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Abstract. New types of elastomers (rubbers) for use in extremal conditions of north were
proposed and investigated. New type of filler — carbon nanotubes were added to a basic
elastomer composition in different proportions. Surface parameters of the samples were studied
before and after tribological tests. Electron microscopy was used to study the relief and
elemental composition of the surface and section (after the tests). Probe microscopy made it
possible to investigate the adhesion and elastic properties of the surface at the nanoscale.
Unmodified samples and samples with a small amount of nanotubes are remarkably changing
in topography and elemental composition after tribological tests: the amount of carbon
increased, while amounts of nitrogen, sulphur, and zinc decreased. Modification of the basic
composition by nanotubes significantly changes the properties of rubber. Cross-sections
showed that composition of the depth became more stable. Modified samples have a great
adhesion strength and Young's modulus.

1. Introduction

Rubbers and other elastomers are widely used in many areas of the national economy, and
development of new composites is an important task. In particular, the actual problem is fabrication of
the materials operating in the climatic conditions of the north [1-2]. These conditions are often close to
extremal. So, the materials must have high frost resistance, strength, and resistance to aggressive
media. To achieve these goals, the rubber is modified with various fillers [3-4]. Recently, nanofillers,
for example, carbon nanotubes (CNTSs), which have a unique structure and properties, are increasingly
being used as modifiers [5]. Thus, it is known that the addition of CNTs to a rubber composite often
leads to a significant improvement of its properties [6-7]. However, the influence of the CNTSs on the
structure and the main properties of the resulting composite have not been studied in details to date.

In the present work, a series of samples with different contents of CNTs have been studied at the
nanoscale using scanning electron microscopy (SEM) and scanning probe microscopy (SPM). The
influence of tribological tests on the surface change was also studied. The aim of the work was to
study the effect of the addition of CNTs on the structure and properties of elastomers based on
epichlorohydrin rubber.
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2. Materials and methods

2.1. Materials

In the present work, samples from epichlorohydrin-based composites (EPCG), which are intended to
be used as seals in machine units operating at negative temperatures, were investigated. Samples of
rubbers were made using Brabender plasticizer equipment. The components were mixed at 50°C for
15 minutes, then vulcanized on a hydraulic press GT-7014-H10C. The modifiers of rubber were
carbon nanotubes (CNTSs), added to the base composition in different percentages. For the subsequent
study, samples of five different contents were used (Table 1).

Table 1. Composition of the samples under study: the amount of
CNTs in the mass parts is given by 10 parts by weight of EPCG.

Sample number | 1 2 3 4 5

CNT (m.p.) 0 |03 |10 |20 |100

2.2. Tribological tests

The operation regime of elastomers was modelled by tribological tests conducted on UMT-2 friction
machine under the following conditions: contact pressure varied from 0.1 to 0.3 MPa, the sliding
velocity varied from 1 to 100 mm/s, and the bulk temperature of the samples varied from -25 to 22°C.
The description of tribological tests is presented in other works [8]. In the present work, the results
obtained after tribological tests with the maximum parameters of pressure and velocity are presented.

2.3. Surface investigation

The surface of the obtained samples was studied by various methods of microscopy before and after
tribological tests. The topography and elemental composition of the surface were examined on a
Quanta 650 SEM using secondary and back-scattered electrons detectors with EDAX analytical
equipment. The work was carried out at the low vacuum conditions, which allowed studying dielectric
rubber without preliminary metallization of its surface.

NTEGRA Prima SPM (NT-MDT, Russia) was used to study the topography, adhesion, and
viscoelastic properties of the sample surface at the nanoscale. HA-NC (NT-MDT) probes were used
having stiffness ~ 3.5 N/m, a resonance frequency ~ 140 kHz, and a tip radius < 10 nm. The heat
stabilization studies were carried out in a clean climatic zone "TRACKPORE ROOM-05", which
ensured the maintenance of temperature and humidity of the air environment with high accuracy.

Measurements of adhesion forces and elasticity (Young's modulus) were carried out by analysing
the dependences of force on distance obtained in the regime of power spectroscopy [9]. Another
method used, so-called force modulation method, consists in studying the damping of oscillations in a
sample: it is known that attenuation is determined by the elastic properties of the surface [10]. The
scanner with the sample performs vertical periodic oscillations at the resonant frequency of the
scanner (6.2 kHz in the present work). The probe, which is in contact with the sample surface,
registers the oscillations of the sample. In this case, the amplitude of oscillations of the probe-sample
system is recorded, which depends on the rigidity of the sample surface.

3. Results

3.1. Electron microscopy

The most important characteristic is the changing of the elastomers surface during operation. At the
initial stage of work, the surface of the samples before the tests was investigated in the regimes of
secondary electrons and back-scattered electrons. The results obtained for the first sample are shown
in Figure 1.
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Figure 1. SEM image of the surface of sample 1 regions after tribological tests: (a) in back-
scattered electrons regime, (b) in secondary electrons regime.
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Figure 2. SEM images of the initial sample surface. Sample number:
(a) 1; (b) 2; (c) 3; (d) 4; (e) 5.

Table 2. Chemical composition of the initial surfaces of elastomers.

Sample Chemical composition (% of mass)
number  C N O Mg Al Si S Cl Ca Co  Zn
1 3528 858 279 046 037 010 3426 184 0,25 - 16,07

2 3222 1200 514 058 059 001 3030 449 006 011 14,50
3 37,67 11,43 604 175 132 027 229 493 020 014 13,30
4 3564 1249 684 112 089 004 252 513 0,12 012 1233
5 40,76 1164 736 094 081 006 2257 449 008 013 11,16
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It is evident that both methods give practically the same information about the topography. At the
same time, the method of backscattered electrons gives a lot of information about the surface because
of good visualization of various phases. In other parts of this work, the surface images were also
obtained in the two above-mentioned modes and in all cases the mode of the backscattered electrons
provided more information. Therefore, the results of the study of other samples, described below, will
be presented only in this mode.

Figure 2 shows SEM images of the initial surface of the investigated samples 1-5, and in Table 2
the corresponding elemental composition is given. It can be seen that the initial surface of the samples
is smooth and homogeneous; there is no difference in the "colour" of the phases. Samples 2-5 contain
fine needle particles. The surface of sample 5 is characterized by the presence of pores of various sizes
on the surface. According to the elemental composition, the samples differ insignificantly. The
presence of cobalt in the chemical composition of samples 2-4 (with CNTSs) can be explained by its
presence in the catalytic system, used for production of nanotubes.

SEM images of the surface of elastomer samples after tribological tests (Fig. 3) show that the
topography of the surface after the tests has become more developed. The phases, differing in colour
and composition, also appeared at the surface. So, on the surface of samples 1 (without CNTSs) and 2
(CNTs 0.3 m.p.), the lighter areas are close in composition to the original surface, while the dark ones
are different. This can be explained by the nature of the interaction with the counter body: the surface
of the sample is uneven and contact during friction does not occur over the whole area. In this case,
the light areas correspond to the minimal contact with the counter body, while the darker areas are the
contact surfaces. From the obtained results it follows that the parameters of the surface of elastomers
without CNTs (or with a small number of them) vary greatly during friction. Elastomers modified with
a large number of CNTs (samples 3-5) also have regions on the surface that differ in colour and
topography. However, the elemental composition of these regions differs insignificantly (Table 3).
Thus, it can be argued that the introduction of CNT into an elastomer stabilizes its composition.

@ 0 um
Figure 3. SEM images of the sample surface after the tests. Sample
number: (a) 1; (b) 2; (c) 3; (d) 4; (e) 5.
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Table 3. Chemical composition of the elastomer surfaces after the tests.

Sample  Area

Chemical composition (% of mass)

number number ¢ N O Mg Al Si S cl K Ca Co 2zn
1 7347 327 917 193 133 028 471 293 - 032 - 259

2 4816 444 720 087 056 020 2450 242 - 021 - 1144

3 6923 351 1167 216 137 027 512 378 - 023 - 266

! 4 2411 211 1633 206 125 050 283 09 - 008 - 4978
5 2172 281 37,70 120 049 026 742 08 - 2551 - 2,09

All 658 385 11,18 145 101 023 88 273 - 034 - 449

1 6084 433 1389 199 148 033 68 58 - 062 005 373

2 4821 595 1071 125 106 043 17,73 514 - 028 009 915

2 3 6374 348 1329 139 186 035 6,05 423 - 232 022 307
All 5976 468 12,78 1,32 1,17 029 975 436 - 078 014 4,97

1 3893 1042 765 157 1,38 023 2201 492 - 012 009 1268

3 2 3617 983 824 224 139 038 2293 527 - 025 019 1311
All 3906 887 848 1,79 131 030 2178 508 - 019 013 13,01

1 1998 324 875 006 027 031 691 2769 2915 047 014 303

2 3363 546 504 022 014 007 37,66 090 006 004 011 1667

3 1836 182 664 000 002 007 421 3386 3209 038 009 246

‘ 4 3482 960 738 095 096 031 2673 3,75 009 018 021 1502
5 3156 531 471 037 026 014 3833 142 010 019 013 1748

All 3683 617 658 062 059 020 3063 270 029 026 015 14,98

1 3511 941 649 089 085 019 2813 346 - 006 051 1490

2 4130 849 827 078 077 021 2450 255 - 029 017 12,67

° 3 3332 757 526 031 027 009 3531 176 - 005 016 1590
Al 3915 939 883 1,03 1,00 040 2351 339 - 067 018 1245

For a more detailed study of the processes occurring during friction on contact surfaces, geological
sections of the samples were prepared. Figure 4 shows SEM images of these sections, and in Table 4 —
the corresponding elemental composition. It is easy to see a highly altered (in terms of topography and
chemical composition) surface layer, but its thickness is small (about 10 um) — therefore, its features
can be estimated only at high magnification.

A study of the topography of sample sections showed that samples 3 and 4 have a more
homogeneous and dense structure than samples 1, 2 and 5. Analysis of changes of the elemental
composition showed that in samples with a small amount of CNTSs, the surface layer significantly
differs from bulk. At the same time, for samples 3, 4 and 5 (with a high content of CNTSs), the element
composition in depth varies to a minimal extent. Thus, it can be concluded that an increase in the
number of CNTSs stabilizes the composition by volume.
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Figure 4. SEM images of the sample sections (magnification x2000).
Rectangles marked areas where X-ray spectral analysis was performed.
Sample number: (a) 1; (b) 2; (¢) 3; (d) 4; (e) 5.

Table 4. Chemical composition of sections of samples of elastomers after testing.

Sample  Area Chemical composition (% of mass)
number number ¢ N O Mg Al Si S CI K Ca Ti Co Zn
L 1 56,30 0,02 5,71 0,13 057 003 10,17 1387 - 286 069 - 945
3 76,30 0,60 875 087 079 - 384 549 - 013 012 - 3,06
1 62,13 0,15 790 105 155 0,09 741 1131 036 092 098 0,22 593
2 3 71,52 1,10 7,77 416 097 - 349 657 003 015 021 0,08 395
1 68,85 0,76 12,04 1,02 0,89 0,14 549 517 009 053 047 0,13 442
3 3 72,14 1,33 10,32 160 1,20 0,07 449 513 006 0,06 010 0,11 3,39
1 71,07 001 387 098 082 000 586 925 002 027 020 027 7,38
) 3 71,79 0,9 830 1,19 135 001 465 518 0,11 0,10 0,14 016 6,07
1 7563 029 797 085 09 000 359 542 003 021 008 0,27 4,70
° 3 76,16 2,10 10,14 1,15 1,03 006 293 3,78 006 0,10 007 014 228

3.2. Scanning probe microscopy

Results of measuring topography, adhesion and visco-elastic properties are given below. Figure 5
shows, as an example, the results obtained for sample 3. Similar results were obtained for other
samples. The summary data for all samples are given in Table 5.
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Figure 5. SPM images of the sample Ne3: (a) the surface topography; (b) the
supply-retraction curves; (c) the amplitude of the viscoelastic oscillations.

Table 5. Values of adhesion strength, Young's modulus and visco-elastic characteristics of the
test samples before and after tribological tests.

Fapn, NN E, MPa A, nA
Ne ER+CNTSs before after before After before after
1 0 mp 71,8 41 92,8 82,4 2,3 42
2 0,3 mp 324,2 203,6 584.,4 123,6 2,4 3,8
3 1,0 mp 139 322 309,7 144 3,0 3,9
4 2,0 mp 89,7 136 354,8 197,4 3,2 42
5 10 mp 238,3 99,8 251,9 197,1 2,6 3,3

Analysis of the obtained results allows us to make the following conclusions:

Adhesion strength. The addition of CNTs leads to an increase in adhesion: in samples without
CNTs, adhesion is small enough, while adding even 0.3 parts of CNTs leads to a sharp increase in
adhesion strength. However, a clear dependence of adhesion on the concentration of CNTs could not
be identified. The same pattern is observed for samples after tribological tests. We note that it was not
possible to reveal a general pattern for the effect of tribological tests on adhesion (after the tests the
adhesion strength decreased in samples 1, 2, 5, while it increased in samples 3 and 4).

Elastic characteristics. Young's modulus was measured from the slope of the curve. For samples
without CNTs and for samples with a small value of CNTs (up to 0.1 m.p.) Young's modulus is
relatively small, but with an increase in the CNTs content (from 0.3 m. p), a sharp increase in the
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Young's modulus occurred. For this concentration range (as for the case of adhesion forces), the
dependence on the number of CNTs was not revealed. After tribological tests, the Young's modulus
decreased for all samples.

Elastic characteristics. The results of the study of elasticity measured by the force modulation
method suggest that the elasticity values of different samples differ little. However, it can be seen that,
after tribological tests, in all cases a noticeable increase in the rigidity of the sample is observed.

In general, these investigations show that modification of the basic composition of rubber by
nanotubes significantly changes the properties of rubber. At the same time, it should be noted that the
conclusions obtained do not make it possible to establish an unambiguous correlation between the
elastic properties expressed in terms of the Young's modulus and the elastic parameters determined by
the force modulation method. Obviously, additional experiments are required here.

4. Conclusion

Unmodified samples and samples with a small amount of CNTSs after tribological tests are remarkably
changing both in topography and in elemental composition — the amount of carbon increases with
decreasing amounts of nitrogen, sulphur, and zinc. Modification of the basic composition with CNTs
significantly changes the properties of rubber. The composition of the depth becomes more stable.
Samples with CNTs have a great adhesion strength and Young's modulus.
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