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Abstract

:

Featured Application


The composites discussed herein provide a competitive alternative to composites based on high-performance thermoplastics in terms of cost and complex shaping in pump parts manufacturing.




Abstract


In this paper, a new class of high-performance composites and a method of their production based on the carbonization of an elastomeric matrix are proposed. The use of elastomeric matrix makes it possible to manufacture products with complex shapes, while the subsequent carbonization can significantly improve their properties by changing the chemical nature of the elastomeric matrix. Such an approach can reduce the products’ machining cost, especially for composites reinforced with super hard fillers such as silicon carbide at high filling degrees. Low-temperature carbonization makes it possible to obtain composites with mechanical behavior similar to that of ceramics. In contrast to classical elastomeric materials, the nitrile butadiene rubber (NBR)-based compounds were highly filled (300 parts per hundred rubber-PHR) with different carbon fillers and silicon carbide; then cured and carbonized at low-temperature 360 °C with the carbonization cycle of 12 h. The feasibility of the production method was validated through the manufacturing of products with complex shapes—impellers for electric centrifugal pumps. It was found that the carbonized composites have good chemical resistance and low water absorption. The composites have high Shore D hardnesses (93–96), ultimate tensile strengths (62–85 MPa), Young’s moduli (17–24 GPa), and compressive strengths (155–181 MPa).
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1. Introduction


Various methods and approaches based on physicochemical treatment of both matrix and fillers materials are used nowadays to obtain high performance composites. The partial or complete carbonization of polymers is an efficient method for obtaining materials with improved properties. One of the most frequently used approaches to produce carbon fibers (CFs) is the carbonization of polyacrylonitrile (PAN). PAN-based fibers have proved to be most suitable precursors for producing high-performance CFs generally because of the high melting point and char yield [1,2]. Using PAN-fibers as precursors leads to the development of a thermally stable and extremely oriented molecular structure [3]. In CF manufacturing, PAN-fibers undergo significant changes through a series of thermal processing steps including stabilization, low-temperature carbonization, and high-temperature carbonization [4]. Most PAN-based carbon fibers extensively applied over the past two decades have been used in the composite technology. Many other thermoplastic and thermoset polymers such as polymethyl methacrylate [5], poly(vinyl chloride) [6], polylactide [7], polyarylate [8], phenol formaldehyde resin [9] are also subjected to carbonization during the production of carbon materials possessing improved performance properties.



Although elastomers are widely used in engineering, the elastomeric matrix cannot yield materials with high mechanical properties. To the best of our knowledge, there are no reports on successful production of carbonized rubber-based materials. One reason why is there has been no research into this issue is because rubbers are not prone to carbonization or do not have a satisfactory set of properties after carbonization. We recently proposed a method for the production of carbonized NBR-based composites [10,11]. This method consists of three main stages, including the preparation of highly filled elastomeric compounds using a rubber mixing mill, vulcanization, and low-temperature carbonization. The advantage of the proposed approach to composite materials production is the use of industrial and well-developed technologies for molding rubber products, which can solve the problem of machining products. The proposed approach can yield products with desired shapes and sizes at the preliminary stage of the materials’ production by vulcanizing highly filled elastomeric compounds that are subsequently subjected to low-temperature carbonization. The main difference between the low-temperature carbonization and the traditional one is the incompleteness of the thermal destruction and cyclization of the elastomeric matrix as well as the formation of the material properties due to the predominance of consolidation processes over the thermal destruction during heating. The choice of carbonation conditions for the NBR matrix composites was based on well-studied processes and approaches used in the production of carbon fibers from PAN. As fillers, we used CFs, graphite, carbon black, and nanotubes, which are often used as fillers and can significantly improve properties of composites [12,13,14,15]. The use of carbon fillers in combination with low-temperature carbonization allowed us to obtain materials with high tensile, compressive, and flexural strengths, relatively high impact toughnesses, and high operating temperatures. In this paper, we present the results of our study of the chemical resistance and other performance properties required in industrial applications of the carbonized materials and the products manufactured by the proposed approach.




2. Materials and Methods


The highly filled elastomeric compounds based on nitrile-butadiene rubber (BNKS-18AMN, JSC “Krasnoyarsk Synthetic Rubbers Plant”, Krasnoyarsk, Russia) were obtained using a rubber-mixing mill. For all the compounds, the degree of filling was 300 parts per hundred rubber (PHR). As fillers, SiC (64C, LLC “NPK Ermakhim”, Moscow, Russia), chopped CFs (UKN-5000, CJSC "Holding Company "Composite", Moscow, Russia), graphite (GMZ, LC “Moscow Electrode Plant”, Moscow, Russia), shungite fillers (Carbosil T-20, JSC “Ecochimmach”, Bui, Russia), carbon black (P234, LLC “Southern Chemical Company”, Krasnodar, Russia), and CNTs (Taunit, LLC "NanoTechCenter" , Tambov, Russia) were used. The compositions of the composites were as follows: T2-carbosil/CB (250/50 PHR); T2-2-carbosil/CB/CF (200/50/50 PHR); SiC-1-graphite/SiC/CF/CB/CNTs (190/60/40/9/1 PHR); SiC-4-SiC/graphite/CF/ CB/CNTs (200/50/40/9/1 PHR). The mixing cycle was carried out as follows: the components of the composite were introduced into the elastomeric mixture alternately, in a sequence of increasing the particle sizes (i.e., nanotubes → schungite → SiC → graphite → carbon fibers). The carbon fibers were introduced in the final stage to keep their maximum length in the composites, with the mechanical properties of the obtained materials being mainly determined by the length of the carbon fibers. Vulcanization of the elastomeric compounds was carried out at 170 °C for 10 min under a pressure of 3.5 MPa. Carbonization of the composites was carried out at 360 °C with a specific heating-and-hold run that lasted 12 h. Principal technology was previously proposed and implemented by LLC “REAM-RTI” under the name "Karbul" for the production of products for submersible oilfield equipment. Figure 1 shows impellers that were produced using the proposed method. The diameter of the impellers was 65 mm, the diameter of the impellers eye was 18 mm, and the minimum thickness was 2 mm; these impellers were made for oil pumps with the following performance properties: the flow rate is 260–370 m3/day, the total head is 4.5–6.3 m, and the specific speed (metric units) is 1500–1650.



The microstructure was studied using a TESCAN VEGA 3 scanning electron microscope. The water absorption was investigated according to ISO 62:2008, the effects of immersion in liquid chemicals were investigated according to ISO 175:2010 using nitric (HNO3, 40%), sulfuric (H2SO4, 30%), hydrochloric (HCl, 37%) acids and sodium hydroxide (NaOH, 40%). The mechanical properties were studied using Zwick/Roell Z020 machine according to ISO 527 and ISO 604.




3. Results and Discussion


It is well known that the structure of composites has a significant effect on their properties: the interaction between the matrix and the fillers and the fillers distribution determine the mechanical, tribological, and thermal behavior of the composites. The method for producing composites should provide good adhesion between the components and the uniform filler distribution. The microstructure of the carbonized composites is shown in Figure 2.



It was found that the CFs during the mixing are crushed, and their length in the composites was in a range of 150–300 μm, regardless of the initial length. At CFs content up to 50 PHR, a uniform distribution of the fibers is provided, and a good interfacial interaction between the rubber and the CFs is observed. It can also be seen that mixing uniformly distributes the fillers in the rubber matrix. Frequently, high filler content levels result in a decrease in the properties caused by an increase in the tendency of the fillers to aggregate and form larger particles [16]. This causes a reduction of the aspect ratio of the filler and of the interaction surface area between the matrix and the filler. In our case, for the manufactured composites, a uniform filler distribution was achieved, which yielded materials with a homogeneous structure and high-performance properties.



A critical aspect of using the composite materials is their performance in moisture and chemical environments. The absorbed water usually affects mechanical performance and long-term durability of high-performance composites [17,18]. The water absorption of the carbonized composites after 70 days is shown in Figure 3a.



It was found that the water absorption values lie quite close to each other (0.45–0.61 wt %). Some difference can be related to the nature of the fillers; so the moisture permeability of SiC-reinforced composites is lower than that of for T2 and T2-2 SiC-free compounds that do not contain SiC. Therefore, it can be concluded that the SiC-reinforced composites have a smaller volume of open porosity. The contact angle (CA), which characterizes the hydrophobicity important for the performance of pump parts, decreases from 110–106° for the vulcanized composites to 62–70° for the carbonized ones (Table 1). This is due to the presence of a large amount of oxygen-containing functional groups on the surface of the materials after carbonization. Moreover, the SiC-reinforced composites have smaller values of CA, because SiC itself has a more hydrophilic nature than that of carbon.



Since the NBR and its composites are not resistant to oxidizing chemicals [19], the effects of immersion in liquid chemicals are also a critical performance aspect of using the obtained composite materials. The change in mass of the SiC-1 composites exposed to various liquids during 35 days is shown in Figure 3b. These curves show time dependences of the composite’s mass changes; they are typical for all composites and have similar behavior. Table 1 summarizes the data on a change in mass after exposure to various liquids after 35 days. It was found that, for T2 and T2-2, the change in mass after exposure to liquid chemicals, as well as after exposure to water, was higher than that of for SiC-1 and SiC-4 due to lower porosity of the latter. It was found that the noticeable changes are observed for samples exposed in HNO3. For all compositions, a noticeable increase in mass occurs, indicating that HNO3 has a rather high permeability. The analysis of the effect of HCl showed a similar tendency for all samples, and a gradual increase in mass was observed; however, in this case, the change in mass was much lower. Sulfuric acid only leads to a slight increase in mass (0.5–0.7%), which is close to the values of water absorption. The exposure to NaOH was accompanied by some loss of mass of the composites (about −0.15%), which is caused by partial dissolution of silicon-containing fillers, both schungite and SiC, due to easy dissolution of the surface SiO2 layer in alkalis. It is known that corrosion of the SiC- and silicon-containing ceramics in the HCl and H2NO3 solutions is much weaker than that of in the NaOH solution, due to the easy dissolution of the SiO2 layer on the ceramic surface into the alkaline solution [20]. Taking into account the simultaneous water absorption that masks the loss of mass, we can conclude that the real loss of mass does not exceed 0.8%. No visible changes in the structure, the sizes, and the colors were noticed, indicating that the composites are highly resistant to any attacks of the most common chemicals.



The mechanical properties of the composites are shown in Table 2. The values of compressive strengths are close and lie in a range of 155–180 MPa for all the composites. It was found that an increase in CF content and the replacement of graphite by shungite fillers, whose average particle size is smaller (T2 and SiC-1), increases Young’s modulus. However, in our previous work, it was shown that an increase in SiC content results in a decrease in the thermal conductivity of the composites due to a decrease in graphite content [11]. Carbon black and CNTs are active fillers that increase mechanical properties, but high filler content significantly reduces the plasticity of the elastomeric compounds, and the fillers tend to form agglomerates at high filling degrees. With an increase in SiC and a simultaneous decrease in graphite content, the tensile strength and Young’s modulus of the composites increase from 62.9 MPa and 17.6 GPa (SiC-1) to 81.2 MPa and 21.3 GPa (SiC-4), respectively. Elongation at break is almost the same for all compositions and lies in a range of 0.4–0.5%. The mechanical properties of the composites are comparable with carbon–carbon composites reinforced with short CFs [21]. It should be noted that carbonized NBR with no fillers shows poor mechanical properties (tensile strength is about 2.7 MPa, Young’s modulus is about 1.8 GPa, and elongation at break is about 0.4%). Therefore, the fillers used as well as high filling degrees (up to 300 PHR) mainly determine mechanical properties of the carbonized composites. Carbonization of the unfilled rubber is accompanied by significant shape changes and distortions of the experimental samples. High filling degrees of the rubber with all fillers used reduce form alterations of the produced composites during carbonization.



It is important to note that Young’s modulus has an asymmetrical character being almost two times higher at tension than at compression. We believe that this asymmetry is related to specific features of the composite structure, i.e., the presence and spatial distribution of CFs and intrinsic porosity as well as the elastic behavior of a partially carbonized matrix. Strong adhesion of the partially carbonized matrix with CFs implies higher stiffness at tension, whereas the collapsing of pores at compression reduces the stiffness from the basic level of stiffness for the non-porous carbonized matrix.




4. Conclusions


We report here the successful manufacturing of new composite materials and products through low-temperature carbonization of highly filled NBR. The use of fillers of various morphologies, such as SiC, carbon fibers, graphite, shungite fillers, carbon black, and CNTs, yielded thermally and dimensionally stable composite materials from elastomeric compounds. All used fillers reduce form alteration of the composites at carbonization providing the production of items with the required sizes and shapes. It was shown that good adhesion between fillers and carbonized matrix can yield good strength-elastic properties of the composites, comparable with carbon–carbon composites reinforced with short CFs. The carbonized composites showed good chemical resistance and low water absorption. No visible changes in the structure, the sizes, or the colors during immersion in various liquids were noticed, indicating that the composites are highly resistant to attacks of the most common chemicals. The SiC-reinforced composites have a smaller volume of available porosity and lower liquid permeability than the SiC-free composites. The composites and the developed method provide a competitive alternative to composites based on high-performance thermoplastics in terms of cost and complex shaping in manufacturing parts for pumping equipment.
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Figure 1. Prototypes of the products (impellers for electric centrifugal pumps) from the carbonized composites (view from both sides). 
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Figure 2. The microstructure of the carbonized composites: (a) T2; (b) T2-2; (c) SiC-1; (d) SiC-4 compounds. 
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Figure 3. Water absorption (a) of the carbonized composites and (b) change in mass of SiC-1 compounds exposed to liquid chemicals. 
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Table 1. Change in mass of carbonized composites after exposure to various liquids after 35 days.
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Designation

	
Change in Mass, %

	
Contact Angle, Deg




	
H2O

	
HNO3

	
H2SO4

	
HCl

	
NaOH

	
H2O






	
T2

	
+0.58

	
+4.73

	
+0.73

	
+2.44

	
−0.08

	
69.7 ± 0.5




	
T2-2

	
+0.61

	
+4.42

	
+0.56

	
+2.24

	
−0.11

	
70.0 ± 0.3




	
SiC-1

	
+0.45

	
+1.63

	
+0.07

	
+0.86

	
−0.05

	
64.5 ± 0.8




	
SiC-4

	
+0.48

	
+1.50

	
+0.12

	
+0.83

	
−0.15

	
62.6 ± 1.1











[image: Table] 





Table 2. The performance properties of carbonized composites.
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Designation

	
Hardness Shore D

	
Compression Tests

	
Tensile Tests




	
Ultimate Strength, MPa

	
Young’s Modulus, GPa

	
Ultimate Strength, MPa

	
Young’s Modulus, GPa






	
T2

	
95 ± 1

	
155.8 ± 6.6

	
9.56 ± 0.14

	
69.9 ± 2.8

	
19.1 ± 0.7




	
T2-2

	
94 ± 1

	
180.9 ± 9.4

	
14.81 ± 0.15

	
84.7 ± 1.3

	
24.5 ± 0.6




	
SiC-1

	
93 ± 2

	
166.1 ± 9.0

	
7.68 ± 0.36

	
62.9 ± 9.4

	
17.6 ± 0.5




	
SiC-4

	
96 ± 1

	
169.9 ± 10.1

	
11.49 ± 0.27

	
81.2 ± 7.7

	
21.3 ± 0.6
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