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Abstract

:

The article studies the effect of polynorbornene (PNB) in the composition of PNB with Norman 747 LV plasticizer (RC) on the curing characteristics of the rubber compound and the physico-mechanical, dynamic, dielectric properties and the thermal behavior of vulcanizates based on a combination of isoprene, α-methylstyrene-butadiene, and nitrile-butadiene rubbers. It is shown that vulcanizates containing PNB in the composition of the RC had lower conditional tensile strength, hardness, and tear resistance compared to the vulcanizate of the base version of the rubber compound. Studies of dynamic mechanical analysis indicate that an increase in the content of RC, and hence PNB, in the rubber compound contributes to an increase in the mechanical loss factor (tanδ) and a decrease in the storage modulus of vulcanizates. It was found that vulcanized rubber, containing 24.0 parts per hundred of rubber (phr) (8.98 wt. %) PNB as part of the RC, is characterized by stable physico-mechanical, improved vibration-absorbing properties, as well as increased dielectric parameters. This rubber compound can be used as a base for rail fasteners for railroad tracks.
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1. Introduction


Railways create increased levels of vibration and noise during operation caused by the interaction of the rolling stock and the railway track [1,2,3,4,5,6,7]. The noise generated during the operation of railway transport has a negative impact on human health [8,9,10,11,12,13,14]. To solve this problem, rubber gaskets for rail fastenings are used [15,16,17,18,19]. These gaskets are made using directional functional ingredients to improve the vibration-damping (noise-absorbing) properties of the rubber. Increasing the vibration-damping properties of rubber is achieved by selecting the optimal polymer base. The modification of rubbers and their combination with polymers of a different nature and structure is one of the promising ways to create composite materials with improved vibration-damping properties [20,21,22]. These properties increase when various ingredients are introduced into the rubber composition, which leads to the irreversible conversion of vibration energy into heat [23,24]. One of these ingredients is polynorbornene (PNB), a product of the metathesis polymerization of norbornene (bicyclo-[2,2,1]-hept-2-ene) [25,26,27,28].



Industrial polynorbornene, obtained using a RuCl3-based catalyst in an alcohol medium, has found an application for the manufacturing of rubbers with unique vibration and sound-dampening characteristics. In the late 1970s, “CdF Chimie” launched the production of this polymer under the trade name Norsorex® [29,30]. The commercial product Norsorex® has a high content of trans double bonds (i.e., 90%) [31], a molecular weight of about 3 × 106, and a glass transition temperature (Tg) ranging from 35 to 45 °C [32]. The relatively high glass transition temperature of Norsorex® contributes to its excellent damping properties under shock, vibration, and sound insulation [33]. At room temperature, PNB is a solid product and exhibits rubber-like properties when plasticizers are added [31,34,35]. In addition, PNB has good physical characteristics, such as high thermal stability, low moisture absorption, and low dielectric constant, which makes it attractive for electronic applications [36].



Due to its low polarity and high molecular weight, Norsorex® can absorb hydrocarbons up to 10 times its dry weight, forming a gel that retains good mechanical properties. Accordingly, it has found some use in oil spill responses. In addition, hydrocarbon plasticizers can be added to obtain formulations containing more than 400 phr of the plasticizer, which makes it possible to obtain polynorbornene compositions with Tg down to –60 °C [33]. Another advantage of Norsorex® is that compositions based on it can have high friction coefficients in a wide temperature range and have a good ability to absorb vibrational energy [31].



Several works have been devoted to the study of PNB in various polymer composite materials, including vulcanized rubbers. Thus, in [34], the influence of polynorbornene rubber (PNR) in the composition of ethylene propylene diene monomer rubber EPDM 2650 at different ratios on the dynamic characteristics of vulcanizates was considered. Dynamic mechanical analysis (DMA) showed that the temperature range of effective damping (tanδ ≥ 0.3) of vulcanized PNR was about 113 °C, and this range decreases as the EPDM content in the mixture increases. The PNR/EPDM vulcanizate at a ratio of 25/75 phr has a tanδ value at the point of maximum (tanδmax = 1.62) at a temperature of −34 °C. The work [37] describes the damping properties of rubber based on nitrile-butadiene rubber (NBR) and PNB (Norsorex®). The DMA results showed that Norsorex at 30 phr in 70 phr NBR significantly improved the damping characteristics of the vulcanizate based on them. Vulcanized rubber based on the combination of NBR, Norsorex® = 70:30 phr possessed the highest tanδmax of 0.788 at 19.7 °C.



Norsorex is used for damping elements, for example, for railway, automotive, and acoustic systems, and as a tread compound for tires and personal protective equipment. Often Norsorex® is also used in blends with other rubbers to optimize their properties for special applications [31]. In this regard, it is of interest to study the effect of PNB on the curing characteristics of the rubber compound, physico-mechanical, dynamic, and dielectric properties of vulcanized rubber based on isoprene SKI-3, α-methylstyrene-butadiene SKMS-30ARK and nitrile-butadiene SKN 2655 rubbers with sulfur vulcanizing system used for the manufacture of gaskets for rail fasteners of the railway track.




2. Experimental


2.1. Materials


The following rubbers and ingredients served as the basis for the studied rubber mixture: isoprene rubber SKI-3 with Mooney viscosity ML1+4 (100 °C) 76–85 (Sintez-Kauchuk, Sterlitamak, Russia), α-methylstyrene-butadiene rubber SKMS-30ARK with the content of binder α-methylstyrene 22–25 wt. % and Mooney viscosity ML1+4 (100 °C) 46–57 (Omskii Kauchuk, Omsk, Russia), nitrile-butadiene rubber NBR 2655 with a mass fraction of acrylic acid nitrile 27–30 wt. %, Mooney viscosity ML1+4 (100 °C) 52–58 (Sibur, Moscow, Russia); curing (vulcanizing) agents–sulfur (Kaspiygaz, Astrakhan, Russia), N,N′-dithiodimorpholine (DTDM) (KurskKhimProm, Kursk, Russia); vulcanization accelerators–N-cyclohexyl-2-benzothiazolesulfenamide Vulkacit CZ/C (Lanxess, Cologne, Germany) (CBS), tetramethylthiuram disulfide (TMTD) (Himstar, Volzhsky, Russia); vulcanization activators–zinc oxide (ZnO) (Empils-zinc, Rostov-on-don, Russia), stearic acid (RossPolymer, Moscow, Russia); antioxidants–N-isopropyl-N′-phenyl-p-phenylenediamine Vulkanox 4010 NA/LG (Lanxess, Germany) (IPPD), poly(1,2-dihydro-2,2,4-trimethylquinoline) acetonanil N (TMQ) (Khimprom, Novocheboksarsk, Russia), wax ZV-P (KhimAvangard, Dzerzhinsk, Russia); fillers–silicon dioxide Zeosil 1165 MP with a specific surface area of 140–180 m2/g (Solvay, Brussels, Belgium), carbon black N 220 (Nizhnekamsktehuglerod, Nizhnekamsk, Russia) and carbon black P 514 (Ivanovskii Tekhuglerod i Rezina, Ivanovo, Russia) with a specific surface area of 104–118 and 50–57 m2/g, respectively, kaolin with a specific surface area of 10–24 m2/g (Plast-Rifey, Chelyabinsk Oblast, Russia); modifier–Hepsol KhKP (copolymer based on hexochloro-para-xylene and chlorinated paraffin) (Kaustik, Volgograd, Russia); softener–rosin (Orgsintez, Nizhny Novgorod, Russia); scorch retarder–N-nitrosodiphenylamine (RossPolymer, Moscow, Russia); PNB brand Norsorex NS with a particle size of 300–400 μm, a bulk density of 0.35–0.40 g/cm3 (Astron Industriebeteiligungs GmbH, Wien, Austria); plasticizer, the mixture of aromatic hydrocarbons, Norman 747 LV with kinematic viscosity at 40 °C 14.3 cSt, density at 20 °C 1037 kg/m3, refractive index at 20 °C 1.63 (Orgkhim, Nizhny Novgorod, Russia).




2.2. Preparation of the Samples


The direct introduction of powdered PNB into the rubber compound is not possible due to its poor combination with the elastomeric matrix. To eliminate this drawback, a rubber-like composition (RC) was developed. The production of RC was carried out in two stages. First, PNB was mixed with plasticizer Norman 747 LV at a mass ratio of PNB:Norman 747 LV = 1.0:1.5, at a temperature of 70 °C for 1.5 h. Then the resulting swollen product was subjected to rolling on a BH 2102 roller (650 300/300) with constant undercutting of the stock of composition formed on the front roll of the rollers on both sides of this roll for 20 min at a temperature of the rolls of 50–60 °C. After rolling, a RC was obtained, which was cut off from the front roll in the form of a sheet. Subsequently, the RC was introduced into the studied rubber mixture in various amounts.



The first (basic) version (PB-1) of the rubber compound was prepared without the use of RC. Its second–fifth variants (PB-2 ÷ PB-5) were prepared with additives of 15.0, 30.0, 45.0, and 60.0 phr. The RC corresponds to the content of PNB in quantities of 6.0, 12.0, 18.0, 24.0 phr (2.70, 5.06, 7.14, 8.98 wt. %) and included the RC Norman 747 LV in quantities of 9.0; 18.0; 27.0 and 36.0 phr. The rubber compounds investigated are shown in Table 1. The rubber compound was prepared by mixing a combination of rubbers SKI-3, SKMS-30ARK, and NBR 2655 with the ingredients given in Table 1 on laboratory rollers LB 320 160/160 under the most identical conditions; the temperature of the surface of the rollers was 60–70 °C, the mixing cycle duration was 25 min.



The standard samples of all rubber compounds for determining physico-mechanical parameters were vulcanized at 143 °C, a pressure of 17.6 MPa for 20 min in a P-V-100-3RT-2-PCD type vulcanizing press.




2.3. Curing Characteristics


The curing properties of the rubber compound were studied on an MDR 3000 Basic rheometer (Mon Tech Co., Buchen, Germany) at 143 °C for 40 min in accordance with ASTM D5289.




2.4. Crosslink Density


Most often, the crosslink density is determined from the data of the equilibrium swelling of the vulcanizate. Rectangular samples of vulcanizates with dimensions of 25 × 7 × 2 mm were cut out from the central part of the rubber plate and immersed in toluene in a closed container for 72 h at room temperature. After reaching the equilibrium degree of swelling, the sample was removed from the solvent (toluene), quickly dried with filter paper, and weighed. Then the swollen samples were placed in an oven and dried at 60 °C for 24 h to remove the solvent. The dried samples of vulcanizates were weighed.



There is the following relationship, described by the Flory–Rehner equation, between the average molecular weight of a segment of the molecular chain (    M   c    ), enclosed between two crosslinks, and the volume fraction of rubber in the swollen vulcanizate (    ν   r    ) Equation (1) [38]:


    M   c   = −     ρ   r     V   s   (     ν   r     3   −     ν   r     2   )     ln  ⁡    1 −   ν   r     +   ν   r   + χ   ν   r   2        



(1)




where χ describes the Flory–Huggins polymer-solvent interaction parameter, vs. is the molar volume of the solvent used (i.e., 106.27 cm3/mol for toluene [39]), and     ρ   r     (g/cm3) is the density of rubber.



    ν   r     is determined by Equation (2):


    ν   r   =   1     1 +       W   s   −   W   d       W   d             ρ   r       ρ   s        



(2)




where     W   s     is the weight of the swollen sample,     W   d     is the weight of the sample dried after swelling,     ρ   r     and     ρ   s     represent the density of the rubber and solvent, respectively [40,41].   ρ  (SKI-3) = 0.92 g/cm3;   ρ  (SKMS-30ARK) = 0.93 g/cm3;   ρ  (NBR 2655) = 0.96 g/cm3. Using the additivity rule, we get   ρ  (SKI-3–SKMS-30ARK–NBR 2655) = 0.93 g/cm3. The solvent density was   ρ  (toluene) = 0.8669 g/cm3.



A widely used equation to calculate   χ  , based on the Hildebrand solubility parameters is


  χ = β +     V   s     R T         δ   r   −   δ   s       2    



(3)




where     δ   r     and     δ   s     is the solubility parameters for rubber and solvent (18.2 (J/cm3)1/2 for toluene [42]), respectively, R the molar gas constant (8.314 J/(mol·K)), and T the absolute temperature (293.15 K),   β   is the entropic contribution (  β   = 0.34 [39]).



The solubility parameter of rubbers was calculated using the method of group contributions, which is described in [43]. The values of the rubber solubility parameter calculated by the method of group contributions are   δ  (SKI-3) = 16.5 (J/cm3)1/2;   δ  (SKMS-30ARK) = 17.2 (J/cm3)1/2;   δ  (NBR 2655) = 19.5 (J/cm3)1/2. Substituting the obtained values of the solubility parameter into Equation (3), the Flory–Huggins interaction parameter χ was calculated for each rubber: χ(SKI-3) = 0.466; χ(SKMS-30ARK) = 0.384; χ(NBR 2655) = 0.414. Applying the additivity rule for the SKI-3–SKMS-30ARK–NBR 2655 system, we obtain the value χ = 0.431.



The crosslink density     ν   c     (mol/cm3) is calculated using Equation (4) [44,45]:


    ν   c   =     ρ   r     2   M   c      



(4)








2.5. Differential Scanning Calorimetry


The DSC study of PNB samples and RC composition was carried out on a DSC 204 F1 Phoenix differential scanning calorimeter (Netzsch, Selb, Germany) in the temperature range from −120 to 150 °C. Scanning was performed at a rate of 20 °C/min with liquid nitrogen cooling in an argon atmosphere using a standard aluminum crucible with a lid. The weight of the samples was 10–11 mg. An empty aluminum crucible served as a reference sample.




2.6. Thermogravimetric Analysis (TGA)


TGA of the samples was carried out on a synchronous thermal analyzer STA 409 PC (Netzsch, Germany) in an inert argon atmosphere in the temperature range of 30–550 °C (for PNB samples and RC) and 30–700 °C (for vulcanizate samples) at a heating rate of 10 °C/min The samples were placed in an open ceramic crucible (Al2O3). The weight of the samples was 5–6 mg.




2.7. Physico-Mechanical Properties


Modulus stress at 100% elongation, tensile strength, and elongation at break of vulcanizates (samples in the amount of five double-sided blades with a thickness of (2.0 ± 0.2) mm for each version of vulcanizate) were determined in accordance with ASTM D412 using tensile testing machine REM-5-M-1-2 (Metrotest, Moscow, Russia) at a gripper speed of 500 mm/min. The mean of these indicators of five tested samples for each variant of the vulcanizate was taken as the test result.



Shore A hardness was determined using a TVR-A hardness tester (Vostok-7, Moscow, Russia) on one sample in the form of a washer with parallel planes with a diameter of 50 mm and a thickness of 8 mm for each version of the vulcanizate according to ASTM D2240-15. Hardness was measured at three points in different places of the sample. The test result was taken as the arithmetic mean of all measurements, rounded up to a whole number.



The tear resistance was determined on five arcuate samples with a thickness of (2.0 ± 0.2) mm for each variant of the vulcanizate in accordance with ASTM D624 using REM-5-M-1-2 tensile testing machine at a gripper speed of 500 mm/min. The arithmetic mean of five tested samples for each variant of the vulcanizate was taken as the test result.



Relative static compression set (RSC) in air was determined on three samples in the form of cylinders with a diameter and height of (9.8 ± 0.1) mm for each vulcanizate according to ASTM D395-18. The test result was taken as the arithmetic mean of three tested samples for each version of the vulcanizate.



Abrasion was determined on six (three pairs) samples in the form of square plates with a side of (20.0 ± 0.5) mm and a thickness of (8.0 ± 0.5) mm according to ASTM D5963-22. The test result was taken as the arithmetic mean of three values of indicators that differ from the average by no more than 10% for each variant of the vulcanizate.




2.8. Dynamic Mechanical Analysis (DMA)


Dynamic parameters (storage modulus, mechanical loss factor (tanδ)) of vulcanizates (samples were 30 × 10 × 2 mm in dimensions) were studied on a Netzsch DMA 242 E Artemis dynamic mechanical analyzer (Netzsch, Germany) in the temperature range from –90 to 90 °C at a heating rate 2 °C/min; oscillation frequency was 1 Hz, amplitude was 40 µm, force acting on the sample was 12 N. The measurements were carried out using a three-point bending deformation mode.




2.9. Dielectric Properties


The temperature dependence of electrical properties of polymer samples (thickness was 2.0–2.1 mm) was recorded in the temperature range from −70 to 100 °C at a frequency of 1 kHz, every 2 °C using E7-20 immittance meter (MNIPI, Minsk, Belarus). The setup consisted of a measuring cell with a sample placed in a Dewar flask filled with nitrogen and connected to an E7-20 RLC meter and a V7-78 universal voltmeter functioning as a precision thermometer. A laboratory-adjustable autotransformer was used to smoothly control the temperature change. The sample in the measuring cell was placed in a “cool” furnace, the neck of which was placed in a Dewar vessel. Thus, the samples were first heated to 100 °C. Then, the autotransformer was switched to the evaporator, and the samples were cooled to −70 °C with evaporating nitrogen. The error in measuring the dielectric loss tangent was ±2%, and the accuracy of temperature control was ±0.1 °C.





3. Results and Discussion


3.1. Curing Characteristics and Crosslink Density


Figure 1 shows curing (vulcanization) curves for various types of rubber compounds at a temperature of 143 °C.



Based on these curves, the cure characteristics were determined and are shown in Table 2.



As can be seen from Table 2, a decrease in the maximum MH and minimum ML torques and their difference (∆M) was observed with an increase in the RC content in the rubber compound compared to the base (PB-1 sample) version. This, apparently, is due to an increase in the amount of Norman 747 LV plasticizer contained in the RC. At the same time, there is an increase in the curing scorch time and optimum curing time of the rubber compound, including the RC, which contributes to the improvement of its technological properties (processability by calendering methods, i.e., a technological operation for manufacturing blanks of rubber compound for vulcanization, followed by the production of finished rail pads). It is known [46,47] that the value of ∆M is directly proportional to the degree of crosslinking of the vulcanizate. In this regard, the PB-5 vulcanizate containing 60.0 phr RC should possess the lowest degree of crosslinking and, therefore, is characterized by lower strength properties compared to rubber which does not contain RC.



Table 3 shows the data on the density of crosslinking of vulcanizates of the studied rubber compound.



Table 3 data confirm the above assumption that the value of ∆M is directly proportional to the crosslink density of vulcanizate νc. The decrease in the crosslink density νc of the vulcanizate was observed when increasing the RC content in the rubber compound that is caused by an increase in the fraction of Norman 747 LV plasticizer contained in the RC and, consequently, due to a decrease in the intermolecular interaction of rubber macromolecules. As expected, the PB-5 vulcanizate is characterized by the lowest crosslink density. This is due to the high content of the Norman 747 LV plasticizer in the PB-5 vulcanizate, which loosens the spatial vulcanization mesh and leads to an increase in the mobility of rubber macromolecules.




3.2. Thermal Analysis


The estimation of glass transition temperature Tg of PNB and the RC was estimated using the DSC method. Figure 2 shows the DSC curves of PNB and RC.



As can be seen from Figure 2, the glass transition temperature of PNB was 39.4 °C. The introduction of Norman 747 LV plasticizer into powdered PNB led to a shift of the endothermic inflection on the DSC curve to lower temperatures. The rubber-like composition had a glass transition temperature of Tg = −41.4 °C.



We also studied the thermal stability of PNB and RC by TGA method (Figure 3).



Figure 3 displays that TGA for PNB shows continuous absorption of heat up to 385 °C without weight loss (onset of weight loss at 433.7 °C). Sample decomposition occurs at 497 °C. RC is characterized by two-stage decomposition: the beginning of mass loss for the first stage is observed at a temperature of 217.6 °C, which is probably associated with the onset of evaporation of the plasticizer Norman 747 LV. When the temperature reaches 310 °C, the plasticizer contained in the RC completely evaporates. The onset of weight loss in the second stage of RC decomposition is characterized at a temperature of 432 °C, which is obviously associated with the onset of degradation of PNB macromolecules. At a temperature of 486 °C, decomposition of the RC is observed.




3.3. Physico-Mechanical Properties


The results of the physico-mechanical properties of vulcanizates are given in Table 4.



Data in Table 4 shows that vulcanizes containing RC had lower modulus stress at 100%, tensile strength, hardness, and tear resistance compared to the vulcanizate of the PB-1 sample (for the vulcanizate PB-5, compared with the first PB-1, there is a decrease in the modulus stress at 100% elongation by 46.7%, tensile strength by 13.6%, hardness by 17.6% and tear resistance by 20.4%). This is probably caused by the fact that the Norman 747 LV plasticizer will be adsorbed on the surface of the filler and protect its surface from interaction with rubber macromolecules. In this case, there is an increase in the elongation at break, the RSC, and the abrasion of the vulcanizates (the PB-5 vulcanizate is characterized by an increase in the elongation at break by 79.2%, the RSC by 6.3%, and the abrasion by 24.4% compared to the vulcanizate that does not contain the RC composition). This is due to a decrease in the viscosity of the rubber compound with an increase in the content of the RC in it, and, hence, the concentration of the plasticizer in it, which is confirmed by the minimum torque ML indirectly characterizes the viscosity of the rubber compound. A decrease in the viscosity of the rubber compound contributes to an increase in the segmental mobility of rubber macromolecules, which leads to an increase in elongation at break, RSC, and rubber abrasion.



It should be noted that the introduction of a plasticizer molecularly distributed between the polymer chains into the composition of the rubber compound leads to an increase in the free volume proportional to the amount of the plasticizer. Thus, a decrease in strength characteristics with an increase in the content of plasticizer is a natural effect.




3.4. Dynamic Mechanical Properties


A quantitative measure for assessing the dynamic (vibration-absorbing, damping) properties of polymer materials, including vulcanized rubbers, are the mechanical loss factor (tanδ) and the storage modulus (E′) [48,49]. In connection with this, the values of tanδ and E′ of the vulcanizates were determined by the DMA. The glass transition temperature Tg was determined as the temperature of the maximum temperature dependence of tanδ. Figure 4 and Figure 5 show the curves of the temperature dependences of E′ and tanδ for the vulcanizates of the rubber compound. Table 5 shows the dynamic parameters of the investigated vulcanizates.



As can be seen from Figure 4, an increase in the content of RC and, consequently, PNB in the composition of the rubber mixture contributes to a decrease in the elasticity modulus of the vulcanizate in the glassy state. Moreover, the PB-5 vulcanizate had the lowest value of E′ in the entire temperature range of measurements.



As can be seen from Figure 5, the temperature dependence of tanδ in the studied temperature range for vulcanizates has a multimodal character. For the vulcanizate of the basic version PB-1, a bimodal form of the temperature dependence of tanδ is observed. The peak at −51.8 °C (peak 1) with tanδmax = 0.405 (Table 5) refers to the “joint” phase of isoprene and butadiene-α-methylstyrene rubbers, and the peak at −7.0 °C (peak 2) to the phase of nitrile-butadiene rubber, which indicates the thermodynamic incompatibility of SKN 2655 with SKMS-30ARK and SKI-3 rubbers. Vulcanizates containing PNB had a trimodal nature of temperature dependence of tanδ, i.e., peaks in the temperature range from −51.1 to −47.2 °C belong to the SKI-3 and SKMS-30ARK phases, peaks in the temperature range from −15.2 to −9.7 °C–to the SKN 2655 phase. The peaks that appeared in the temperature range 11.8–31.3 °C belong to the PNB phase. From Figure 5, it can be seen that the peaks in the region of positive temperatures shift towards lower values with an increase in the content of RC and, consequently, PNB in the composition of the rubber mixture. In this case, a decrease in the glass transition temperature of the PNB phase is observed due to an increase in the proportion of Norman 747 LV plasticizer contained in the RC.



It is known [50,51,52,53,54,55] that the sound-absorbing (vibration-damping) properties increase with an increase in the mechanical loss tangent of polymers (vulcanized rubbers). The highest value of tanδ and the lowest value of E’, and, consequently, the best vibration-absorbing properties, has vulcanizate PB-5, including 24.0 phr PNB.




3.5. Dielectric Properties


It should be noted that rail fastener spacers are used to prevent electrical current passing from traveling to adjacent rails. In this regard, we have studied the effect of PNB on the dielectric properties of vulcanizates. In the course of studying the dielectric properties, the dependences of the capacitance (C), specific bulk electrical resistance (ρV), and the dielectric loss tangent (tanδ) on temperature were obtained. Figure 6, Figure 7 and Figure 8 show the temperature dependence curves of these indicators.



As can be seen from the results of measurements of electrical properties (Figure 6, Figure 7 and Figure 8), the dielectric properties and the value of the specific bulk electrical resistance depend on the concentration of the RC in the rubber compound. So, the PB-4 and PB-5 vulcanizates are distinguished by the maximum resistivity. At the same time, with increasing temperature, their specific volumetric electrical resistance decreases, while for PB1-PB3 samples, it generally increases with temperature (Figure 7). The dielectric parameters, capacitance (Figure 6), and dielectric loss tangent (Figure 8), on the contrary, are minimal for PB-4 and PB-5 samples and increase in samples with a lower concentration of RC in the rubber compound. The results of studies of the dielectric properties of vulcanizates indicate that with an increase in the concentration of PNB in the rubber mixture, the specific bulk electrical resistance increases, and the tangent of the dielectric loss angle decreases, which characterizes the energy loss on the insulation. Since the heating of the material (rail pad), in particular, is associated with energy losses in the insulation, the described dielectric properties indicate that rail fastening pads will experience less heat during operation.




3.6. Thermal Behavior


The thermal behavior of vulcanizates was evaluated by the TGA. Figure 9 shows the TGA curves of vulcanizates.



As can be seen from Figure 9 on the TGA curve for vulcanizates PB-1 ÷ PB-5, the onset of weight loss was observed at 150.0, 138.3, 125.3, 118.1, and 108.2 °C, respectively. The decomposition of the PB-1 vulcanizate sample occurred at 492.5 °C. For vulcanizates, PB-2 ÷ PB-5 was observed in the temperature range of 483–485 °C. It should be noted that RC-containing vulcanizates are characterized by lower thermal stability compared to PB-1 vulcanizates. Moreover, with an increase in the RC content in the rubber compound, a decrease in the thermal stability of vulcanizates from PB-1 to PB-5 is observed due to a decrease in intermolecular interaction and an increase in the mobility of rubber macromolecules, and, consequently, “loosening” of the vulcanization network. Apparently, this is due to an increase in the fraction of plasticizer Norman 747 LV contained in the RC.





4. Conclusions


The prospects of using PNB as a functional ingredient of directional action for a rubber compound based on a combination of isoprene, α-methylstyrene-butadiene, and nitrile-butadiene rubbers, intended for the manufacture of rail fasteners are shown. It is shown that an increase in the content of RC in the rubber compound leads to a decrease in the maximum and minimum torques, as well as to an increase in the curing scorch time and optimum curing time of the rubber compound, which improves its technological properties (the processability of the rubber compound). Vulcanizates containing PNB in the composition of the RC have stable physico-mechanical properties. The results of the study of dielectric properties show that with an increase in the content of PNB in the rubber compound, an increase in the specific volumetric electrical resistance of vulcanized rubbers occurs. With increasing temperature, the specific volumetric electrical resistance decreases for samples of vulcanizates containing 45.0 and 60.0 phr RC, while for the vulcanizates of the first–third options for the rubber compound, it increases with increasing temperature. It is shown that the capacitance and dielectric loss tangent are minimal for rubber samples containing 45.0 and 60.0 phr RC and these indicators increase in samples with a lower content of RC in the composition of the rubber compound. It has been established that with an increase in the content of RC in the rubber compound, there is a decrease in the thermal stability of vulcanizates due to an increase in the mobility of rubber macromolecules and, consequently, “loosening” of the spatial vulcanization network, due to an increase in the proportion of Norman 747 LV plasticizer, contained in the RC. It has been established by the DMA method that with an increase in the content of the RC and, consequently, PNB in the rubber compound, an improvement in the vibration-damping properties of vulcanizates was observed. Vulcanized rubber containing the composition of PNB at a mass ratio of 1:1.5 and in the amount of 60.0 phr (24.0 phr (8.98 wt. %) PNB) is characterized by stable physico-mechanical, improved vibration-absorbing properties, as well as increased dielectric characteristics. This rubber compound can be used as a base for the manufacture of rail fastening gaskets for railway tracks.
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Figure 1. Curing curves for various rubber compounds at 143 °C. 
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Figure 2. DSC curves of PNB and RC. 
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Figure 3. TGA curves of PNB and RC. 
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Figure 4. Temperature dependences on the storage modulus of vulcanizates of different rubber compounds. 
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Figure 5. Temperature dependences of the tanδ of vulcanizates of rubber compounds. 
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Figure 6. Temperature dependences of capacitance for vulcanizates of various types of rubber compounds. 
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Figure 7. Temperature dependences of specific volumetric electrical resistance for rubber compound vulcanizates. 
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Figure 8. Temperature dependences of the dielectric loss tangent for vulcanizates of various types of rubber compounds. 
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Figure 9. TGA curves of the investigated vulcanizates. 
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Table 1. Rubber compounds investigated.
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Rubbers and Additives

	
Content (phr *) for Various Samples




	
PB-1

	
PB-2

	
PB-3

	
PB-4

	
PB-5






	
SKI-3

	
50.0

	
50.0

	
50.0

	
50.0

	
50.0




	
SKMS-30ARK

	
30.0

	
30.0

	
30.0

	
30.0

	
30.0




	
NBR 2655

	
20.0

	
20.0

	
20.0

	
20.0

	
20.0




	
Curing agents

	
2.8

	
2.8

	
2.8

	
2.8

	
2.8




	
Vulcanization accelerators

	
2.3

	
2.3

	
2.3

	
2.3

	
2.3




	
Vulcanization activators

	
7.0

	
7.0

	
7.0

	
7.0

	
7.0




	
Antioxidants

	
4.0

	
4.0

	
4.0

	
4.0

	
4.0




	
Fillers

	
88.0

	
88.0

	
88.0

	
88.0

	
88.0




	
Modifier

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0




	
Softener

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0




	
Scorch retarder

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0




	
RC

	
–

	
15.0

	
30.0

	
45.0

	
60.0








* Parts per hundred parts of rubber.













 





Table 2. Curing (vulcanization) characteristics of rubber compound.
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Characteristics

	
Samples




	
PB-1

	
PB-2

	
PB-3

	
PB-4

	
PB-5






	
ML, dN·m

	
10.21

	
7.79

	
5.62

	
4.58

	
3.92




	
MH, dN·m

	
47.51

	
39.33

	
31.02

	
24.40

	
20.07




	
∆M, dN·m

	
37.30

	
30.17

	
25.40

	
19.82

	
16.15




	
ts, min

	
2.94

	
3.70

	
4.58

	
6.15

	
7.14




	
t90, min

	
16.12

	
16.22

	
17.58

	
18.73

	
18.90








Notation: MH is the maximum torque; ML is the minimum torque; ∆M is the difference between maximum and minimum torque; ts is the curing scorch time; t90 is the optimum curing time.













 





Table 3. Crosslink density of vulcanizates.
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Characteristics

	
Samples




	

	
PB-1

	
PB-2

	
PB-3

	
PB-4

	
PB-5






	
νr

	
0.409 ± 0.001

	
0.381 ± 0.001

	
0.342 ± 0.001

	
0.328 ± 0.001

	
0.306 ± 0.001




	
Mc × 10−3, g/mol

	
1.186 ± 0.009

	
1.460 ± 0.006

	
1.999 ± 0.016

	
2.239 ± 0.010

	
2.722 ± 0.012




	
νc × 104, mol/cm3

	
3.922 ± 0.030

	
3.189 ± 0.012

	
2.328 ± 0.019

	
2.079 ± 0.009

	
1.709 ± 0.007








Notation: νr is the volume fraction of rubber in the swollen vulcanizate; Mc is the average molecular weight of a segment of the molecular chain; νc is the crosslink density.













 





Table 4. Physico-mechanical properties of vulcanizates.






Table 4. Physico-mechanical properties of vulcanizates.





	
Characteristics

	
Samples




	

	
PB-1

	
PB-2

	
PB-3

	
PB-4

	
PB-5






	
f100, MPa

	
9.0 ± 0.3

	
7.1 ± 0.2

	
6.4 ± 0.2

	
5.2 ± 0.2

	
4.8 ± 0.2




	
fp, MPa

	
18.4 ± 0.6

	
17.9 ± 0.6

	
16.8 ± 0.6

	
16.3 ± 0.5

	
15.9 ± 0.5




	
εp, %

	
240 ± 9

	
310 ± 12

	
370 ± 14

	
410 ± 16

	
430 ± 17




	
H,