış qarışığın tikilmə prosesi iki üsulla aparılmışdır: qamma şüalandırma (D=300 kQr) və 
qızdırıldıqdan sonra şüalandırma (453 K x 5 ', D=300 kQr). Vulkanlaşma prosesinin sürətini artırmaq 
məqsədi ilə aktivator kimi ZnO və Al2O3 nanooksidlərinin birgə kombinasiyasından istifadə 
olunmuşdur. Alınmış nanokompozitlərin səthi skanedici elektron mikroskop (SEM) vasitəsilə 
öyrənilmişdir. Modifikasiya olunmuş qarışığın mexaniki xassələri tədqiq olunmuş və kükürdlü 
vulkanizatla müqayisə edilmişdir. Həmçinin, nanokompozitlərin aqressiv mühitdə temperaturun 
təsirindən köhnəlməsindən sonra mexaniki xassələri təyin edilmişdir. Tədqiqat işindən alınan 
nəticələrə görə müəyyən olunmuşdur ki, nano oksid metalların iştirakı ilə BNK-nın tikici agent 
olan DSXB-ilə vulkanlaşması zamanı, alınan materiallardan köhnəlməyə və aqressiv mühitə (hava, 
dəniz suyu və neft məhlulu) qarşı davamlı germetiklərin alınmasında istifadə etmək olar. 

Açar sözlər: butadiene-nitril kauçuk; tikilmə; germetik elementlər; gamma şüalanması; termiki 
yaşlanma; nano-ZnO; nano-Al2O3.
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