

  applsci-12-11044




applsci-12-11044







Appl. Sci. 2022, 12(21), 11044; doi:10.3390/app122111044




Article



Determination of the Filler Concentration of the Composite Tape



Denys Baranovskyi 1,*, Sergey Myamlin 2, Maryna Bulakh 1[image: Orcid], Dmytro Podosonov 3 and Leonty Muradian 3[image: Orcid]





1



Faculty of Mechanics and Technology, Rzeszow University of Technology, ul. Kwiatkowskiego 4, 37-450 Stalowa Wola, Poland






2



Department of Development and Technical Policy, JSC “Ukrainian Railway”, Jerzy Giedroyc Str. 5, 03150 Kyiv, Ukraine






3



Department of Wagons, Ukrainian State University of Science and Technologies, Lazaryana Str. 2, 49010 Dnipro, Ukraine









*



Correspondence: d.baranovsky@prz.edu.pl







Academic Editor: Theodore E. Matikas



Received: 12 October 2022 / Accepted: 28 October 2022 / Published: 31 October 2022



Abstract

:

For the first time, a theoretical dependence was obtained to determine the filler concentration of the composite tape. On the basis of this dependence, a composite tape with variable mechanical and tribological properties can be obtained. It is proposed that the composite tape is welded onto the cylindrical surface of the central bowl of the rail truck bolster. The bench tests made it possible to determine the degree of wear of the central bowl of the rail truck bolster by means of a welded composite tape. The wear value of the central bowl of the rail truck bolster with welded-on composite tapes is 0.15–0.18 mm per 10,000 km of a freight car’s mileage. The predicted service life of the central bowl of the rail truck bolster with a welded-on composite tape is 320–420 thousand km.
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1. Introduction


The technical condition of freight cars has a particular impact on the safety of railway traffic as well as the technical and economic indicators of the functioning of railway transport [1,2,3,4]. In order to improve the technical and economic indicators, the possibility of increasing the mileage between the repairs of freight cars without increasing the risk of violating the safety of railway traffic is considered [5,6,7,8].



One of the main resource-determining components of freight cars is the central bowl of the rail truck bolster (CBRTB), the technical condition of which determines the service life of the freight car as a whole. During the operation of freight cars, CBRTB wear is unevenly worn, which is related to the intensity of the wagons passing on tracks with small radius curves and, as a result, CBRTB requires premature repair due to the state of wear and tear. During the examination of the bolsters, it was found that the wear depth of the CBRTB abutment surfaces of the inner flanges increased sharply. This is due to the increase in the speed of the trains, which leads to an uneven increase in the loads on the freight car bogie. The analysis of the operating conditions and operating results of a freight car bogie made of 20GL, 20FL, and 20GFL low-alloy steels, belonging to the ferrite and perlite class, showed [9,10,11,12] that these parts during operation under dry friction conditions and the presence of high contact and impact loads have low wear resistance with an intensity of wear of working surfaces equal to 1.2–2.0 mm per 100,000 km of mileage. The use of low-carbon and low-alloy welding materials for CBRTB repair provides a repair mileage of only 160 thousand km, which corresponds to 2 years of operation [13,14]. CBRTB is repaired by overlapping the surface more than 10 times over its service life.



It is proposed that the wear of the CBRTB in [14,15] is reduced using different methods of repair and the installation of wear-resistant steel gaskets.



The experience of using the central bowl surface of the rail truck bolster and the installation of wear-resistant elements on them showed [11,14,15] that there is no universal, effective, and reliable protection against wear during friction. The presence of shock loads in the contact zone of the bolster parts did not allow the use of materials of high rigidity, which are characterized by increased fragility.



The use of other materials or developments is unknown to the authors.



The authors assume the possibility of using composite materials in the repair of CBRTB to increase the service life.



Studies on the use of composite materials in the repair of CBRTB to increase the service life have not been conducted.



Increasing the service life of the CBRTB with the use of composite materials is an urgent task, the solution to which should be based on the use of materials with high mechanical and tribological properties.



In addition, a composite tape can be made with the necessary mechanical and tribological properties, which is attached to the surface of the CBRTB by means of contact welding. Regarding contact welding, it should be noted that this method is not widely used. Although it is easy to use and, in principle, does not require special equipment—that is, industrial transformers and other means of freight car repair enterprises can be used—nevertheless, this method has not become widespread. It should also be noted that the ratio of the content of the matrix and the filler must be established in the composite tape.



Let us analyze the literature in which the quantitative content of the matrix and the filler of the composite material was studied.



The articles [16,17,18,19,20,21,22,23] provide an overview of journal publications related to multifunctional composite materials and structures.



On the basis of studying the elastic properties of composite materials and using a linear approximation of the displacement field, the filler and matrix ratio was determined at the boundary of the defective weld [24]. However, the optimal quantitative ratio of the filler and matrix is not presented.



The transverse strength of the composite material is investigated and it is concluded that the maximum strength of the composite material can be reasonably well estimated without using any experimental data [25]. However, the concentration ratios are not presented in the work.



Jiang et al. [26] proposed a new multiscale synergistic modeling structure combining the microscale and mesoscale to predict the damage behavior of a two-dimensional triaxial woven composite. The proposed multiscale structure provides a reliable tool only for future systematic studies of the level of composite materials that comprise aircraft structures.



The prediction of failure of the composite material, mainly based on the properties of the filler and matrix, is given in article [27]. The prediction is made using the bridging model and only contains composite fracture analysis.



Kanaoun [28] applied the effective field method to calculate the general physical and mechanical properties of composite materials consisting of a homogeneous matrix and a set of isolated inclusions (two-phase media). In this work, the effective field method was applied to improve the predictions of the effective properties of matrix composites in the region of high-volume concentrations of inclusions.



The strength of the composite material was predicted taking into account the stress concentration factor in the matrix, the plasticity of the matrix, and the residual thermal stresses in the components [29]. This article only presents the design methodology.



To predict the strength of a composite material using information about its components, in article [30], experiments are presented to study the strength of a composite material, which, together with other initial properties, is used as input data to predict the strength of various composites. However, the relationship between the matrix and the filler is not presented in this work.



Lapčík et al. [31] showed that both fillers (mica and wollastonite) trigger an increase in the Young’s modulus of elasticity with an increasing filler concentration in the matrix of HDPE composites. However, the theoretical relationship is not shown.



Composites integrating metallic particles are considered [32]. The paper analyzes the effect of the concentration and orientation of composite particles on the process and manufacturability. In this work, there are no theoretical dependences for determining the concentrations of the matrix and filler.



Marghalani [33] studied the effect of various sizes and shapes of fillers on the surface roughness of experimental series of resin-composite materials. In this case, only the results of experimental studies are presented.



Practically, in all studies, a certain range of filler concentration was taken, and the mechanical properties of the composite were studied [34,35,36,37].



To assess the mechanical properties of the composite systems, many different micromechanical models have been proposed [38,39,40,41]. According to such models, the physical and mechanical properties are determined.



The preparation and properties of the Fe-Cr-Ni group of metals were studied in [42,43,44,45,46]. However, these studies and others lack data on the properties of composite tapes.



In this regard, it should be noted that there is no theoretical model in the literature for determining the filler concentration in the composite material (tape). Therefore, a theoretical study is necessary to obtain the dependence of the filler concentration on the composite tape and to perform experimental studies to verify the adequacy of the theoretical model obtained.



The aim of this article was to determine the filler concentration of the composite tape.



The research methodology was based on the theory of logic, the theory of dimension, and the theory of wear.



The scientific novelty lies in the fact that, for the first time, a theoretical model was obtained to determine the filler concentration in a composite tape.



The use of a theoretical model to determine the filler concentration in the composite tape will reduce the wear of the friction surfaces. The results of the experimental studies can be used in the railway in the repair of the CBRTB.




2. Materials and Methods


CBRTB operational wear tests made it possible to construct wear charts, which were revealed in 95% of the cases of the experimental group of freight wagons. At the same time, five freight wagons were not included in any of the subgroups due to the lack of the indicated regularity of CBRTB consumption. The CBRTB consumption charts of the experimental subgroups of freight wagons are shown in Figure 1. The axis OX is directed along the cross-section of the freight wagon, and the axis OУ is directed in the direction perpendicular to the axis OX.



In Figure 1, one can see the characteristic uneven wear of the CBRTB of the experimental group of freight cars, leading to a reduction in the service life and setting of the freight car for premature repairs.



The wear of the center plate of the body of the freight car was not plotted, as no uneven wear was observed.



As shown by the results of CBRTB wear tests, it is necessary to increase the wear resistance of the material, ensuring the even distribution of wear during operation. After achieving an even consumption of CBRTB, it will be possible to guarantee the repair mileage of freight cars at the level of 300 thousand km, without carrying out premature repairs, and thus reducing the financial costs of maintaining freight cars.



The CBRTB wear diagrams of the experimental group of freight cars (Figure 1) indicate the necessity of using materials with discrete values of strength properties along the diameter, which will ensure even wear. This means that, in order to increase the repair life of the CBRTB during production or repair, it is necessary to set a discrete hardness of the material along the diameter.



In this paper, it is proposed that the discrete hardness of a material is determined by the diameter of the CBRTB (during manufacture or repair), as shown in Figure 2. Moreover, such a distribution of the hardness of a CBRTB material in terms of the diameter during production or after repair will correspond to the wear graphs shown in Figure 1.



Such a distribution of the hardness of the CBRTB material according to the diameter can be achieved using the existing hardfacing and spraying technologies, but with a significant complexity of the technological process and extension of the repair time itself. In the production of discrete CBRTB hardness, there will also be a problem related to the complication of the technological process.



The methods of surfacing and spraying parts of freight cars belong to the group of methods in the liquid phase, the main and significant disadvantage of which is a significant thermal effect, both on the base material and the coating; in addition, there is the disadvantage of the need for subsequent machining to obtain standardized dimensions.



The contact welding of composite materials is more promising. We can weld various materials: steel or powder tape of the required composition, steel or powder wire, and firing powder materials.



The advantages of contact welding are: no parts need heating up, hardening of the base layer and coating directly during welding, 3–4-fold reduction in filler material consumption compared to arc welding, high efficiency, energy saving burnout, no burnout of alloy elements, adjustable welded layer in the range of 0.1–5.5 mm. This method does not affect the environment or the health of the operator. This method is most widely used to rebuild and strengthen shaft parts. The reinforcement of wear-resistant materials on sleeves by contact welding has practically not been studied.



The contact welding of wear-resistant powder materials, pre-formed composite strips, can become an effective way to increase the MTBF of CBRTB.



A feature of welding tapes with a flux core is that when heated over the entire thickness of the layer, due to the many transitional resistances inside it, the adjacent part of the part also heats up. Depending on the melting point ranges, uneven changes occur in the various components of the composite material. The refractory particles remain unchanged or crushed; medium-melting, plastically deformed and sintered; and low-melting, as they melt and fill the pores between the particles with a higher melting point. The layer to be welded almost always remains heterogeneous and consists of the same particles as the original composite material.



The paper proposes the determination of discrete mechanical and tribological properties by the diameter of CBRTB (during production or repair). For this purpose, it is proposed that a composite tape is used. This tape is welded using butt welding.



To ensure the sufficient adhesion of the composite strip to the cylindrical surface of the CBRTB, the pressure on the roller electrode should not be less than 60 MPa, and to prevent a significant reduction in the thickness of the strip, it should not exceed 80 MPa. The welding speed of the composite strip on the cylindrical surface of the CBRTB is in the range of 0.5–0.8 m/min.



In order to ensure the required abrasion resistance of the composite tape, the value of the matrix hardness should be in the range of 300–400 HB. To achieve these conditions, the matrix must have an austenitic and martensitic structure.



From the point of view of functional properties for the repair of the CBRTB and the formation of a composite tape according to the technical and economic criteria, carbides are the most expedient solid material. At the same time, chromium carbides (Cr3C2) and titanium carbides (TiC) were purchased for the manufacture of wear-resistant belts, materials, and coatings for practical use. These carbides have sufficient electrical conductivity and wetting with iron group metals, making them suitable for electric welding or moxibustion methods.



According to technical and economic criteria, it is recommended that iron is used as the matrix material (for example, iron powder 7439-89-6), which has high physical, mechanical and technological properties. The carbon content of 0.25% in the 7439-89-6 powder makes it possible to form hardened structures during the contact welding of the CBRTB, which increases the cylindrical wear resistance of the cylindrical working surface. In the composite tape, the fillers used are chromium carbide powder 12012-35-0 and titanium carbide powder 12070-08-5.



The production of composite tapes is a rather complicated process with the thermo-mechanical interaction of the given components. In order to improve the formation of strong bonds and the necessary electrical conductivity of the initial mixture, as well as the sufficient plasticity of composite tapes, this study proposes to introduce chromium and nickel into their content.



The increased activity powders of composite tape during sintering or processing during welding is associated with an excess supply of surface energy, which is due to the presence of a high density of dislocations in the crystal lattice, and the occurrence of relaxation processes, which additionally provide free energy, thereby helping to increase the diffusion activity.



As a result, the metal matrix of the composite tape will consist of a ternary alloy, which contains: powder based on iron, chromium, and nickel. The following concentration distribution was applied in the work: 70% Fe, 20% Cr, 10% Ni.



The wear resistance of the welded material of the composite tape depends on both the composition and rigidity of the matrix and the volumetric content of the filler. If its content is insufficient, the matrix is subject to wear, followed by the crumbling of the filler, and with an excess amount of the filler, the increased wear of the matrix is associated with increased porosity, and the possible spalling of the filler. Thus, the content of the wear-resistant phase in the composite tape should correspond to the distance between particles, approximately equal to the average particle diameter.



The performance of a composite tape is associated with the thermomechanical compatibility of the phases included in the material, and the thermomechanical compatibility of such phases depends on the thermal expansion coefficients of the matrix materials and the dimensions of the fillers.



Since the process of creating a composite coating takes place in two stages (creating a composite tape and its direct welding on the cylindrical surface of the CBRTB), the mutual thermal interaction of the phases can be considered jointly in the process of thermomechanical interaction similar to the process of composite strip production (rolling the powder mixture on rolls and then sintering in an inert atmosphere furnace), and in the contact welding process.



As noted earlier, the wear process of the CBRTB is varied (uneven). That is, welding a more wear-resistant composite tape to the cylindrical surface of the CBRTB will allow the wear rate to equalize at all its points, reduce the amount of wear, and thereby increase the service life of the CBRTB.



The selection of the required properties for each point of wear of the cylindrical surface of the CBRTB should be based on changes in the filler concentration of the composite tape.



Based on the wear of the CBRTB and the proposed hardness distribution (Figure 1 and Figure 2), we determine the concentration of the composite tape filler for each point on the cylindrical surface of the CBRTB.



The regularity of the required distribution of the filler concentration in the composite tape along the diameter of the bolster of the CBRTB is determined. Proceeding from the fact that the filler concentration per unit length by diameter is proportional to the concentration that is necessary to obtain such a wear-resistant and hardened layer, each point of the cylindrical surface of the CBRTB would have the same wear rate, i.e.,


    d C   d l   = k C ,  



(1)




where C is the filler concentration in the composite tape; k is the coefficient that depends on the properties of the interacting materials of the center plate of the body and the bolster of the CBRTB. This coefficient is proposed to be determined by the physical, mechanical and tribological properties of the center plate of the body and the CBRTB:


  k = f    K 1  ·  H 1     K 2  ·  H 2    ,  



(2)




where  f  is the coefficient of friction;     H 1  ,    H 2    are the hardness (or microhardness) of the center plate of the body and the CBRTB, respectively;     K 1  ,    K 2    are elastic constant coefficients for the material of the center plate of the body and the CBRTB, respectively, which are determined by the expressions:


   K 1  =   1 −  μ 1 2     E 1    ;                K 2  =   1 −  μ 2 2     E 2    ,  



(3)




where    μ 1  ,    μ 2    are Poisson’s ratios for the material of the center plate of the body and the CBRTB, respectively;     E 1  ,    E 2    are the modulus of elasticity of the material center plate of the body and the CBRTB, respectively.



Then, expression (2) will have the form


  k = f    E 2    1 −  μ 1 2     H 1     E 1    1 −  μ 2 2     H 2    .  



(4)







The value of the elastic modulus of the composite tape can be determined by the following formula:


   E 2  =  E M    1 −  C F    +  E F   C F  ,  



(5)




where








	
   C F    is the filler concentration of the composite tape;



	
   E M    is modulus of elasticity of the composite tape matrix;



	
   E F    is the modulus of elasticity of the filler of the composite tape.








We also write an expression for finding the hardness of a composite tape:


   H 2  =  H F     H M  +  H F  −  C F     H F  −  H M       H M  +  H F  +  C F     H F  +  H M      ,  



(6)




where








	
   H M    is a matrix hardness;



	
   H F    is the hardness of the filler.








Then, expression (4) will take the following form:


  k = f      E M    1 −  C F    +  E F   C F      1 −  μ 1 2    H  B 1     H M  +  H F  +  C F     H F  +  H M         E 1    1 −  μ 2 2     H F     H M  +  H F  −  C F     H F  −  H M        .  



(7)







By integrating the differential Equation (1) with the initial conditions (point 0, Figure 1):


   l = 0   ,    C F  =  C  F 0   ,   








as a result, we have:


  l n    C  F 0      C F    = k l ,  



(8)




where








	
   C  F 0     is the initial concentration of the filler of the composite tape;



	
 l  is the circumference of the CBRTB, which can be determined by the formula:










  l = φ  d 2  ,  



(9)




where








	
 d  is the diameter of the CBRTB;



	
 φ  is the angle for the corresponding point, which is shown in Figure 1.








As a result, we have an expression for determining the filler concentration:


   C F  =  C  F 0   ·  e  − k l   .  



(10)







Furthermore, we write down the dependence for the filler concentration of the composite tape on the properties of the materials of the center plate of the body and the CBRTB (expression (7)):


  C =  C  F 0   · e x p   − f      E M    1 −  C F    +  E F   C F      1 −  μ 1 2     H 1     E 1    1 −  μ 2 2     H F    ·        H M  +  H F  +  C F     H F  +  H M       H M  +  H F  −  C F     H F  −  H M       d 2  φ   .  



(11)







The obtained dependence (11) characterizes the filler distribution of the filler concentration of the composite tape on the diameter of the CBRTB, taking into account the physical and mechanical properties of the center plate of the body and the properties of the composite tape.



Now, it is necessary to set the initial value of the filler concentration    C  F 0    . For this, the work carried out research on the hardness of the surface layers of the composite tape.




3. Results


3.1. Composite Tape Hardness Test


Composite tapes were tested on the prepared samples in accordance with the PN-EN ISO 6506-1: 2014-12 standard. The results were elaborated with the methods of mathematical statistics. The results are presented in Table 1.



The average hardness value of the composite tape of the composition Fe-Cr-Ni-Cr3C2 with a filler of up to 25% increases to a maximum, most likely due to the dissolution of Cr3C2 and the saturation of the matrix with carbon and the same chromium, followed by the formation of chemical reaction products. A further increase in the filler content in the formed layers leads to an increase in porosity with a decrease in hardness.



The average hardness value of the composite tape of the composition Fe-Cr-Ni-TiC with a filler of up to 20% increases to its maximum and then decreases. This decrease in hardness can be explained by an increase in porosity.



As a result, the minimum concentration of composite tape filler (Table 1) can be set at 10%. In this case, the hardness that will be provided is greater than that of the material, the CBRTB. The processing and mechanical characterization was carried out in Poland.




3.2. Theoretical Distribution of Filler in Composite Tape


The theoretical distribution of the filler in the composite tape (expression (11)) along the length of the cylindrical surface of the CBRTB in function of the rotation angle is shown in Figure 3. It should be noted that for every π/4 in expression (11), the sign under the exponent changes to its opposite.




3.3. Theoretical Dependences of the Wear of a Composite Tape


The amount of wear of the CBRTB can be found by the formula:


  δ = k   ω d   h  d 0      Q L  v  ,  



(12)




where  ω  is the circular alternating speed of rotation;    h   is the height of the interaction of the cylindrical surfaces;    Q   is loathe d;    L   is the carriage path;    d 0    is the center plate diameter; and   v   is the train speed.



Based on (12), the theoretical dependences of the wear of the CBRTB were constructed (Figure 4).




3.4. Adhesion Strength of Composite Tapes


The adhesion strength of the composite tape with the cylindrical surface of the CBRTB was determined by the method of pulling off the pin. The scheme for determining the adhesion strength is shown in Figure 5.



The results of studies of the adhesion strength of tapes welded to specimens of steel 20GL are given in Table 2.



The obtained results (Table 2) allow us to conclude that the adhesion strength of the composite tape of the two compositions with the base metal is rather high. In the case of a composite tape of the composition Fe-Cr-Ni-Cr3C2, the adhesion strength with the base metal is 6.5% higher compared to the welded tape of the composition Fe-Cr-Ni-TiC and is 315.7 MPa.




3.5. Experimental Studies of Wear of the CBRTB


Bench studies of the magnitude of wear of the CBRTB were carried out on a test stand. The tests of the degree of wear were carried out on the bolster beams with the repaired CBRTB, the cylindrical surfaces of which were restored with a welded composite tape (with two compositions), and the CBRTB was also subject to research.



	-

	
With installed wear-resistant steel elements;




	-

	
Restored cylindrical surfaces by automatic submerged arc surfacing.







At the same time, the load–speed mode was close to the operating conditions with a full load of a freight car in a train of 12 units and in an empty state (due to the action of the tare weight).



The wear of the CBRTB was measured after every 2000 km of mileage. The wear value was measured with a caliper with an error of 0.1 mm.



In Figure 6, the experimental dependences of the wear of the CBRTB when interacting with the center plate of the body are shown in function of the mileage, with the simulation of the case of a full load of a freight car (23.5 t/axle) in a train of 12 units. The processing and determination of wear was carried out in Ukraine.



The experimental dependences of the wear value of the CBRTB when interacting with the center plate of the body, in function of the mileage with the simulation of the case of an mileage of an empty freight car in a train of 12 units, are shown in Figure 7.



When simulating the case of the mileage of an empty freight car (Figure 7), the wear value of the CBRTB when interacting with the center plate of the body in function of the mileage has a lower value than when fully loaded 1.4–2.1 times. One can envisage a similar tendency for the amount of wear to change in function of mileage, but the difference in values is slightly lower. Therefore, the amount of wear of the repaired surface of the CBRTB with welded composite tapes is 2.8–4.0 times less than the wear value on the CBRTB repaired by surfacing and 2.1–3.5 times less than the wear value of the CBRTB with installed wear-resistant elements. In turn, the wear value of the CBRTB with the installed wear-resistant elements is 1.14–1.25 times lower than that of the repaired CBRTB using automatic surfacing under a layer of flux.



To reproduce the pattern of the joint wear of the center plate, the wear of the center plate of the body was also recorded during the tests. Therefore, Figure 8 shows the dependence of the total wear of the center plate unit of a freight car on the mileage in both the case of a full load and as part of a loaded train.



From the given dependencies (Figure 8), it can be seen that the running-in process in the center plate assembly with all the repaired central bowls of the rail truck bolster proceeds up to 8000 km, as indicated by the total wear values of the connected surfaces. The total values of the wear of the center plate unit with a full load of the freight car, in function of the mileage, indicate that the units with the repaired CBRTB with automatic surfacing under a layer of flux (0.82 mm per 10,000 km of the mileage) have the greatest total wear. Center plate assemblies with a repaired CBRTB with wear-resistant elements have lower values of total wear—0.5 mm per 100,000 km of mileage. At the same time, the total amount of wear is 1.33–1.67 times lower compared to the unit with the repaired CBRTB by automatic surfacing. The value of the total wear of the surfaces of the center plate unit with the repaired CBRTB with welded-on composite tapes is 2.7–4.7 times lower than the value of the total wear of the units with the CBRTB repaired by surfacing, and 1.6–3.5 times lower compared to the value of the total wear of center plate units with the CBRTB, in which wear-resistant elements are installed.



Figure 9 shows the values of the total wear of the center plate unit of a freight car for the case of an empty load on the train in function of the mileage.



The provided data (Figure 9) are characterized by smooth dependences of the increase in the value of total wear of the center plate assembly for all the cases under consideration. In this case, the value of the total wear of the connected surfaces of the center plate unit, in function of the mileage, has lower values of 1.41–2.15 times than at full load. The value of the total wear of the center plate assembly with the repaired CBRTB with welded composite tapes is 2.4–4.3 times less than the value of the total wear of the center plate assembly with surfacing; 2.0–3.7 times less than the total wear of the center plate assembly with installed wear-resistant elements. The total wear of the center plate unit with the installed wear-resistant elements is 1.18–1.28 times lower than the total wear of the center plate with the use of the automatic surfacing under a layer of flux.





4. Discussion


The paper proposes the use of composite tapes for welding on the cylindrical surface of the CBRTB. The rational distribution of the filler concentration in the composite tape is considered, as a result of which a dependence is obtained that characterizes the required distribution of the filler concentration of the composite tape along the length of the CBRTB diameter, taking into account the mechanical and tribological properties of the center plate of the body and the composite material of the CBRTB.



Experimental studies make it possible to establish the appropriate level of service life of the CBRTB. The dependencies of the value of the wear of the CBRTB when interacting with the center plate of the body when simulating the case of the full load of a freight car in function of mileage (Figure 6) indicate that the most wear is observed in the CBRTB repaired by automatic surfacing under a layer of flux; the amount of wear is 0.5 mm per 100,000 km of mileage. It should be noted that the wear-resistant properties of steel elements have an improvement in wear values 1.31–1.65 times lower than the previously considered repaired CBRTB using automatic surfacing under a layer of flux. In the two cases considered herein, there is a running-in process of interacting surfaces up to 6 thousand km for the CBRTB with installed wear-resistant elements made of steel and above 10 thousand km for the CBRTB repaired by automatic surfacing under a layer of flux. The amount of wear of the repaired CBRTB with welded composite tapes in two cases (Figure 6) has a constant value with an increasing operating time, that is, there is no running process. The value of the surface wear value of the considered surface of the CBRTB repaired with welded composite tapes is 2.7–5.6 times less than the wear value of the central bowl of the rail truck support repaired by surfacing and 1.6–4.3 times less than the wear value with the installed wear-resistant elements.



The case of an empty freight car mileage on the train was also modeled. The amount of wear on the cylindrical surface of the CBRTB, in function of the mileage, has lower values than at full load (Figure 8). The wear of the repaired CBRTB with welded composite tapes is 2.8–4.0 times less than the wear of the CBRTB, repaired by surfacing; and 2.1–3.5 times less than the wear value of the CBRTB with installed wear-resistant elements.



The adequacy of the developed theoretical assumptions (Figure 4) and experimental tests (Figure 6 and Figure 7) are confirmed by slight deviations in the obtained wear values. The error does not exceed 6.25%.



The total wear value of the center plate assembly (Figure 8 and Figure 9) in function of the mileage of the unloaded freight car is less than 1.41–2.15 times than that when fully loaded. The total wear value of the center plate assembly with welded composite tapes is 2.4–4.3 times less than the value of the total wear with the repaired CBRTB surface; and 2.0–3.7 times less than the total wear of the CBRTB with the installed wear-resistant elements.




5. Conclusions


In the operation of freight cars, CBRTB wear is uneven, which is associated with the intensity of the passage of freight cars on tracks with small radius curves. In this case, there is an uneven increase in loads in the bogie of the freight car. In order to ensure uniform CBRTB wear and reduce the degree of wear, the use of composite tape with variable mechanical and tribological properties was proposed.



In this work, for the first time, a theoretical dependence was obtained to determine the filler concentration in the composite tape on the basis of which the specified mechanical and tribological properties can be obtained to ensure the uniform wear process of the CBRTB.



Bench studies made it possible to establish the appropriate level of the service life of the center plate units of freight cars. As such, when simulating the case of the full loading of a freight car (23.5 t/axle) as part of a train of 12 units, the amount of wear on the cylindrical surface of the CBRTB is 0.5 mm per 10,000 km of mileage. The amount of wear of the repaired CBRTB with welded composite tapes (Fe-Cr-Ni-Cr3C2, Fe-Cr-Ni-TiC) is 2.7–5.6 times less than the amount of wear of the CBRTB repaired by surfacing and 1.6–4.3 times less than the value of wear of the CBRTB with installed wear-resistant elements.



The total wear values of the center plate assembly at the full load of the freight car—in function of the mileage with the repaired CBRTB using the automatic surfacing method under a layer of flux—is 0.82 mm per 10,000 km of mileage; and is 0.5 mm per 10,000 km of mileage with the repaired CBRTB with wear-resistant elements. The total wear value of the center plate assembly with repaired CBRTB with welded composite tapes (Fe-Cr-Ni-Cr3C2, Fe-Cr-Ni-TiC) is 2.7–4.7 times less than the total wear value of the units with the CBRTB, repaired by surfacing; and is 1.6–3.5 times lower compared to the wear-resistant steel elements.



The adequacy of the developed theoretical assumptions and experimental studies was confirmed by minor deviations in the obtained wear values. The error does not exceed 6.25%.



The predicted service life of the center plate unit of the freight car with a welded-on composite tape Fe-Cr-Ni-Cr3C2 is 320 thousand km, and 420 thousand km of mileage with the welded-on composite tape Fe-Cr-Ni-TiC.
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Figure 1. Diagrams of wear of the CBRTB after interaction with the center plate of the body: (a) In all directions; and (b) in two directions. 
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Figure 2. Distribution of material hardness over the diameter of the CBRTB in function of the rotation angle. 
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Figure 3. Dependence of the filler concentration in the composite tape along the length of the cylindrical surface of the CBRTB in function of the rotation angle. 
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Figure 4. Diagrams of wear of the CBRTB after interaction with the center plate of the body in function of the mileage: (a) an empty freight car; and (b) a full load of a freight car. 
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Figure 5. The scheme for determining the adhesion strength: (1) mandrel; (2) pin; (3) emphasis; (4) and composite tape. 
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Figure 6. Experimental dependences of the wear of the CBRTB in function of the mileage. 
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Figure 7. Experimental dependences of the wear of the CBRTB in function of the mileage of an empty freight car. 






Figure 7. Experimental dependences of the wear of the CBRTB in function of the mileage of an empty freight car.



[image: Applsci 12 11044 g007]







[image: Applsci 12 11044 g008 550] 





Figure 8. Dependences of the total value of the wear of the center plate assembly for the case of a full load of a freight car on the mileage for the repaired CBRTB in function of the mileage. 
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Figure 9. The total value of the wear of the center plate assembly for the case of an empty load of a freight car, in function of the mileage for the repaired CBRTB in function of the mileage. 
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Table 1. Dependence of the hardness of the composite tapes of the filler concentration.
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Composite Tape

	
Average Hardness, HB




	
Filler Concentration, %




	
10

	
15

	
20

	
25

	
30

	
35






	
Fe-Cr-Ni-Cr3C2

	
335

	
344

	
372

	
395

	
390

	
382




	
Fe-Cr-Ni-TiC

	
359

	
374

	
397

	
387

	
378

	
366
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Table 2. The results of studies of the adhesion strength of tapes welded to specimens of steel 20GL.
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Composite Tape

	
Adhesion Strength, MPa




	
Pin No.




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
Mean






	
Fe-Cr-Ni-TiC

	
287 ± 2

	
290 ± 2

	
297 ± 3

	
305 ± 2

	
295 ± 1

	
308 ± 2

	
307 ± 2

	
301 ± 1

	
303 ± 1

	
298 ± 2

	
299.2 ± 1.8




	
Fe-Cr-Ni-Cr3C2

	
308 ± 1

	
309 ± 2

	
329 ± 3

	
315 ± 1

	
322 ± 3

	
328 ± 3

	
320 ± 2

	
308 ± 1

	
306 ± 1

	
312 ± 2

	
315.7 ± 1.9
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