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Abstract

:

Waste from large-scale production processes is a growing environmental problem that can potentially be solved by using this waste as fillers in polymeric composites to improve the mechanical and tribological properties of polymeric matrixes. This paper presents research concerning how the introduction of fillers in the form of manganese residue and manganese(II) oxide changes the mechanical and tribological properties of epoxy composites produced by gravity casting. The research was carried out for composites with 2.5 wt.%, 5 wt.%, and 10 wt.% of fillers. Properties such as the density, hardness, resilience, flexural strength, deflection, flexural modulus, tensile strength, elongation at break, and Young’s modulus were determined. Moreover, based on the ball-on-plate test, the wear volume and friction coefficients of the tested materials were determined. Microscopic images of the abrasion profiles were also obtained. The geometry of the wear paths was measured with a profilometer, and the results showed that introducing fillers reduced the abrasive wear of the composites; however, in all cases, the fillers decreased the strength of the tested materials.
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1. Introduction


High-tonnage industrial wastes are a growing problem throughout the world because they are often stored in heaps located near cities and have negative impacts on the environment. The manganese ore production worldwide is about six million tons per year (high grade 35% Mn), while manganese alloy production is about eight million tons per year [1]. Currently, about 10–12 t of electrolytic manganese residue is produced for every ton of electrolytic manganese metal, and this level of waste is rising rapidly due to the continued decrease in global rhodochrosite ore-grade quality [2]. The current allowable disposal method for manganese waste is landfill, which can cause human health problems and environmental problems such as soil contamination, river or groundwater pollution, and other serious environmental pollution [3,4]. There are several ways to reuse these industrial wastes, one of which is to use them as fillers in polymeric materials. Chowaniec et al. used industrial wastes as fillers to change the mechanical and tribological properties of a polymeric matrix [5]. Depending on the matrix, the filler and its amount in a matrix gave the resulting material various new properties. The application of various materials as a matrix or reinforcement gives countless possibilities for modifying the properties of composites [6]. Over the last few years, there has been a significant increase in the use of composite materials. Polymeric composite materials have been increasingly used as construction materials because of their strength, relatively low weight, and ease of forming various shapes [7]. Moreover, composites show resistance to aging, i.e., the influence of the environment, which allows them to be used in places where steel and aluminum alloys cannot [8,9]. As previous research has shown [10,11], the introduction of industrial waste into silicone-based composites decreases their mechanical properties, but improves their tribological properties. The authors decided to assess the influence of industrial waste on the mechanical and tribological properties of epoxy-based composites, which are widely used in many different industries, such as aviation [12,13], energy (e.g., wind turbines) [14], railways [15], marine applications [16], and as protection [17,18,19]. Among the main advantages of epoxy resins is their remarkable ability to adapt to a wide range of applications, from simple functional surface coatings to building structural elements [20].



Research concerning the abrasive wear of epoxy-based composites filled with multi-walled carbon nanotubes (MWCNTs) showed that the weight loss was much lower in the case of the filled composite compared with the neat epoxy resin [21]. Moreover, epoxy-based composites filled with MWCNTs (up to 2.0 wt.%) have a higher tensile strength compared with the neat epoxy resin [22]. Krzyzak et al. investigated changes in epoxy composites’ mechanical and tribological properties when filled with Al2O3 grains of various sizes. The greatest reduction in the abrasive wear of the tested samples was noticed in the case of the samples filled with alundum with grain sizes of F220 and F240. The addition of a physical friction modifier influenced some of the composite’s mechanical properties. It was noticed that the Young’s modulus increased with the filler content and upon decreasing the grain size. It was also observed that the highest values of the max principal stress for the tested samples in most cases were obtained for 10% alundum (the max principal stresses decreased upon further increasing the filler content) [23]. Szczepaniak et al. investigated the mechanical properties of an ablative composite on an epoxy matrix base with aerogel particles. As a result of adding the aerogel, the structural and mechanical properties of the composite changed, and its strength was significantly reduced [24]. Stabik et al. noticed that the introduction of coal particles into an epoxy resin slightly decreased the abrasion resistance compared with the epoxy resin without fillers [25]. Yemam et al. noticed that the use of sand washing waste as fillers (up to 20 wt.%) in an epoxy mortar improved its compressive strength, flexural strength, and modulus of elasticity [26]. Bagherzadeh et al. investigated epoxy-based composites filled with SiO2 and CaCO3 particles. They noticed that for both nanoparticles, the properties were higher at lower contents. As the content rose, the adhesion and mechanical properties decreased due to nanoparticle agglomeration [27]. Mahadeva Raju et al. noticed that the tensile and compressive strengths were improved in epoxy-based composites upon increasing the fly ash content [28]. Hodul et al. investigated the mechanical and tribological properties of epoxy-based composites filled with various fillers such as quartz sand, waste glass from solar panels, waste from the production of mineral insulation boards, fly ash, neutralization sludge, and waste foundry sand. They noticed that the type of filler had a more significant influence on the resulting properties of the mixture than the type of resin used. They also stated that fillers with coarser grains with a more uniform geometric shape had a positive influence, especially on the compressive strength due to less compression of the filler grains in the epoxy composite. Alternatively, epoxy composites filled by finer fillers showed a better flexural strength, abrasion resistance, and impact resistance [29]. To summarize, the introduction of physical fillers into an epoxy matrix can improve the mechanical and tribological properties of the resulting materials. The degree of improvement will affect the future applications of composite materials. In some applications, the dynamic behavior of filled composite will be different [6,30], and this may exclude the possibility of using newly created materials.



In this article, we assessed the influence of the introduction of high-tonnage industrial wastes on the mechanical and tribological properties of epoxy-based composites. Polymeric materials used in sliding motion joints play an essential role in technological development [31], so it is important to investigate the tribological properties of newly created composite materials. Fillers in the form of manganese(II) oxide (MnO) and manganese residue (MR) were obtained from the Zakłady Górniczo-Hutnicze “Bolesław” S.A. Capital Group (Bukowno, Poland). These materials are waste products of the electrolysis process when used with steel–lead alloy anodes. The use of waste materials obtained from high-tonnage industrial processes is an important part of sustainability and caring for the environment. Currently, paths for the recycling of wastes in various branches of the economy are being sought to reduce the need to store and process industrial waste. The physicochemical properties of the manufactured composites filled with MnO and MR fillers were assessed. In the literature, there is a lack of research concerning the reuse of MnO and MR waste as a filler in epoxy-based composites. The performed research brings information about the influence on the change in mechanical and tribological properties of epoxy-based composites. This can contribute to the start of the reuse of MnO and MR waste as a filler in polymer composites, which will have a positive impact on the environment.




2. Materials and Methods


2.1. Materials


Epoxy resin LG285 [32] was used as the matrix. The resin was mixed with by a manufacturer-dedicated HG285 hardener in a 100:40 weight ratio. A set of samples was made for both the reference material (neat epoxy resin with hardener—REF) and for the resin with added fillers in the form of MR and MnO. The fillers were production waste and were supplied by Zakłady Górniczo-Hutnicze “Bolesław” S.A. Capital Group (Bukowno, Po-land). The MnO filler consisted of 92.5% grains with a diameter below 0.1 mm and 7.5% grains with a diameter in the range of 0.1–0.315 mm. The MR filler consisted of grains with a diameter below 0.1 mm (100%). The chemical composition of the MR and MnO fillers are shown in Table 1 and Table 2, respectively.



Different amounts of fillers (2.5 wt.%, 5 wt.%, and 10 wt.%) were added to the epoxy matrix. The sample designations depended on the composition and are listed in Table 3.



The materials were produced using the gravity casting method. The mixtures were poured into silicone molds, which were the negative of the samples used in the research. In the case of the composite materials, to minimize sedimentation, the fillers were added 20 min after mixing the resin with the hardener. Cast composites were left in the silicone molds for 24 h. After the samples were removed from the molds, they were crosslinked in a laboratory dryer SLW53STD (POL-EKO-APARATURA, Wodzisław Śląski, Poland) at 80 °C for 2 h. Then, the samples were subjected to a machining process to compensate for the unevenness created during the production process.




2.2. Methods


The aim of the research was to investigate the effect of introducing MR and MnO fillers on the mechanical and tribological properties of the newly created composite materials compared with the reference material (neat epoxy matrix). The mechanical properties of the manufactured materials were determined based on the results of two tests, such as density testing by hydrostatic weighing, hardness, resilience, three-point flexural tests, and tensile tests. The comparison of the tribological properties was made based on the ball-on-plate test. The scheme of the developed research methodology is presented in Figure 1.



The hydrostatic weighing method was used to determine the density of the tested samples. During the test, an analytical balance with a density measurement kit Adventure Pro AV264CM (OHAUS Europe GmbH, Nänikon, Switzerland) was used. The study was conducted in accordance with EN ISO 1183-1 [33]. Five samples from each composition were used. Each sample was weighed twice. The first measurement was carried out with a sample placed on a pan in the air (m1). The second measurement was carried out for a sample immersed in a liquid of a known density (m2). During the tests, water was used as the liquid with a known density (   ρ   H 2  O   = 0.997   g/cm3). The densities of the newly created composites ( ρ ) were determined using Formula (1):


  ρ =  ρ   H 2  O   ·    m 1     (   m 1  −  m 2   )    ,  



(1)







The Shore D hardness test was carried out in accordance with EN ISO 868 [34]. The hardness durometer Shore D TI-D (SAUTER GmbH, Wutöschingen, Germany) was used during the test. Five measurements were made for each composite, maintaining a distance of at least 10 mm from the sample edge.



The resilience of the tested materials was determined by the Charpy test, which was carried out using an Impact Hammer BPI-25COMC.10 (Zwick/Roell, Ulm, Germany) in accordance with EN ISO 179-1 [35]. The test samples were not notched. The test was performed with a support spacing of 62 mm. The impact strength was measured during edge impact for five specimens from each composition. The test was carried out using a hammer with a nominal impact energy of 1 J.



The flexural properties were tested by a three-point flexural test in accordance with EN ISO 178 [36]. A universal testing machine Autograph AGS-X (Shimadzu, Kyoto, Japan), with a measuring range of up to 10 kN, was used during the test. The test speed was set to 5 mm/min. The test was carried out with a support spacing of 64 mm.



Tensile tests (in accordance with EN ISO 527-2 [37]) were carried out with an MTS Criterion Model 43 universal testing machine (MTS System Corp., Eden Prairie, MN, USA), with a measuring range of up to 30 kN using the MTS axial extensometer. The test speed was set to 2 mm/min. During the research, samples of the 1A type were used [37].



The analysis of the MR and MnO powders was performed using scanning electron microscopy Supra 35 (Zeiss, Oberkochen, Germany), equipped with a secondary electron (SE) detector. The observations were carried out at a magnification of 1000–5000× and an accelerating voltage of 10 kV. Additionally, microchemical analysis by the point-by-point method was performed using energy-dispersive spectroscopy EDS (EdaX, Mahwah, NJ, USA).



The surface topography was analyzed using digital 3D microscopy Leica DVM6 (Leica Microsystem, Wetzlar, Germany).



The wear tests were conducted using a CSM tribometer (CSM Instruments, Switzerland) by the ball-on-plate method. A stainless steel ball with a diameter of 5.6 mm was used as a counter specimen. The wear test was carried out using a normal load Fn = 20 N under a frequency of 1.86 Hz. The measured distance was 35 m. Based on the performed measurements, the value of the coefficient of friction µ was determined. The wear resistance of all tested samples was evaluated based on the cumulative wear volume V (mm3) and specific wear rate W ((mm3)/(N min)). The wear volume V was determined from the cross-sectional area of the wear tracks, which were measured using a profilometer Surtronic 35 (Taylor Hobson, Leicester, United Kingdom). The specific wear rate was calculated using Formula (2), where V is the wear volume (mm3), Fn is the force (N), and S is the total sliding distance (m):


  W =  V   F n  · S   ,  



(2)







Images of the wear tracks were taken using a 3D digital microscope (Leica DVM6). Additionally, the volume of the wear tracks was measured using a profilometer Surtronic 35 (Taylor Hobson, Leicester, UK).





3. Results


The results of the microscopic analysis of the powders used as a filler are presented in Figure 2. Both the MR and MnO powders were irregular in shape and size (Figure 2a,c). The microchemical analysis showed a high concentration of Si, Mg, and Al in the MR powder (Figure 2b) and a high concentration of Ti in the MnO powder (Figure 2d). The MnO powder was characterized by larger particles than the MR powder.



Based on Formula (1), the density of the tested materials was determined, and the results are presented in Figure 3, which are the average of the measurements performed on five samples for each composition.



The average measured density of the reference material was 1.18 g/cm3. The density of the material did not change when 2.5 wt.% of fillers were added. Compositions containing 5 wt.% and 10 wt.% of fillers had a higher density. For compositions containing 5 wt.% of fillers, the average density was 1.20 g/cm3. The highest density (1.27 g/cm3) among the tested materials was observed for the composition containing 10 wt.% of MnO filler. The density of the composition containing 10 wt.% of filler in the form of MR was 1.24 g/cm3. The obtained results showed that the introduction of the fillers in the form of MR and MnO to the epoxy matrix increased the material’s density. This was because the density of the fillers was greater than the density of the epoxy resin matrix. The obtained results also indicated that the introduction of the MnO filler caused a greater increase in density than the MR filler. The increase of epoxy-based composites’ density after the introduction of physical fillers has also been reported by other researchers [23].



The measured hardness values of the tested compositions are presented in Figure 4, which are the average of five measurements for each composition.



The hardness of the reference material was 84.8 ShD. The introduction of 2.5 wt.% of filler in the form of MR increased the material’s hardness by about 0.2 ShD compared with the neat epoxy resin (REF). The introduction of 2.5 wt.% of filler in the form of MnO decreased the material’s hardness by about 1 ShD compared with the neat epoxy resin (REF). The highest increase in material hardness was noticed for 5 wt.% of fillers. In both cases (MR5 and MnO 5), the hardness was 86.6 ShD. For both fillers, adding 5 wt.% of filler was the breaking point. For both fillers, the hardness of the compositions containing 10 wt.% of filler decreased compared with the reference material. The lowest hardness was observed for the MR 10 composition (80.8 ShD). Similar results were obtained by Krzyzak et al. Independent of the Al2O3 grain size, the hardness of the epoxy-based composites increased slightly when the amount of introduced Al2O3 filler increased [23]. However, the hardness of epoxy-based composites after the introduction of physical fillers depends on the introduced filler, which was well presented by Horus et al. [29].



The resilience of the tested materials is presented in Figure 5, which was the average of five measurements for each composition.



The resilience of the reference material was 10.85 kJ/m2. The introduction of the fillers in the form of MR and MnO into the epoxy matrix caused a large decrease in the resilience of the tested compositions. The resilience of the filled compositions was 2–3-times lower than that of the reference material. The resilience of the compositions containing the filler in the form of MR was lower than that of the composition filled with MnO in all cases. The analysis of the results for the compositions containing fillers showed that the break point in both cases was with 5 wt.% of filler. The resilience of the MnO 5 composition was higher than that of the MR 5 composition by about 1.49 kJ/m2. The lowest resilience was observed for the composition MR 10 (2.92 kJ/m2). It was suspected that the decrease in the resilience of the filled compositions was related to the discontinuity of the matrix caused by the fillers.



Three-point flexural tests were used to determine properties such as the flexural strength, deflection, and flexural modulus. The average values of these properties measured for five samples from each composition are presented in Table 4.



The flexural strength of the reference material was 113.7 MPa. The results showed that the introduction of 2.5 wt.% and 5 wt.% of fillers increased the flexural strength of the composites. The highest flexural strength for both fillers was observed when they were included in the epoxy matrix in the amount of 2.5 wt.%. The flexural strength of the MR 2.5 composition (117.6 MPa) was not much lower than the flexural strength of the MnO 2.5 composition (119.1 MPa). The flexural strength of the compositions containing 10 wt.% of fillers was lower than that of the reference material. The flexural strength of the composition MR 10 (102.8 MPa) was lower than that of the composition MnO 10 (105.1 MPa). The filler content in the epoxy matrix had a similar effect on the results obtained in both cases. However, greater flexural strength was observed for the compositions filled with MnO.



The deflection of the reference material was 6.8 mm, which was the highest value recorded. Introducing fillers into the composition decreased the deflection in all analyzed cases. The deflection of the compositions filled with MR was higher than that of the composition filled with MnO in all analyzed cases. The smallest deflection was observed for composition MnO 10 (4.5 mm). The deflection of composition MR 10 was slightly higher (4.6 mm). The deflection of composition MR 2.5 (6.6 mm) was slightly lower than that of the reference material (6.8 mm). The deflection of composition MR 2.5 (6.6 mm) was the largest among the compositions containing only one filler.



The flexural modulus of the reference material was 3126.9 MPa. A similar tendency was observed for the compositions containing the fillers—the greater the filler content, the greater the flexural modulus was. Higher flexural modulus values were observed in the case of compositions containing the MnO filler. The flexural modulus of the compositions filled with MnO was higher than that of the reference material in all analyzed cases. The highest flexural modulus among the tested materials was observed for MnO 10 (3451.4 MPa). The flexural modulus of MR 2.5 (2964.2 MPa) was smaller than that of the reference material (3126.9 MPa). The flexural modulus of MR 2.5 was the smallest among the tested materials. The highest flexural modulus among the compositions filled with MR was observed for MR 10 (3261.5 MPa).



The compositions containing the MnO filler were characterized by a higher flexural strength and flexural modulus than those filled with MR. In most cases, these values were greater than those of the reference material. The highest flexural strengths were observed in compositions containing 2.5 wt.% of fillers. A decrease in flexural strength below that of the reference material was observed only for the compositions containing 10 wt.% of fillers.



For all tested compositions containing fillers, a relationship between the flexural modulus, flexural strength, and deflection was observed. Regardless of the filler, increasing its wt.% in the composition increased the flexural modulus and decreased the flexural strength and deflection.



The tensile strength, elongation at break, and Young’s modulus of the composites were determined. The average values of these properties measured for five samples from each composition are presented in Table 5.



Introducing fillers into the epoxy resin significantly reduced the tensile strength. The tensile strength of the reference material was 80.5 MPa, which was the highest value among the tested materials. In the case of compositions containing fillers, an approximately two-fold decrease in the tensile strength was observed in all analyzed cases. Upon increasing the filler content, the tensile strength decreased. The highest tensile strength among the compositions containing one of the fillers was observed for MnO 2.5 (46.8 MPa). The tensile strength of MR 2.5 was 43 MPa. For both fillers, the lowest tensile strength was observed when using 10 wt.% of fillers. The tensile strength of MnO 10 was 33.2 MPa, which was the lowest value among the tested materials. Regardless of the wt.% of the fillers, a higher tensile strength was observed when MnO was used as the filler compared to MR. As in the case of flexural strength, the highest tensile strength among the compositions containing fillers was observed when 2.5 wt.% of fillers was added.



The elongation at break of the reference material was 6.7%, which was the highest value among the tested materials. In the case of compositions containing fillers, a more than two-fold decrease in the elongation at break was observed in all analyzed cases. The highest elongation at break in compositions containing fillers was observed for MnO 2.5 (3.4%), and the elongation at break of MR 2.5 was 3.1 %. In other cases, a smaller decrease in the elongation at break occurred in the compositions containing the MR filler. For both fillers, the lowest elongation at break was observed for compositions containing 10 wt.% of fillers. The smallest elongation at break among the tested materials was observed for MnO 10 (2.3 %). Upon increasing the amount of filler, the elongation at break of the tested materials decreased.



The Young’s modulus of the reference material was 3611.8 MPa, which was the smallest value among the tested materials. As the amount of the MR filler increased, the Young’s modulus decreased. When using the MnO filler, the opposite trend was observed. The highest Young’s modulus among the compositions filled with MR was noticed for MR 2.5 (3971.2 MPa). The highest Young’s modulus among the compositions filled with MnO was noticed for MnO 10 (4756.4 MPa). The Young’s modulus of MnO 10 was the highest among the tested materials, and the smallest Young’s modulus was noticed for MnO 2.5 (3714.3 MPa).



The decrease in the composites’ strength (tensile strength, flexural strength, resilience) could be related to the non-uniform dispersion of the filler, which could cause an earlier failure in the matrix under load. The agglomeration of the fillers used and the created discontinuities of the matrix also reduced the material strength, especially at higher filler content. The decrease in the composite strength could be also related to the size of the introduced filler. In the case of nanofillers such as MWCNTs, their introduction into an epoxy matrix causes an increase both in flexural and tensile strength [22,38]. The increase of the flexural modulus and Young’s modulus of the tested composites could be related to the fillers used, the modulus of elasticity of which was greater than the neat epoxy matrix modulus of elasticity.



The coefficient of friction diagrams from the ball-on-plate tests as a function of distance are shown in Figure 6 and Figure 7. For all samples of the MR series, the coefficient of friction rapidly increased in the first stage of the wear resistance test. Next, a decrease in the value was observed. This was associated with the rough surface of the samples and the counter sample (stainless steel ball), which remained in friction contact. Due to the effect of the initial point contact of the friction pair, a high compressive pressure was generated, which resulted in sequential deformation and fragmentation of the surface of the tested samples. This led to faster wear and is a typical sliding wear mechanism. Next, for the samples with 2.5 wt.% and 10 wt.% of MR, a transition was observed: after the minimum coefficient of friction was reached, it began to increase. This could be attributed to the Hertzian phenomenon. For the MR 2.5 and MR 10 samples, the steady-state coefficient of friction (COF) was reached after a distance d > 20 m, while for samples with 5 wt.% of MR filler, the steady-state was reached at a three-times smaller distance d > 7 m. For all samples with MnO fillers (except the MR 5 sample), an increase in the coefficient of friction followed by a decrease and stabilization was observed. For the MnO 5 sample, the steady-state COF was reached after a distance d > 2.5 m and for the MnO 10 sample, after a distance d > 7.5 m. Additionally, for the MnO 2.5 sample, the diagram of the coefficient of friction changed over time and then stabilized.



For all samples with MR as the filler, regardless of the filler concentration, the average coefficient of friction was µ = 0.12, which was similar to the value of the reference material (REF) µ = 0.11. However, for the MnO group, regardless of the filler concentration, a higher coefficient of friction was observed. It should be noted, however, that a significant change occurred only for the samples with 10 wt.% of MnO, and the value was around µ = 0.24.



The characteristic wear resistance is given in Table 6.



The lowest wear resistance parameters were obtained for the reference sample (REF). The mean wear volume Vw and the wear coefficient K were 0.1 × 10−2 mm3 and 1.6 × 10−4 mm3/N·min, respectively. The use of MR and MnO as the fillers provided wear resistance parameters that were an order of magnitude higher than those of the reference sample. For the samples with MR as the filler, regardless of the concentration, similar values were obtained. The Vw and K values of all samples in the MR series were in the range of 3.04 × 10−3 to 3.72 × 10−3 mm3 and from 4.32 × 10−5 to 5.31 × 10−5 mm3/N·min, respectively. However, for the MnO series, the smallest values of Vw and K were recorded. Additionally, upon increasing the MnO concentration, the volume and wear coefficient also increased, and for the MnO 10 group, Vw = 1.34 × 10−3 mm3 and K = 1.91 × 10−5 mm3/ N·min. The increase of epoxy-based composites’ wear resistance after introducing physical fillers has also been reported by other researchers [21,22]. However, in some cases, such as epoxy–hard coal composites, a slight decrease in abrasion resistance with increasing filler content can be noticed [25].



Based on the analysis of the surface topography of the REF after the wear test (Figure 8), it can be concluded that the wear track was regular, and its width was approximately 1170 µm. The analysis of the wear tracks for the samples with MR as the filler showed an increase in the wear debris (Figure 9a–d). The mean width of the wear tracks for the MR 2.5 and MR 10 samples was similar and was approximately 1100 µm. This was similar to the wear track for the references samples. For the MR 5 group, the lowest wear track width was obtained (980 µm), which may indicate lower material wear due to lower pressure between the friction pair, which was also confirmed by the lowest values of the abrasion parameters for the MR series. Based on the analysis of the wear tracks for samples with the MnO filler (Figure 10a–d), the wear track width of all samples was similar and was approximately 860 µm. No increase in the amount of wear debris on the surface was observed. Based on the conducted analyses and observations, it can be concluded that the MnO series samples displayed the optimal frictional wear resistance.




4. Conclusions


This research showed that the introduction of MR and MnO fillers to an epoxy resin decreased the wear volume in all analyzed cases. A greater reduction in wear volume was observed for samples containing MnO. The wear paths of compositions containing the MnO filler were narrower than those containing MR filler. However, the introduction of fillers into the epoxy resin was also associated with a decrease in the mechanical properties of the tested compositions, in particular the tensile strength and resilience. The compositions containing the MnO filler were characterized by better mechanical properties than those containing the MR filler. The conducted research showed that the investigated wastes can be used as fillers to reduce the abrasive wear of epoxy resins. However, attention should be paid to changes in the mechanical properties. Better mechanical and tribological properties were observed in the case of using the MnO filler, and the best results were obtained for compositions containing 2.5 wt.% and 5 wt.% of MnO filler. Moreover, the use of fillers in the form of waste from large-scale production processes has a positive effect on the environment.







Author Contributions


Conceptualization, S.S. and M.M.; formal analysis, S.S., A.W., P.B. and M.M.; investigation, S.S., A.W., P.B. and M.M.; methodology, S.S., A.W. and M.M.; resources, S.S. and M.M.; supervision, S.S. and M.M.; visualization, S.S. and A.W.; writing—original draft, S.S. and A.W.; writing—review and editing, S.S. and A.W. All authors have read and agreed to the published version of the manuscript.




Funding


This work was financially supported by statutory funds from the Faculty of Mechanical Engineering of Silesian University of Technology in 2022.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available upon request from the corresponding author.




Acknowledgments


The authors would like to thank Dariusz Mrówka and Jerzy Nowak from Zakłady Górniczo-Hutnicze “Bolesław” S.A. Capital Group (Bukowno, Poland) for their help in delivering the fillers, in providing their data sheets, and with consultations on the use of zinc materials.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hagelstein, K. Globally sustainable manganese metal production and use. J. Environ. Manag. 2009, 90, 3736–3740. [Google Scholar] [CrossRef] [PubMed]

	



He, S.; Wilson, B.P.; Lundström, M.; Liu, Z. Hazard-free treatment of electrolytic manganese residue and recovery of manganese using low temperature roasting-water washing process. J. Hazard. Mater. 2021, 402, 123561. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Long, Q.; Zhang, Y.; Qin, L. Simultaneous immobilization of NH4+ and Mn2+ from electrolytic manganese residue using phosphate and magnesium sources. RSC Adv. 2019, 9, 4583–4590. [Google Scholar] [CrossRef]

	



Du, B.; Zhou, C.; Dan, Z.; Luan, Z.; Duan, N. Preparation and characteristics of steam-autoclaved bricks produced from electrolytic manganese solid waste. Constr. Build. Mater. 2014, 50, 291–299. [Google Scholar] [CrossRef]

	



Chowaniec, A.; Sadowski, Ł.; Żak, A. The chemical and microstructural analysis of the adhesive properties of epoxy resin coatings modified using waste glass powder. Appl. Surf. Sci. 2020, 504, 144373. [Google Scholar] [CrossRef]

	



Kosicka, E.; Borowiec, M.; Kowalczuk, M.; Krzyzak, A.; Szczepaniak, R. Influence of the Selected Physical Modifier on the Dynamical Behavior of the Polymer Composites Used in the Aviation Industry. Materials 2020, 13, 5479. [Google Scholar] [CrossRef]

	



Żuk, D.; Abramczyk, N.; Drewing, S. Investigation of the influence of recyclate content on Poisson number of composites. Sci. Eng. Compos. Mater. 2021, 28, 668–675. [Google Scholar] [CrossRef]

	



Panasiuk, K.; Dudzik, K. Determining the Stages of Deformation and Destruction of Composite Materials in a Static Tensile Test by Acoustic Emission. Materials 2022, 15, 313. [Google Scholar] [CrossRef]

	



Fras, T.; Rusinek, A.; Pȩcherski, R.B.; Bernier, R.; Jankowiak, T. Analysis of friction influence on material deformation under biaxial compression state. Tribol. Int. 2014, 80, 14–24. [Google Scholar] [CrossRef]

	



Mrówka, M.; Woźniak, A.; Nowak, J.; Wróbel, G.; Sławski, S. Determination of Mechanical and Tribological Properties of Silicone-Based Composites Filled with Manganese Waste. Materials 2021, 14, 4459. [Google Scholar] [CrossRef]

	



Mrówka, M.; Woźniak, A.; Prężyna, S.; Sławski, S. The Influence of Zinc Waste Filler on the Tribological and Mechanical Properties of Silicone-Based Composites. Polymers 2021, 13, 585. [Google Scholar] [CrossRef]

	



Setlak, L.; Kowalik, R.; Lusiak, T. Practical Use of Composite Materials Used in Military Aircraft. Materials 2021, 14, 4812. [Google Scholar] [CrossRef]

	



Krzyzak, A.; Kosicka, E.; Borowiec, M.; Szczepaniak, R. Selected Tribological Properties and Vibrations in the Base Resonance Zone of the Polymer Composite Used in the Aviation Industry. Materials 2020, 13, 1364. [Google Scholar] [CrossRef] [PubMed]

	



Jureczko, M.; Mężyk, A. Multidisciplinary optimization of wind turbine blades. In Proceedings of the Fourth European & African Conference on Wind Engineering, EACWE 4, Prague, Czech Republic, 11–15 July 2005; Naprstek, J., Ed.; Institute of Theoretical and Applied Mechanics, Academy of Sciences of the Czech Republic: Prague, Czech Republic, 2005; pp. 40–46. [Google Scholar]

	



Kim, J.S.; Lee, S.J.; Shin, K.B. Manufacturing and structural safety evaluation of a composite train carbody. Compos. Struct. 2007, 78, 468–476. [Google Scholar] [CrossRef]

	



Rubino, F.; Nisticò, A.; Tucci, F.; Carlone, P. Marine Application of Fiber Reinforced Composites: A Review. J. Mar. Sci. Eng. 2020, 8, 26. [Google Scholar] [CrossRef]

	



Malachowski, J.; Mazurkiewicz, Ł.; Klasztorny, M.; Koodziejczyk, D.; Baranowski, P.; Damaziak, K. Carbon-epoxy/foam panel for protective aims–Computational and experimental study. In Recent Advances in Computational Mechanics; Łodygowski, T., Rakowski, J., Litewka, P., Eds.; Taylor & Francis Group: London, UK, 2014; pp. 49–56. [Google Scholar]

	



Pach, J.; Pyka, D.; Jamroziak, K.; Mayer, P. The experimental and numerical analysis of the ballistic resistance of polymer composites. Compos. Part. B Eng. 2017, 113, 24–30. [Google Scholar] [CrossRef]

	



Karl, J.; Kirsch, F.; Faderl, N.; Perko, L.; Fras, T. Optimizing Viscoelastic Properties of Rubber Compounds for Ballistic Applications. Appl. Sci. 2020, 10, 7840. [Google Scholar] [CrossRef]

	



Despa, V.; Catangiu, A.; Bostan, C. Study on the mechanical behaviour of multi-layered composite materials used in the pressure vessels construction. Rom. Rev. Precis. Mech. Opt. Mechatronics 2016, 50, 106–111. [Google Scholar]

	



Krzyżak, A.; Kosicka, E.; Szczepaniak, R.; Szymczak, T. Evaluation of the properties of polymer composites with carbon nanotubes in the aspect of their abrasive wear. J. Achiev. Mater. Manuf. Eng. 2019, 95, 5–12. [Google Scholar] [CrossRef]

	



Mucha, M.; Krzyzak, A.; Kosicka, E.; Coy, E.; Kościński, M.; Sterzyński, T.; Sałaciński, M. Effect of MWCNTs on Wear Behavior of Epoxy Resin for Aircraft Applications. Materials 2020, 13, 2696. [Google Scholar] [CrossRef]

	



Krzyzak, A.; Kosicka, E.; Szczepaniak, R. Research into the Effect of Grain and the Content of Alundum on Tribological Properties and Selected Mechanical Properties of Polymer Composites. Materials 2020, 13, 5735. [Google Scholar] [CrossRef] [PubMed]

	



Szczepaniak, R.; Komorek, A.; Przybyłek, P.; Krzyżak, A.; Roskowicz, M.; Godzimirski, J.; Pinkiewicz, E.; Jaszczak, W.; Kosicka, E. Research into mechanical properties of an ablative composite on a polymer matrix base with aerogel particles. Compos. Struct. 2022, 280, 114855. [Google Scholar] [CrossRef]

	



Stabik, J.; Chomiak, M. Wear resistance of epoxy-hard coal composites. Arch. Mater. Sci. Eng. 2013, 64, 168–174. [Google Scholar]

	



Yemam, D.M.; Kim, B.-J.; Moon, J.-Y.; Yi, C. Mechanical Properties of Epoxy Resin Mortar with Sand Washing Waste as Filler. Materials 2017, 10, 246. [Google Scholar] [CrossRef]

	



Bagherzadeh, A.; Jamshidi, M.; Monemian, F. Investigating mechanical and bonding properties of micro/nano filler containing epoxy adhesives for anchoring steel bar in concrete. Constr. Build. Mater. 2020, 240, 117979. [Google Scholar] [CrossRef]

	



Mahadeva Raju, G.K.; Madhu, G.M.; Ameen Khan, M.; Reddy, P.D.S. Characterizing and Modeling of Mechanical Properties of Epoxy Polymer Composites Reinforced with Fly ash. In Proceedings of the International Conference on Composite Materials: Manufacturing, Experimental Techniques, Modeling and Simulation, 1–3 March 2018; Volume 5, pp. 27998–28007. Available online: https://conferences.lpu.in/iccmmems/about.php (accessed on 23 January 2022). [CrossRef]

	



Hodul, J.; Mészárosová, L.; Drochytka, R. Recovery of Industrial Wastes as Fillers in the Epoxy Thermosets for Building Application. Materials 2021, 14, 3490. [Google Scholar] [CrossRef]

	



Kosicka, E.; Borowiec, M.; Kowalczuk, M.; Krzyzak, A. Dynamic Behavior of Aviation Polymer Composites at Various Weight Fractions of Physical Modifier. Materials 2021, 14, 6897. [Google Scholar] [CrossRef]

	



Petre, I.C.; Stoian, E.V.; Enescu, C.M.; Despa, V. Experimental study on the tribological behavior of polymeric materials used in sliding motion couples. Int. J. Mechatronics Appl. Mech. 2020, 1, 167–171. [Google Scholar] [CrossRef]

	



GRM Systems sp. Z.o.o. Product Datasheet: Epoxy Resin LG 285 + Hardeners HG 285, HG 286, HG 287; GRM Systems: Olomouc, Czech Republic, 2012. [Google Scholar]

	



PN-EN ISO 1183-1:2006; Plastics—Methods for Determining the Density of Non-Cellular Plastics—Part 1: Immersion Method, Liquid Pyknometer Method and Titration Method. Polish Committee for Standardization: Warsaw, Poland, 2006.

	



PN-EN ISO 868:2005; Plastics and Ebonite—Determination of Indentation Hardness by Means of a Durometer (Shore Hardness). Polish Committee for Standardization: Warsaw, Poland, 2005.

	



PN-EN ISO 179-1:2010; Plastics—Determination of Charpy impact properties—Part 1: Non-instrumented impact test. Polish Committee for Standardization: Warsaw, Poland, 2010.

	



PN-EN ISO 178:2006; Plastics—Determination of flexural properties. Polish Committee for Standardization: Warsaw, Poland, 2006.

	



PN-EN ISO 527-2:2012; Plastics—Determination of tensile properties—Part 2: Test Conditions for Different Plastic Molding Techniques. Polish Committee for Standardization: Warsaw, Poland, 2012.

	



Vahedi, F.; Shahverdi, H.R.; Shokrieh, M.M.; Esmkhani, M. Effects of carbon nanotube content on the mechanical and electrical properties of epoxy-based composites. New Carbon Mater. 2014, 29, 419–425. [Google Scholar] [CrossRef]








[image: Materials 15 01579 g001 550] 





Figure 1. Research methodology scheme. 






Figure 1. Research methodology scheme.
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Figure 2. Powder observations and EDS analysis of (a,b) MR and (c,d) MnO. 
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Figure 3. Results of density measurements. 
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Figure 4. Results of hardness measurements. 
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Figure 5. Results of resilience measurements. 
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Figure 6. Friction coefficient evolution of the MR samples’ group: (a) MR 2.5, (b) MR 5, (c) MR 10, and (d) all samples with the reference sample. 
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Figure 7. Friction coefficient evolution of the MnO samples’ group. 
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Figure 8. Wear test results of reference samples: (a) profile of the wear track; (b) surface morphology after the wear test. 
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Figure 9. Wear test results of samples with the MR filler: (a) profiles of wear tracks and surface morphology of: (b) MR 2.5 wear track; (c) MR 5 wear track; (d) MR 10 wear track. 
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Figure 10. Wear test results of samples with the MnO filler: (a) profiles of wear tracks and the surface morphology of: (b) MnO 2.5 wear track; (c) MnO 5 wear track; (d) MnO 10 wear track. 
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Table 1. Chemical composition of the MR filler.
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	Compound
	MnO2
	SiO2
	MnO
	ZnSO4
	Other





	Content (%)
	72
	11
	7
	5.5
	4.5
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Table 2. Chemical composition the MnO filler.
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	Compound
	MnO
	Fe
	CaO
	Al2O3
	MnO2
	Other





	Content (%)
	78
	5.9
	2.7
	1.5
	1.3
	10.6
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Table 3. Composite compositions.






Table 3. Composite compositions.





	
Matrix

	
Filler

	
Filler Content (%)

	
Designation






	
Epoxy resin LG285 + HG285 hardener

	
-

	
-

	
REF




	
manganese residue

	
2.5

	
MR 2.5




	
manganese residue

	
5

	
MR 5




	
manganese residue

	
10

	
MR 10




	
manganese(II) oxide

	
2.5

	
MnO 2.5




	
manganese(II) oxide

	
5

	
MnO 5




	
manganese(II) oxide

	
10

	
MnO 10
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Table 4. Flexural properties of the tested materials.
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	Material
	Flexural Strength

(MPa)
	Deflection

(mm)
	Flexural Modulus (MPa)





	REF
	113.7 ± 12.4
	6.8 ± 1.4
	3126.9 ± 159.8



	MR 2.5
	117.6 ± 4.9
	6.6 ± 1.1
	2964.2 ± 167



	MR 5
	117.0 ± 5.7
	6.1 ± 0.9
	3143.6 ± 67.9



	MR 10
	102.8 ± 10.6
	4.6 ± 0.7
	3261.5 ± 217.2



	MnO 2.5
	119.1 ± 8.2
	5.8 ± 0.7
	3133.4 ± 145.1



	MnO 5
	116.8 ± 9.9
	5.9 ± 1
	3250.7 ± 254.1



	MnO 10
	105.1 ± 11.6
	4.5 ± 0.9
	3451.4 ± 105.1
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Table 5. Tensile properties of the tested materials.






Table 5. Tensile properties of the tested materials.





	Material
	Tensile Strength

(MPa)
	Elongation at Break

(%)
	Young’s Modulus (MPa)





	REF
	80.5 ± 1.4
	6.7 ± 0.5
	3611.8 ± 88.8



	MR 2.5
	43.0 ± 9.7
	3.1 ± 1.1
	3971.2 ± 511.3



	MR 5
	43.1 ± 4.7
	3.2 ± 0.6
	3970.2 ± 496.6



	MR 10
	36.4 ± 3.5
	2.8 ± 0.1
	3827.1 ± 329.2



	MnO 2.5
	46.8 ± 2.7
	3.4 ± 0.5
	3714.3 ± 480



	MnO 5
	42.6 ± 2.9
	2.8 ± 0.2
	4186.7 ± 198.6



	MnO 10
	33.2 ± 7.1
	2.3 ± 0.5
	4756.4 ± 594.4
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Table 6. Results of the wear test.
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	Material
	Coefficient Friction µ
	Wear Volume Vw (mm3)
	Wear Coefficient K

(mm3/N min)





	REF
	0.11
	0.11 × 10−2
	1.6 × 10−4



	MR 2.5
	0.12
	3.72 × 10−3
	5.31 × 10−5



	MR 5
	0.13
	3.04 × 10−3
	4.32 × 10−5



	MR 10
	0.12
	3.57 × 10−3
	5.10 × 10−5



	MnO 2.5
	0.14
	1.27 × 10−3
	1.81 × 10−5



	MnO 5
	0.17
	1.26 × 10−3
	1.80 × 10−5



	MnO 10
	0.25
	1.34 × 10−3
	1.91 × 10−5
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