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Abstract

:

This study investigates the impact of a binary filler on the physicomechanical and tribological properties, as well as structure, of polymeric composite materials based on ultra-high-molecular-weight polyethylene. The organic modifier—2-mercaptobenzothiazole and wollastonite particles synthesized from two different systems (modeled and derived from waste) were used as the binary filler. The synthesis of wollastonite was carried out in the complex model system (CaSO4·2H2O–SiO2·nH2O–KOH–H2O) and from technogenic waste (borogypsum). It was demonstrated that the introduction of the binary filler made it possible to obtain an optimal combination of mechanical and tribological properties. It was found that during the wear of polymeric composite materials loaded with organic fillers, the fillers migrate to the friction surface, providing a shield against abrasive wear of the steel counterface. Due to the modification of ultra-high-molecular-weight polyethylene by 2-mercaptobenzothiazole, the interdiffusion of polymeric matrix macromolecules and interphase coupling with wollastonite particles improve. The 2-mercaptobenzothiazole organic compound used as the filler facilitates the relaxation processes within the composite under external loads.
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1. Introduction


Construction materials based on polymeric composite materials (PCMs) ensure the reliability and durability of friction units and a reduction in the cost of the operation and repair of vehicles. At the same time, they can be easily converted into complex-shaped products, which simplifies the manufacturing process [1,2].



One of the promising matrices for manufacturing such materials is ultra-high-molecular-weight polyethylene (UHMWPE), which, in recent years, has been introduced into various industries due to its unique properties [3]. UHMWPE possesses high strength and chemical resistance, sufficient wear resistance, and a low friction coefficient [4,5,6]. Moreover, a wide range of operational properties of UHMWPE composite materials can be achieved by adding different fillers [7,8] and using different technological methods for matrix modification: ultrasonic processing [9,10], radiation modification [11,12], and mechanical stimulus in a planetary mill [13,14]. However, in most cases, these methods do not lead to a significant improvement in the complex of mechanical and tribological properties.



Currently, the use of an optimal combination of fillers of various natures and geometries in a polymeric matrix makes it possible to sufficiently improve the operational characteristics of PCMs due to their synergetic effect [15]. In this study, wollastonite, in combination with the organic component—2-mercaptobenzothiazole (MBT), was used as a binary modifier of UHMWPE.



The choice of wollastonite is based on its reinforcing action on the polymer matrix. In this paper, we propose using wollastonite with a needle-like particulate habitus synthesized via the hydrothermal method as a nanofiller. The advantage of using synthetic wollastonite stems from the possibility of varying the size and shape of its particles. Various low-temperature or high-temperature methods involving subsequent thermal treatment of intermediate compounds or direct solid-phase reactions are used to synthesize wollastonite and accompanying intermediates, including calcium hydrosilicates [16,17,18]. Depending on the method, synthesis conditions, and initial reagents, the formation of wollastonite particles of differing morphology is observed. The use of wollastonite as a filler for UHMWPE was considered in the following works [19,20,21,22], where a significant increase in material strength and wear resistance was achieved. However, there is a challenge of coupling with a polymeric matrix due to weak interphase interaction. This is because the nature of the interaction between a filler and polymeric matrix in the composites, which are heterogeneous multicomponent systems, is complex. Weak adhesion strength and the absence of interphasic interaction between components may lead to defects in the composite structure, which negatively affects the physicomechanical and tribotechnical properties of the material. One promising method to improve interphase interaction is chemical and technological modification, which involves modifying the polymer with substances of high reactivity. To improve the dispersion of wollastonite particles in the polymer volume and its interphasic interaction, an organic modifier MBT was used, which is a reactive compound. There are studies in which organic fillers (wood flour, bamboo filament, polymers, cellulose, vitamin E, paraffin, etc.) were used for UHMWPE modification [23,24,25,26]. Currently, the usage of MBT as a modifier of UHMWPE is not fully explored, particularly as an adhesion promoter in PCMs.



The aim of this study is to investigate the influence of binary fillers of different natures on the mechanical and tribological properties and structure of UHMWPE.




2. Materials and Methods


2.1. Study Objects


UHMWPE of the GUR-4022 brand (Celanese, Nanjing, China) with a molecular weight of 5 million g/mol was used as a polymeric base. MBT (GOST 739-74) and synthesized wollastonite particles were used as fillers [27]. Wollastonite was synthesized by autoclaving in a model system (MW) and from borogypsum (WB):




	
The precursor components in the model system were calcium sulfate CaSO4·2H2O (p.a.), silicon dioxide (pur.), and potassium hydrate (p.a.), which were mixed in a stoichiometric ratio.



	
In the second case, borogypsum was processed in an autoclave by a potassium hydrate solution (p.a.) in a stoichiometric ratio. The base components of borogypsum were calcium sulfate dihydrate and amorphous silica.








Synthesis of wollastonite was carried out in an autoclave at 220 °C for 3 h. After the designated time interval, the obtained precipitate mixture was removed from the autoclave, flushed out by distilled water heated up to 60–70 °C, separated from the solution by filtration through the Blue ribbon filter paper, and dehydrated at 85 °C for several hours. The resulting precipitates were further calcined in a TSNOL 6.7/1300 muffle furnace (SNOL, Lithuania) in a temperature range of 900–1000 °C for 1–3 h.




2.2. PCM Fabrication Technology


The initial UHMWPE powder was primarily dehydrated in a PE-0041 furnace (Ecopribor, Saint Petersburg, Russia) for 1.5 h to remove the adsorbed moisture. Before use, wollastonite was dehydrated at 85 °C for 4 h. The fillers for UHMWPE were used both separately and in combination (Table 1).



UHMWPE and the fillers were mixed at room temperature in a paddle mixer with a rotor speed of 1200 rpm. Processing of UHMWPE and the composite materials was performed using a hot-pressing process using a PCMV-100 hydraulic press (Impuls, Moscow, Russia) at a temperature of 175 °C, a pressure of 10 MPa, and a curing time of 20 min, followed by cooling under pressure to room temperature.




2.3. Research Methods


The stress–strain properties of the PCM were determined using an AGS-J universal breaking machine (Shimadzu, Tokyo, Japan). The studies were conducted in accordance with ASTM D3039/D3039M-14 standards [28]. The speed of moving grips was 50 mm/min, and the number of parallel tests per PCM series was 6.



The tribological characteristics of UHMWPE and the PCM were defined on a UMT-3 testing machine (CETR, Mountain View, CA, USA) at a specific load of 1.9 MPa and a linear sliding speed of 0.5 m/s under the “finger-disk” friction scheme over 3 h. The samples with a diameter of 10 mm and a height of 20 mm were used for the studies. The disks made of AISI 1045 steel characterized by a strength of 45–50 HRC and a roughness of Ra = 0.06–0.08 μm were used as the counterface. Each result of the tribotechnical tests is presented as the arithmetical average of 3 measurements.



The accumulation time at the point was 0.2 s. SEM images of samples’ surfaces were obtained using a Carl Zeiss Ultra 55 scanning electron microscope (SEM, Oberkochen, Germany), with the prefix for energy-dispersive X-ray microanalysis (EDX) Bruker (GmbH, Berlin, Germany).



The IR spectra of MBT and the surfaces of the samples before and after friction were recorded using a Varian 7000 FT-IR Fourier transform IR spectrometer (FTIR; Varian 7000, Palo Alto, CA, USA) with an attenuated total internal reflection set in the wavenumber range of 4000–400 cm−1.



The specific surface of the synthesized wollastonite particles was studied by a NOVA Autosorb IQ low-temperature adsorption machine (Quantachrome Instruments, Boynton Beach, FL, USA).



The X-ray diffraction (XRD) patterns of wollastonite were recorded using a D8 ADVANCE automatic diffractometer (Bruker, Karlsruhe, Germany) with sample rotation in CuKα-radiation. XRD analysis was carried out using the EVA search–match software with the Powder Diffraction File TM database (Soorya N Kabekkodu, 2007). The X-ray patterns of the PCM were obtained using an ARL X’Tra X-ray powder diffractometer (Thermo Fisher Scientific, Zug, Switzerland). An X-ray tube with a copper anode (λ(CuKα) = 0.154 nm) was used as a radiation source. The scanning angles were from 3° to 60° with a scan step of 0.05° and an acquisition interval of 3 secs at each point in the reflection mode.





3. Results


3.1. Study of the Synthesized Wollastonite Particles


The results of the XRD analysis and the morphology of the synthesized wollastonite particles based on the initial components are presented in Figure 1.



Figure 1 shows that the synthesized wollastonite is characterized by the formation of agglomerates, but the form and size of particles differ depending on the initial components. For instance, the agglomerates from model wollastonite consist of nanofibers with a diameter of ~47.7–62.5 nm and a specific surface of 26.4 m2/g. It is evident that the agglomerate of borogypsum wollastonite consists of acicular particles and blocks with delineated planes, including fine-grained nanosized particles. In this case, the diameter of the aciculae is up to 280 nm, and the size of large particles is 940 nm. The specific surface area of wollastonite particles synthesized from borogypsum after annealing equals 0.82 m2/g. The size dispersion of wollastonite particles synthesized from borogypsum and its model counterpart may be attributed to the presence of microimpurities in the composition of technogenic waste, which influence the growth kinetics and morphology of wollastonite particles.



The analysis of the XRD pattern of wollastonite shows that triclinic CaSiO3 is formed in a model system (PDF-2, 01-084-0654: a = 7.92580; b = 7.32020; c = 7.06530; α = 90.055; β = 95.217; γ = 103.426), and the sample from borogypsum is characterized by the presence of monoclinic CaSiO3 wollastonite (PDF-2, 00-027-0088: a = 15.36000; b = 7.28500; c = 7.08400; α = 90.000; β = 95.400; γ = 90.000) and unreacted calcium sulfate CaSO4 (PDF-2, 01-072-2297: a = 6.23000; b = 6.98000; c = 6.97000; α = 90.000; β = 90.000; γ = 90.000).



The particle size distribution of wollastonite is exhibited in Figure 2.



The analysis of the particle size distribution of MW indicates that the particles are characterized by the formation of agglomerates with sizes ranging from 9–11 to 30–40 microns. Whereas the results of particle size distribution of WB revealed that the sizes of wollastonite agglomerates vary from 0.2 to 70 μm (Figure 2b).




3.2. Characterization of MBT


2-Mercaptobenzothiazole C7H5NS is an organic compound of the benzothiazole class with a melting point of 179 °C. It exists as the carbothionic and carbothiolic tautomer (Scheme 1). In a study [29], crystal structure analysis revealed that the carbothionic form predominates in MBT. In another study [30] demonstrated using the Hartree–Fock method and DFT that the carbothionic form was more stable than the carbothiolic one by 39–44 kJ/mol. Furthermore, it was proven [29] that MBT formed asymmetric dimers through N H···S hydrogen bonds. It was also shown that the dimeric form of MBT, connected through hydrogen bonds, is more stable compared to its tautomeric monomers.



The –SH mercapto group is characterized by proton-donor activity and is classified among weak Lewis acids and Pearson soft bases [31]. The heterocycle provides stability to transition compounds through the formation of a conjugated electron system, i.e., the delocalization of electron density [32].



Based on the chemical character, MBT is used in lubricating oils as an antiwear additive and is used in the industry as a copper corrosion inhibitor and as a collector in flotation [33,34,35]. Moreover, MBT is widely used in the rubber industry as a vulcanizing accelerator and a curing agent [36,37,38].



The structure and properties of MBT are extensively studied in the following works [29,39,40,41,42,43,44,45]. For the reliability of the used MBT, IR spectroscopy and SEM studies were performed, the results of which are presented in Figure 3. The microphotograph shows that MBT is characterized by a wide range of particle sizes and forms. The friable and porous surface is observed on scaling.



The bands at 3112, 3072, 3040, 2960, 2895, and 2841 cm−1 are observed in the high wavenumber region of the IR spectrum of the initial MBT. The bands correspond to the asymmetric and symmetric stretching modes of the C–H bond. The presence of intensive absorption bands in the region of 1600–560 cm−1 is found. For example, peaks at 1600, 1500, and 1076 cm−1 correspond to the C–C bond of the aromatic cycle. Maxima at 1456, 1319, and 1140 cm−1 correspond to the in-plane C–H vibration of the methyl group. The vibration motions of the C–H bond produce 850 and 747 cm−1 peaks. The maximum at 1425 cm−1 corresponds to in-plane deformation vibrations of the N–H bond, and the peak at 565 cm−1 is caused by the vibration of this bond. Moreover, the recorded maxima at 1284 and 1244 cm−1 correspond to symmetric and asymmetric vibrations of the C–N bond. The presence of the mercapto group can be defined by the intensive peak at 1019 cm−1, which corresponds to the S=C bond vibration of the MBT carbothionic form. The maximum at 668 cm−1 can be attributed to the S–C bond vibration and to the bending vibration of the C–C–C bond; the latter may induce the maxima at 603 cm−1. Therefore, the detected bands in the IR spectra correspond to the molecule structure of the initial MBT [30,44,46].




3.3. Stress–Strain Properties of the PCM


To investigate the effect of the MBT reactive filler on the interphase interaction of UHMWPE and wollastonite (MW and WB), studies of the stress–strain properties of the PCM were conducted, and the results are presented in Figure 4. The stress-strain curve of the composites is shown in Figure 5. The values with a single content of each filler in the PCM are presented for comparison.



It was found that the introduction of a filler, consisting of the “MBT—model wollastonite”, into UHMWPE contributed to the maximum increase in tensile strength compared to other composites (ratio 1 wt.% MW and 0.5 wt.% MBT). An increase in total extension at fracture by 22% and tensile strength by 35% compared to the initial UHMWPE was observed. It was established that the usage of the “MBT-wollastonite from borogypsum” system led to a 21% increase in tensile strength and a negligible increase in the total extension coefficient of the PCM by 17%. The composites, loaded with single fillers, were characterized by some increase in tensile strength, while the value of total extension at fracture was similar to the initial UHMWPE. A notable difference is observed in the composite filled with MBT, where an increase in tensile strength by 29% and relative elongation at break by 27% compared to UHMWPE are recorded.



One of the factors in obtaining high-strength composite materials is reinforcing the adhesive interaction between the composite components and forming interphase layers possessing properties that differ from those of the polymer. The increase in the stress–strain characteristics when introducing the binary filler can be attributed to the reinforcement of the interaction between the composite components due to the reactivity of MBT. Thereby, wollastonite fully implements a reinforcing function in the matrix, taking into account the size and form of wollastonite particles. Since synthesized MW has a more homogeneous nanofiber structure, the “MBT-model wollastonite” system of modifiers proves to be the most effective.




3.4. Study of the Structure of UHMWPE and the PCM


Studies of the supramolecular structure of the initial UHMWPE and the PCM, modified by 1 wt.% of each filler, were performed in Figure 6.



A large-sized spherulite structure with a loose packing of fibrils is observed in the microphotograph of the initial UHMWPE. The formation of small-sized radial spherulite-like structures with varying-sized structure elements is observed with wollastonite introduced in the PCM. Wollastonite particles are artificial nucleating agents that contribute to the formation of a more ordered and oriented structure throughout the section. In the case of MBT introduction, the formation of an inhomogeneous structure is observed. Moreover, filler particles are uniformly distributed throughout UHMWPE, and the presence of agglomerated filler particles is not observed.



Figure 7, Figure 8, Figure 9 and Figure 10 show the microphotographs of the supramolecular structure of the PCM modified by the binary filler.



From the microphotographs of PCM (Figure 7 and Figure 8), it was established that small-sized spherulite-like formations appeared in the structure of the PCM in the case of the simultaneous presence of wollastonite and MBT, whereas it was not observed in the case of pure MBT. It is related to the fact that the organic filler disperses agglomerated particles of the MW in the polymer, which is confirmed by the absence of agglomerates (Figure 6). Thus, it is shown that the introduction of the MBT organic filler leads to the activation of wollastonite particles during UHMWPE crystallization. Additionally, it is evident that this tendency increases with an increase in the content of nanoparticles, i.e., the number of MB particles as crystallizing nuclei become larger (Figure 6).



A rise in UHMWPE crystallization with the formation of well-defined spherulites is observed with an increase in MBT content. Figure 8 shows that the migration of MW nanoparticles to the boundaries of spherulites is also observed. One can assume that the mobility of nanofibers in the polymer rises with an increase in the MBT content, and the filling of regions with lower surface energy occurs (zones where spherulites overlap).



The structural homogeneity of the material is achieved when filler particles are well dispersed in the polymer. In this case, local strains are reduced, which has a positive effect on the relaxation processes. The issue of the dispersion of agglomerated nanoparticles in UHMWPE was addressed in the work [47], where a developed technology of combining PCM components under ultrasonic vibrations in a liquid medium (in ethanol) is described. The composition materials using this method are characterized by a significant improvement in wear resistance and deformation-strength properties. In addition, one of the common ways of dispersing fillers is the use of mechanical activation in a planetary mill, which is due to the simplicity and universality of the method [48,49,50,51]. Also, there are alternative ways of dispersing agglomerates using laser treatment [52] and additional modification of nanoparticles by adhesion promoters and surfactants [20,53,54,55]. These methods include a supplement of additional stages in the composite production, which in turn complicates the process. In a series of works [56,57,58], the influence of binary filler with paraffin and carbon nanotubes on the properties of UHMWPE is demonstrated. The authors proved that paraffin oil improved the filler dispersion in the polymer and the interdiffusion of UHMWPE globules. Based on this idea, MBT can be adsorbed on the wollastonite surface, which increases the mobility of macromolecules in the matrix volume (acting as a plasticizer). However, the mechanism of action may differ as MBT can spontaneously form an adsorption monolayer on the wollastonite surface, thereby reinforcing interphase interaction and increasing the wettability of the particles with the binder, which additionally orients them in volume. In addition, stable free radicals may appear from the MBT particle, which initiates the processes of supramolecule structuring.



In the case of wollastonite from borogypsum with MBT, the formation of a nontypical supramolecular structure was observed in UHMWPE. Figure 1 shows that wollastonite particles from borogypsum have various forms. The particles with layered and sponge-like structures (micron size) become a crystallization center of the spherulites, and small acicular particles are distributed throughout the volume, as seen in the microphotographs of the PCM with a binary filler (Figure 9). It is seen that the spherulite sizes are smaller compared to the composites loaded only with WB (Figure 4); however, they are larger compared to the binary filler with model wollastonite.



It was defined that MBT covered the surface of layered particles, whereas in the case of spongy wollastonite particles, the interphase coupling with the polymer improved (Figure 10). It is seen that the polymer fibrils partially cover the surface of MB particles and penetrate the space between the agglomerates.



It was found that the increase in WB (from 1 wt.%) led to the agglomeration of acicular particles of the filler. In the case of agglomerates of acicular particles, MBT filled the interphase layer between the filler and the polymer. The localization of MBT on the interphase border is called the Pickering effect when the interphase surface tension is decreased [59,60,61,62]. The MBT particles in the interfacial layer can act as additional “molecular clamps” according to a figurative expression [63], which explains the changes in the material’s mechanical behavior. In this case, MBT particles play a role as a compatibilizer between wollastonite and UHMWPE [64]. Thus, the increase in the stress–strain properties of the PCM is explained by the dispersion of wollastonite particles due to the chemical nature of MBT, as well as the improvement of interphase interaction caused by the reactivity of the MBT.



The influence of wollastonite particles depending on the filler content on the crystalline state of UHMWPE was studied by XRD. The X-ray patterns of UHMWPE and the PCM are shown in Figure 11.



The X-ray patterns of UHMWPE and the PCM reveal two main reflexes (2θ—21.4° and 23.9°) corresponding to two 200 and 110 planes of the UHMWPE crystal phase in the orthorhombic cell. The other reflexes at 2θ in the region of 30–60° of the UHMWPE crystal phase are relatively weak and will not be considered in further analysis of the UHMWPE structure. A region around 2θ~19.3° corresponds to an amorphous ring (010) [65]. The decrease in the amorphous ring and some decline in the crystalline peaks compared to the initial UHMWPE are observed with MW introduction. It indicates the enlargement of a number of the crystallizing centers (nucleation) in UHMWPE during the formation of the crystal structure. It is established that MW affects the amorphous regions of a polymeric matrix and decreases the defectiveness of the PCM crystallite. In the case of the PCM with wollastonite from borogypsum, a total decline in the intensity of peaks and a shift to the larger angles are observed. The structural peculiarities of WB particles influence the formation of a crystal structure of UHMWPE.



The introduction of the binary filler results in a decrease in the intensity of amorphous and crystal phase peaks compared to UHMWPE and composites loaded only with wollastonite. It was found in a study [66] that the introduction of the organic filler into UHMWPE was followed by matrix amorphization and a decrease in crystallinity. Thus, binary filling influences the growth and form of crystallites during the structuring of the PCM, involving the deformation of crystal regions.




3.5. Tribological Properties of the Composites


Based on tribotechnical studies (Figure 12), it was found that the introduction of 1 wt.% of model wollastonite and 1 wt.% of MBT led to a 6-fold decrease in the rate of mass wear compared to the initial UHMWPE. It was observed that linear wear slowly decreased and had a “gradual character” with an increase in the content of “MBT–MW” fillers. Moreover, the friction coefficient remained at the level of the initial UHMWPE. Apart from that, a 6-fold decline in the wear rate compared to the initial UHMWPE was detected at the MW single filling. However, the friction coefficient was slightly higher than that of the composite with a binary filler.



A 6-fold decline in the mass wear rate was noticed in the composite with 0.5 wt.% WB and 0.5 wt.% MBT, whereas single filling of WB led to a 3-fold decrease. Also, some rise of the friction coefficient was observed with the introduction of 0.5 and 1 wt.% wollastonite in UHMWPE, and then it decreased with an increase in the WB content. It is seen that a single filling with MBT did not contribute to the sufficient improvement of the tribological properties. Only a 3-fold decline in the wear rate relative to UHMWPE was observed. Thus, one may say that the introduction of two modifiers exhibits a synergetic effect since each of the components interacts differently with the matrix.




3.6. Study of the Friction Surface


To explore the regularities of changes in the material subsurface layer during friction and to explain the results obtained according to tribological tests, SEM and IR spectroscopy studies of the friction surface morphology of UHMWPE and the PCM based on the content and ratio of the fillers were conducted. Figure 13 shows the microphotographs of the friction surfaces of UHMWPE and the PCM with single filling (MBT, MW, WB).



The presence of the furrows oriented along the friction path resulting from the plastic deformation with the following growth of mechanical hysteresis losses in the subsurface layer of the polymer is observed on the friction surfaces of the initial UHMWPE, as seen in Figure 13. A specific morphology of the friction surface is formed due to the multiple repetitions of such processes. The composite loaded with MW is characterized by the development of tight formations, unlike the matrix, the so-called secondary structures. In the case of WB introduction, the presence of beads on the friction surface of the PCM is detected, suggesting an increase in the thermal strain at friction. Atypical morphology of the friction surface was found in the PCM consisting of MBT. The development of complex ordered structures, the so-called “clusters”, containing MBT particles, is observed.



The microphotographs of the friction surfaces of the PCM loaded with 1 wt.% MBT, depending on the wollastonite content, are presented in Figure 14.



A comparison of the structure of PCM friction surfaces depending on the type of wollastonite used revealed some differences: the friction surface of the composite material with WB is smoother and is characterized by a higher content of secondary structures. The secondary structure of the composite with the “MBT–MW” binary content is inhomogeneous (discontinuous). It is distinguished by local distribution on the surface (i.e., it does not cover the entire friction surface). However, oriented secondary structures develop, and wollastonite agglomerates are absent in all composites with the “MBT + wollastonite” system. The absence of matrix peeling zones and deep furrows on the friction surface indicates a decrease in the counterface abrasive effect on the material. Moreover, the absence of beads indicates the minimization of adhesive wear and destruction of material integrity, explaining the reduction by three times the mass wear rate. The wear mechanism of a binary-filled composite can be described as follows:




	-

	
In the first acts of friction, MBT (as a soft organic filler) can melt in the near-surface layer in the zone between the composites and the steel counterbody due to the increased temperature under mechanical stress. Consequently, MBT actively forms clusters on the friction surface of the composite and a transfer film on the surface of the steel counterbody [25,67]. In this case, MBT reduces the adhesion component of friction and facilitates the sliding processes of the composite relative to the surface of the steel counterbody, as if playing the role of a lubricant. The chemical aspect of MBT is described in more detail below.




	-

	
The wollastonite particles (as solid particles) reinforce the polymer matrix, thereby preventing further molding of the surface layer. Solid particles can be localized in the friction zone, resulting in a gradual enrichment of the PCM surface with the more thermostable wollastonite particles. As a result, discrete areas are formed where the filler particles absorb the external load. The reduction of stresses at frictional contact is caused by the reduction of the actual contact area, increasing the loading capacity of the material and reducing the wear of the PCM, respectively.









The IR spectra of the friction surfaces of the PCM, depending on the used wollastonite and the MBT content, are presented in Figure 15. Absorption bands corresponding to the characteristic vibrations of UHMWPE (2914, 2847, 1462, and 719 cm−1) are detected in the IR spectra. Bands at 2914, 2847, and 1462 cm−1 are induced by the stretching modes of the -CH2 bond, and the peak at 719 cm−1 corresponds to the pendular oscillations of a polymeric chain.



It is known [21] that the presence of an absorption band at 1806–1515 cm−1, evidencing the tribooxidative reaction behavior with the formation of carboxyl and carbonyl groups after friction in the IR spectra of UHMWPE-based composite materials is observed. It is seen that the composite loaded with WB is characterized by a larger intensity of the absorption band in this region. It is explained by the intensification of the tribooxidative processes due to an increase in the thermal strain in the friction zone, which leads to the formation of beads on the friction surface (Figure 13). The opposite behavior of the IR spectra is observed in the case of the composite containing MBT. It has no absorption band in this region. This suggests the formation of the protective coating on the friction surface of the PCM, which protects the material from further wear. In addition, the IR spectra consist of other absorption bands in the region of 1356–860 cm−1, which can be referred to as the characteristic vibrations of both MBT and CaSiO3.



A comparison of the IR spectra of the PCM loaded with wollastonite and binary filler indicates a decline in the intensity of absorption bands in the region of 850–1100 cm−1, corresponding to the vibrations of oxygen–silicon bonds. It is explained by the dispersion of filler agglomerates when introducing MBT, as shown in Figure 7, Figure 8, Figure 9 and Figure 10. Structuring processes with the formation of secondary structures minimize the abrasive effect using harder filler particles (in this case, wollastonite) in the metal–polymeric contact zone.



A decrease in the intensity of the oxygen-containing groups corresponding to the carbonyl and the carboxyl groups when introducing MBT can be explained by its chemical nature. It is supposed that MBT may react with oxidative products of tribochemical reactions. Since MBT is an ambident nucleophile, the acidulation reaction can proceed through sulfur S or the nitrogen atom N(3). Harsh reaction conditions (strong bases, high temperatures, and longer reaction time) increase the yield of thermodynamically more stable N-substituted products [68]. Thus, the interaction of MBT with chloroanhydrides and anhydride acids (Scheme 2 and Scheme 3), which yield an admixture of the N- and S-acylable products (N- acidulation prevails), was studied.



Due to the potential interaction with the carbonyl-containing oxidized products of UHMWPE, the reaction will proceed through the N atom of the thiazole ring of MBT (Scheme 4). The following interaction of the 2-sulfur-3-hydroxymethylbenzothiazol intermediate product with the carboxyl-containing oxidized products leads to the formation of the ester compounds according to reaction of the Scheme 5. The obtained ester compounds are an anti-wear additive that contributes to improved sliding of the contacting surfaces.



It is known [69] that MBT is a chelating agent, i.e., it can connect metal atoms of the counterface and form four-membered rings (hydrophobic complexes). In this context, the N(3) and S atoms in the thiol form are favorable reaction centers for metal atom attack. Additionally, MBT can spontaneously form a film (a self-organizing monolayer) on the counterface surface through spontaneous adsorption. Thus, a stable transferred film consisting of polymeric and reaction layers with chelate compounds may be developed on the counterface surface.





4. Conclusions


Based on the results obtained, it has been established that the binary filler consisting of an organic modifier and synthetic wollastonite is effective in the improvement of the strength–deformation properties and wear resistance of the PCM. It has been shown that the introduction of the binary complex “MBT + model wollastonite” leads to a maximum increase in tensile strength by 35%. Moreover, an increase in elongation at fracture by 22% is observed. The improvement of the strain–deformation properties of the PCM may be attributed to the improvement of the interphase interaction in the “polymer-filler” system and the matrix relaxation due to the MBT soft filler. Using XRD, it has been established that in the case of the introduction of a binary complex of modifiers to UHMWPE, the reduction in the amorphous ring and crystalline peaks on the X-ray diffraction patterns of the PCM is observed. It is caused by structure amorphization upon introducing the organic filler and steric constraints due to the interaction with the wollastonite surface.



Structural studies of the friction surfaces revealed the formation of complex ordered structures from filler crystals that protect the material from wear and adapt the material during friction. Thus, the composites with the binary complex filler are characterized by a 6-fold increase in relative wear resistance without an increase in the friction coefficient, indicating the minimization of abrasive action of the relatively hard wollastonite particles on the material and counterface.
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Figure 1. The morphology and the X-ray diffraction pattern of the synthesized wollastonite particles: (a)—model wollastonite MW, (b)—wollastonite from borogypsum WB. 
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Figure 2. The size distribution of wollastonite particles: (a)—model wollastonite MW, (b)—wollastonite from borogypsum WB. 
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Scheme 1. The carbothionic and carbothiolic tautomer of the MBT. 
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Figure 3. The IR spectrum and the morphology of MBT. 






Figure 3. The IR spectrum and the morphology of MBT.



[image: Jcs 07 00431 g003]







[image: Jcs 07 00431 g004] 





Figure 4. Stress–strain properties of UHMWPE and the PCM: (a) εb—total extension at fracture, %; (b) σT—tensile strength, MPa. 
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Figure 5. Stress–strain curve of the tensile tests. 
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Figure 6. The microphotograph of the supramolecular structure of the initial UHMWPE and the composites comprising single fillers (scale X150). 
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Figure 7. Supramolecular structure of the PCM based on the ratio of fillers (scale X500 and X1000). 
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Figure 8. Supramolecular structure of the PCM, containing 1 wt.% MBT and 0.5 wt.% at different scales: X500 → X3000 → X10,000. 
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Figure 9. Supramolecular structure of the PCM with a binary modifier. 
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Figure 10. The microphotograph of the PCM, containing 1 wt.% MBT and 1 wt.% WB, scale (a)—X5000 and (b)—X3000. 
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Figure 11. X-ray diffraction patterns of UHMWPE and the PCM, containing 1 wt.% and 5 wt.% wollastonite: (a)—model and (b)—from borogypsum. 
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Figure 12. The dependence of the tribotechnical properties of the PCM as a function of the wollastonite content: (a) f—friction coefficient; (b) wear rate. 
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Figure 13. The morphology of the friction surface of UHMWPE and the PCM based on the filler. 
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Figure 14. The microphotographs of the friction surfaces of the PCM containing 1 wt.% MBT depending on the wollastonite concentration. 
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Figure 15. The IR spectra of friction surfaces of the PCM depending on the content and ratio of the filler. 
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Scheme 2. The interaction of MBT with chloroanhydrides. 
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Scheme 3. The interaction of MBT with anhydride acids. 
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Scheme 4. The interaction of MBT with the carbonyl-containing oxidized products. 
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Scheme 5. The interaction of the 2-sulfur-3-hydroxymethylbenzothiazol with the carboxyl-containing oxidized products. 
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Table 1. Composition of the PCM and the content of fillers, wt.%.
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	Composite
	UHMWPE
	MBT
	Wollastonite





	1
	99
	0.5
	0.5



	2
	98.5
	0.5
	1



	3
	97.5
	0.5
	2



	4
	94.5
	0.5
	5



	5
	98.5
	1
	0.5



	6
	98
	1
	1



	8
	97
	1
	2



	9
	94
	1
	5
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