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Abstract

:

Steels which are utilized in the manufacturing of specific parts of military technology such as crankshafts of engines in heavy-duty vehicles or barrels of guns must be subsequently modified by heat treatment according to the requirements of customers. Despite the hard surface of martensitic structure obtained by hardening process, steels have a low wear resistance and high values of coefficient of friction. To improve these parameters and due to the fact that many of steels which are utilized for manufacturing of mentioned parts are also categorized as Nitralloy steels, in this paper, the improvement in these properties of chosen steels by the application of plasma nitriding has been studied. The steel equivalent 17Ni4CrMo (i.e., CSN 41 6720) and equivalent 42CrMo4 (i.e., CSN 41 5142) were chosen for the study. The chemical composition of chosen steels was verified by optical emission spectrometry. The microstructure and the diffusion layer were observed by optical microscopy due to the evaluation of layer parameters important for the lifetime. ZWICK ZHU 2.5 was used for a measurement of the universal hardness of the surface and values of graphs of microhardness were obtained by the device LM 247AT LECO from a cross-section of samples. The coefficient of friction was determined by Bruker CERT-UMT-3 with a ball-on-disc method. The parameters of wear paths were obtained by Talysurf CLI 1000. After the application of plasma nitriding technology, the hardness of both steels was rapidly increased in comparison with non-nitrided samples. According to the comparison of coefficients of friction with respect to the parameters of the measurement, the coefficient of friction of nitrided samples decreases with increasing temperature, which is essential knowledge for the weapon industry, especially the construction of bore barrel.
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1. Introduction


The contemporary trend in the automotive and weapon industry of constantly improving the performance of special parts of weapons and engines, while decreasing the weight and dimension of weapon and engines’ parts at the same time, has the effect of higher requirements for quality [1]. The mechanical parts of systems are innovating due to needs in the “army” area, especially in the sphere of the current trend of development of autonomous systems [2]. In these days, the industry of material technology has reached some limits of improvement in material properties. As a consequence of this fact, an effort is being made to find other materials with appropriate properties, or a combination of properties of known materials which are more suitable for special deployment in a military environment. The fundamental properties of parts are predetermined by the material from which they are made. A material is characterized by many properties which are significant for use. Some properties predetermine the material directly for some purposes, others only modify the behavior of the material a little, so these properties must be considered in cooperation with others [3,4]. While selecting a material, other non-technical properties such as economy and ecology must unfortunately be respected. The economy is huge reason for using surface technologies. In many cases, we are not able to select a perfect material that exactly meets our requirements. The technology of material development seems to be very expensive, therefore it is more effective and cheaper to use the available material with a combination of appropriate surface technologies [5]. Due to combined stresses, high pressure and also the abrasion, which must resist, the engine’s crankshaft and the barrel of the small arm weapon have been chosen as referential parts [6,7]. The quality of the face of crankshafts or barrels, specifically surface roughness and dimensional accuracy, is closely related to material characteristics. The knowledge in the sphere of material characteristics is really important for the judgement of the appropriateness of a material for its purpose. Apart from other material characteristics, the chemical composition and microstructure of the material also need to be mentioned, which influence the ability to follow chemical and thermal processing as well as the application of special surface technologies. However, care must be taken. Not all known surface technologies are suitable for application in a special environment. Nowadays, the most commonly used methods of modification of crankshaft’s and barrel surfaces are surface hardening and carburizing. A less commonly used method of surface modification is nitriding or ferritic nitocarburizing. A product of all these technologies is a modified part of the surface known as the surface layer. Methods such as surface hardening and carburizing are based on steel quenching from high temperatures (above critical temperature), whereby residual stress and geometrical deformations in the surface of the resulting products may occur. In case of nitriding, the temperature is significantly lower, generally in range of 490–560 °C, thereby a higher accuracy of product geometry can be achieved, and thus it can be also used in a combination of surface treatments called a duplex [8,9,10,11]. Moreover, nitriding is applicable for treating the outer surfaces of highly exposed parts of military technology as well as for the inner surfaces of barrel bores of small arms, where parameters such as resistance to wear and hardness are essential as well as in the case of cutting tools [12,13]. Due to these facts, in this paper, the improvement in the surface properties of chosen steels by the application of plasma nitriding is studied.




2. Materials and Methods


A measure of the benefits of an application of plasma nitriding on the chosen steels was experimentally investigated. For the investigation, methods including a microstructure assessment, microhardness and universal hardness measurements accompanied by measurements of coefficient of friction under different conditions were utilized. The connection of all results introduces the main characteristics of the material and the benefit of the suggested technology.



2.1. Materials


The selection of the material and subsequent technologies is dependent on a real working environment of parts. Materials and technologies, especially surface technologies, must be tailored, and even more so in the case of barrels of weapons or special parts of military vehicles. Suitable steels for the manufacturing of barrels and crankshafts are listed below in Table 1.



Many of the mentioned steels are categorized as heat-treatable or alloy structural steels. The steels, including the grey cells in Table 1, also belong to the list of Nitralloy steels. Finally, the steels 42CrMo4 (i.e., CSN 41 5142) and 17Ni4CrMo (i.e., CSN 41 6720) were chosen for the study due to their characteristics and suitability for special parts of vehicles and weapons [16]. These steels are used for barrels and crankshafts.




2.2. Chemical Composition


At first, the verification of a chemical composition of the chosen steels was performed on the advanced CCD optical emission spectrometer Tasman Q4 (Bruker, Billerica, MA, USA) and was evaluated as an average value of five measurements. For an analysis of the material, a glow discharge is used for an atoms’ excitation. The chemical composition is defined according to an electromagnetic radiation, which is emitted by an electron falling to lower energy levels, and which is unique for every element.




2.3. Specimen Preparation


From each steel, three disk-type specimens with diameter Ø70 mm and thickness h = 26 mm were made. All specimens were hardened and tempered. Specimens were heat-treated in the furnace for 20 min in 840 °C. Subsequently, the same specimens were quenched into the water. Hardening was followed by 60 min of tempering at 600 °C. One specimen of each steel was left in a heat-treated state. Two remaining specimens of each steel were exposed by plasma-nitriding technology for 30 h in a furnace with a carefully controlled atmosphere 3H2:1N2 in temperature 500 °C. Finally, all specimens were marked numerically, as listed in Table 2.




2.4. Microstructure Evaluation


For evaluation of a microstructure, metallographic specimens had to be prepared. Cross-sections were cut off from an outer edge of all disk-type specimens, as mentioned in Section 2.3. The cross-sections were molded into the thermoplastic powder subsequently. The samples were wet ground with a sandpaper and polished by a velvet with a diamond paste with grains of size 1 µm. The samples’ surface, thus prepared, was etched by 2% Nital. For an observation of a microstructure, the optical microscope Olympus DSX500i with magnifications 1000× and 600× was utilized.




2.5. Hardness Measurement


Microhardness was measured by LM247 AT LECO (Leco Corporation, 3000 Lakeview Ave, St. Joseph, MI, USA) equipped with AMH 55 and values were plotted as a function of a distance between indents and the surface of the nitride layer. In accordance with standards [17,18], it is possible to utilize the microhardness profile for determination of the thickness of the nitrided layer. Parameters of measurement were set to HV 0.05 (50 g load), 18 indents with feed 0.02–0.1 mm. Although the standard ISO 18203:2016(E) allows a utilizing load of 100 g as a minimum, according to the experiences of the department, a lower load was set [17]. By utilizing a load of 50 g, no significant changes in the curve of the microhardness profile in comparison with those where a 100 g load was used are visible, and moreover, the first indent can be performed at a lower distance from the surface. At first, the microhardness of non-nitrided specimens was measured. From five indents, an average value of core hardness rounded to tens was found. According to standards [17,18], a limit value of hardness is equal to an average value of a core hardness rounded to the nearest multiple of ten increased by 50 HV.



Generally, the hardness is defined as a resistance of the material to being penetrated by a foreign, harder material [19]. Unlike universal hardness, most of the tests of hardness measurement are based on an evaluation of hardness from the indents’ area after release of the loading force. Therefore, the elasticity of the material is ignored. The universal hardness measurement is different due to depth sensitive indentation instrument, which is able to continuously record the load and depth of indent during the measurement [19]. Due to this fact, the universal hardness is one of the parameters utilized for an assessment and comparison of the layers and surface’s properties [20]. The universal hardness measurement was performed by ZWICK ZHU 2.5 (ZWICK, Ulm, Germany).




2.6. Tribological Measurements


Tribological measurement was performed to check the behavior of the surface layers created by surface technology on both steels. The method called Ball-on-Disc was utilized for verification of surface parameters during friction. The output of this method is a coefficient of friction “COF”. An experimental comparison of surface of nitride and non-nitride steels was performed. The COF is dimensionless quantity which equals the quotient of normal and friction force [21]. The measurement was conducted on Bruker CERT UMT-3 TriboLab (Bruker, Billerica, MA, USA) in agreement with ASTM G99-95a [22]. Bruker’s TriboLab measurement method is based on indenting a ball by a predetermined force into the specimen’s surface. The specimen is rotatably attached to the device and the ball is fixed. At first, the following measurement parameters must be determined: radius, temperature, time of measurement, loading, number of rotations and angular speed. After switching on the device, the specimen starts to rotate, and the ball scratches a circle track to the specimen. The device continuously coevaluates the COF from the resisting force. The device provides the values of COF in dependence on time. On each, sample three or four measurements were performed. In one case of those measurements, the temperature was set to 80 °C. Other measurements were performed at 23 °C.



In general, it is possible to classify four phases of surface degradation within the measurement of COF:




	
Initiation of wear;



	
Mutual adaptation of contact surfaces and creation of the layer;



	
Stabilization of the COF;



	
Rupture of the layer and its destruction to the base material [23].








The first phase starts with a contact of the ball with the surface. For this phase, an intensive increase in COF is characteristic, caused by the interaction of the indenter with surface’s roughness. By the influence of wear, macroparticles form and are stuck in a track, which creates a thin layer [23]. In the second phase, the thickness of the layer increases, and the area of the track and its vicinity is heated. The increase in temperature is followed by oxidation. The values of COF are unstable in this phase due to ruptures, which are initialized in the layer created by macroparticles, followed by the formation of debris. The debris of a layer are moved around the wear track, which causes abrasive wear. Those two phases are characterized as “running–in” [24]. In the third phase, called “steady–state wear”, the surface of a wear track is coated by a thin layer of oxides, which causes stabilization of COF. In comparison with other phases, the third phase lasts a long time [24]. The fourth phase begins by the destruction of the wear-resistive layer and the COF increases rapidly. All measurements were ended during the steady-state wear phase, therefore the last phase is not visible in graphs of measurements. To compare the results measured with different pre-sets, the most important was to find out the dependence between pre-sets of parameters and the results of the measurement right at the beginning of the COF measurement. By this step, the comparison of incomparable results of measurements was eliminated. According to the analysis of the measurement’s results, the following dependence between pre-sets and results was found:




	
Influence of circle path radius on results of COF was not confirmed;



	
In this case, a change in an angular velocity affects results solely after an increase near to the value 1000 rpm and above;



	
By an increase in the indenter’s load, the higher COF was detected;



	
The effect of different temperatures on the results of the measurements is significant.








Note: A tungsten-carbide ball was used as an indenter in all measurements. The conclusions are drawn from a comparison of the results measured on the specimens of the same steel with an application of the same manufacturing technology.



Subsequently, based on the knowledge of the dependence of these parameters, it was possible to combine the results of measurements performed on different specimens. According to the bullet points above, the combined results were measured with pre-sets of the same load and temperature, optional radius and angular velocity, with values between 500 and 750 rpm.




2.7. Assessment of Wear


Due to a little uneven wear in a wear path, the formula for a calculation of a decrease in mass mentioned in standard ASTM G99-95a [22] was not utilized for assessment of the wear. The assessment was performed according to the results obtained by a measurement of the depth of wear paths on Talysurf CLI 1000 equipped with a program Talysurf Map. The program assessed the results of the paths’ profiles measurement, and removed errors and deviations of the results caused by a surface’s waviness. Three measurements on each path were performed. An average value of a depth of these three measurements was set as a comparative parameter.





3. Results and Discussion


By utilization of the results of experimental measurements, parameters of surfaces of nitrided specimens in comparison with non-nitrided specimens were evaluated.



3.1. Chemical Composition


The results of measurement of chemical composition obtained by the optical emission spectrometer Tasman Q4 Bruker are listed in Table 3 and Table 4.



The results confirmed that chemical composition of steels corresponds with their datasheets. Besides well-known factors such as the initial state of a steels’ microstructure after heat treatment, an exposition time, and the temperature and parameters of chemical-heat treatment atmosphere, according to the literature, a chemical composition also significantly influences the resulting properties of nitride layers [25,26]. Chemical composition measurements showed significant differences between the chemical compositions of the selected steels. Therefore, differences between the resulting nitride layers of chosen steels are also assumed. A purpose of nitriding is the achievement of better surface properties including an increase in hardness, fatigue, wear and corrosion resistance and a decrease in the value of COF and a sensitivity to a crack’s initiation within cyclic loading [25,26,27]. To obtain favorable surface properties, a sufficient depth of a nitride layer is also significant in the most cases of applications of nitriding. The depth of a layer is nearly connected with a concentration of nitrogen which depends on its diffusion rate [26]. Due to the high similarity of atomic radii of carbon (71 pm) and nitrogen (65 pm), these interstitial elements can occupy the same positions in a crystalline lattice. Therefore, an assumption is that a decrease in the content of carbon in a steel could induce an increase in the diffusion capability of nitrogen. Nevertheless, this phenomenon is hard to describe, and other alloying elements have an impact on resulting diffusion rate of nitrogen. In general, an increase in the content of substitutional alloying elements, including chromium, molybdenum, nickel, tungsten and manganese, causes a decrease in the diffusion rate of nitrogen [9,10]. Elements such as chromium, molybdenum and tungsten, contained in the selected steels, which retard the rate of nitrogen diffusion by a formation of hard nitrides and carbides, are involved in an increase in the surface’s hardness. Nickel, unlike the other mentioned substitutional elements, does not form nitrides. Thus, the nickel has the most negative impact on the diffusion of nitrogen [9,10]. According to the information about the impact of the alloying elements mentioned above, it is possible to assume that the positive effect of higher content of nitrides-forming elements on the increase in hardness in case of the steel equivalent 17Ni4CrMo (i.e., CSN 41 6720) will be compensated by a high content of nickel, exceeding 4 wt.%. Therefore, similar parameters of nitride layers of chosen steels are expected.




3.2. Microstructure Evaluation


The microstructure of the hardened and tempered steels equivalents 17Ni4CrMo (i.e., CSN 41 6720) and 42CrMo4 (i.e., CSN 41 5142), shown in Figure 1, was observed with magnification 1000×.



By the observation of microstructure of non- nitrided specimens after etching by 2% Nital, the presence of coarse-grained martensite with marks of sorbite and bainite was detected. Those structural phases are products of the heat treatment. Very brittle Martensitic structure, obtained by hardening, is partially formed to ferrite and cementite, which creates phases known as sorbite and bainite within tempering. The newly created structure has a lower hardness than martensite obtained by hardening, but it is tougher. The observed microstructures shown in Figure 1 correspond with heat treatment applied on the specimens.




3.3. Hardness


Two different methods, microhardness and universal hardness, were used for the hardness measurement of the steels. The measurement of the microhardness profiles was utilized for the determination of the depth of the diffusion layer. Figure 2 represents the profiles of microhardness, composed with an appropriate microstructure of the surface area of the nitrided steels in the background.




	
Limit value of microhardness of steel equivalent 42CrMo4 (i.e., CSN 41 5142) as NHD 390 HV 0.05 = 403 µm was assessed;



	
In case of steel equivalent 17Ni4CrMo (i.e., CSN 41 6720) the value was evaluated as NHD 400 HV 0.05 = 347 µm.








Figure 3 is focused on a comparison of microhardness profiles of the steels.



Although the thicknesses of layers assessed by the test of microhardness were different, Figure 3 shows that the microhardness of steels after plasma nitriding is almost the same until a depth of 500 µm. Close to the surface, a microhardness maximum was assessed in both cases as almost twice as high than the microhardness of the core.



For a better perception of the resistance of the surface to be penetrated by a foreign harder material, the universal hardness was measured.



On Figure 4, a significant difference between the universal hardness of heat-treated steel with and without application of nitriding is visible. The bottom curve represents non-nitrided steel. It is evident that even a minimal load causes a permanent deformation. Over a value of 2000 N/mm2 the material is not able to resist a further loading, and the depth of the indent increases rapidly. An upper curve, which represents nitrided steel, implies that the surface of nitrided steel is able to resist much higher loading than the surface of solely heat-treated steel.




3.4. Coefficient of Friction


After the acceptance of the restrictions mentioned in Section 2.6, the first measurements at the room temperature were performed.



3.4.1. Influence of Plasma Nitriding on COF Measured at Room Temperature


The plasma nitriding effect on values of the COF of steel equivalent 42CrMo4 (i.e., CSN 41 5142) is shown in Figure 5. By the application of PN, the running-in phase of COF was shortened from the original 350 s to approximately 100 s. Within the steady state wear, the graph of COF of nitrided specimen is smoother and more stable, unlike the specimen without PN. In spite of the previous description, the values of COF are very similar in the second half of the graph, so the improvement was not confirmed.



The Figure 6 shows the behavior of the COF after an application of PN on the steel equivalent 17Ni4CrMo (i.e., CSN 41 6720). The same as in a previous case, the graph is smoother, and the running-in phase is shortened. The values of COF of the nitrided specimen are greater in the second half of the measurement in comparison with the non-nitrided specimen.




3.4.2. Influence of Plasma Nitriding on COF Measured at Higher Temperatures


To approach the conditions of measurements to working conditions of crankshafts, the temperature in further measurements was set to 80 °C. This temperature is typical for the working temperature of engines.



In comparison with the results obtained by measurements of COF at room temperature, which are mentioned in Section 3.4.1, the beneficial influence of plasma nitriding is much more visible in measurements at higher temperature. A decrease in the values of COF was observed in both cases of chosen steels. By observation of the COF of nitrided specimens of both steels shown in Figure 7 and Figure 8, significant differences in stable-state phase were detected. In case of nitrided steel equivalent 42CrMo4 (i.e., CSN 41 5142) a moderate decrease in COF until the value 0.3 appeared, whereas the values of COF of steel equivalent 17Ni4CrMo (i.e., CSN 41 6720) are constant for the whole duration of measurement.



The temperature-dependence of COF can be attributed to the creation of oxides in the wear trace. As is described in the literature [28,29], oxides created in contact surfaces act like a thin protective slide layer with a lower value of friction coefficient. In the process of wear, some macroparticles are ripped out of the surface of thin layers and cause the increase in surface degradation.



In comparison with heat-treated surfaces without surface technology, the nitrided surfaces are harder and more wear-resistive due to the presence of oxides and nitrides. The newly created compound layer composed of oxides and nitrides acts as a dry lubricant. Thus, in the case of nitrided surfaces, the positive effect of the compound layer at higher temperatures outweighs the abrasion caused by macroparticles, which is manifested by decreasing COF.



Differences between the COF of nitrided specimens manufactured from different steels are connected with differences in the content of alloying elements in their structure. Elements such as nickel and chromium significantly influence the creation of oxides on the surface.



For a better interpretation of results, Figure 7 and Figure 8 were accompanied with measurements in the profiles of wear paths shown in Figure 9 and Figure 10.





3.5. Assessment of Wear


At the end of the experimental part, an average depth of a wear paths, as a referential parameter of a measure of wear, was assessed. The average values of wear paths’ depth with appropriate parameters of tribological measurements are listed in Table 5.



By comparison of nitrided specimens with non-nitrided specimens manufactured from steel equivalent 42CrMo4 (i.e., CSN 41 5142) a decrease in wear paths’ depth by the application of PN was found. The values of depth are lower in the case of measurement at room temperature as well as at higher temperature.



In case of steel equivalent 17Ni4CrMo (i.e., CSN 41 6720), differences between heat-treated and nitrided specimens are more evident. Whereas the depth of the wear path of nitrided steel equivalent 42CrMo4 (i.e., CSN 41 5142) increased a little at a higher temperature of measurement, in the case of nitrided steel equivalent 17Ni4CrMo (i.e., CSN 41 6720) the depth of wear path at higher temperature decreased.





4. Conclusions


This paper is devoted to an investigation of the possibilities of the surface property improvement of steels equivalent to 42CrMo4 (i.e., CSN 41 5142) and equivalent 17Ni4CrMo (i.e., CSN 41 6720) by an application of plasma nitriding. For the investigation, methods including a microstructure assessment, microhardness and universal hardness measurements, accompanied with measurements of wear and coefficient of friction under different conditions were utilized.



An increase in the surface microhardness by the application of plasma nitriding was proved. Maximums of surface microhardness were similar and achieved doubled values in comparison with the microhardness of the core in both cases of steels. The depth of the nitride layer was increased by approximately 50 μm in case of the steel equivalent 42CrMo4 (i.e., CSN 41 5142) in comparison with the steel equivalent 17Ni4CrMo (i.e., CSN 41 6720). With respect to the high similarity of microhardness profiles, the difference between the depths of nitride layers can be attributed to a difference in the microhardness of cores. The negative influence of nickel concentration for the diffusion process was proved [9].



The universal hardness measurement was also utilized for an evaluation of the beneficial impact of the application of plasma nitriding on the surface hardness. While the signs of a surface resistance to be penetrated without permanent deformation in the case of non-nitrided specimen almost did not appear, nitrided surface was able to be loaded by more over than 4000 N/mm2 without significant deformation.



By the tribological measurement, the impact of plasma nitriding on the values of COF was assessed. The beneficial effect of plasma nitriding on COF was proved by all measurements. The results showed that values of COF of nitride surface measured at temperatures similar to the working conditions of special military parts are much more favorable in comparison with the values measured at the lower temperature. The most favorable values were obtained with the steel equivalent 42CrMo4 (i.e., CSN 41 5142).



The assessment of wear subsequently showed the same phenomenon mentioned in the case of measurement of COF. The wear of nitride surfaces, assessed by using the average depths of wear tracks obtained by tribological measurement, was lower in all cases of measurement in comparison with the heat-treated ones. The largest differences between the wear of the nitrided and the non-nitrided surfaces were observed in the case of tracks obtained by tribological measurements at the higher temperature. The greatest improvement was achieved with the steel equivalent 17Ni4CrMo (i.e., CSN 41 6720).



From these results it can be seen that the application of plasma nitriding in the manufacturing of special high stressed parts is beneficial, and it is possible to recommend a wider utilization of plasma nitriding in the sphere of the manufacturing of military equipment, mainly in connection with small arm weapons, where nitriding represents an environmentally friendly substitution for chromium plating, a currently prohibited, but previously commonly utilized technology for the treatment of barrel bores.
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Figure 1. Microstructure of hardened and tempered material magnified 1000×; (a) steel equivalent 42CrMo4 (i.e., CSN 41 5142) on left; (b) 17Ni4CrMo (i.e., CSN 41 6720) on right. 
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Figure 2. Profiles of microhardness with appropriate microstructures in background; (a) steel equivalent 42CrMo4 (i.e., CSN 41 5142)–plasma nitrided on left; (b) steel equivalent 17Ni4CrMo (i.e., CSN 41 6720)—plasma nitrided on right; magnification of microstructure: 600×. 
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Figure 3. Comparison of microhardness profiles of the steels after application of plasma nitriding. 
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Figure 4. Values of universal hardness depending on the depth of indent; instrumented hardness tester ZWICK ZHU 2.5; load: 196 N; time of measurement: 12 s; steel equivalent 42CrMo4 (i.e., CSN 41 5142). 
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Figure 5. Comparison of coefficient of friction (COF) of nitrided (vz. 1-2) and non-nitrided (vz. 51) specimens; steel equivalent 42CrMo4 (i.e., CSN 41 5142). 
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Figure 6. Comparison of COF of nitride (vz. 2-2) and non-nitrided (vz. 61) specimens; steel equivalent 17Ni4CrMo (i.e., CSN 41 6720). 
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Figure 7. Comparison of COF of nitrided (vz. 1-2) and non-nitrided (vz. 51) specimens; steel equivalent 42CrMo4 (i.e., CSN 41 5142); measured at higher temperature. 
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Figure 8. Comparison of COF of nitrided (vz. 2-2) and non-nitrided (vz. 61) specimens; steel equivalent 17Ni4CrMo (i.e., CSN 41 6720); measured at higher temperature. 
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Figure 9. Profiles of wear paths; steel equivalent 42CrMo4 (i.e., CSN 41 5142); performed by Talysurf CLI 1000. (a) Profile of wear path of non-nitrided specimen; vz. 51; R = 26 mm; 500 rpm; 18 min; F = 20 N; T = 80 °C—on left. (b) Profile of wear path of nitrided specimen; vz. 1-2; R = 26 mm; 500 rpm; 18 min; F = 20 N; T = 80 °C—on right. 
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Figure 10. Profiles of wear paths; steel equivalent 17Ni4CrMo (i.e., CSN 41 6720); performed by Talysurf CLI 1000. (a) Profile of wear path of non-nitrided specimen; vz. 61; R = 26 mm; 500 rpm; 18 min; F = 20 N; T = 80 °C—on left. (b) Profile of wear path of nitrided specimen; vz. 2-2; R = 26 mm; 750 rpm; 18 min; F = 20 N; T = 80 °C—on right. 
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Table 1. Materials used for manufacturing of crankshafts.
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	Gasoline Engines
	Gasoline and Diesel Engines
	Diesel Engines (Alloyed Steels)
	Diesel Engines (Upgraded Steel)
	Diesel Engines (Hardened Steel)
	Aircraft and Tank Engines





	C35
	34CrMo4
	36Mn5
	C35
	1.1191
	30CrMoV9



	C45
	34CrNiMo6
	51CrV4
	42CrMo4
	35NiCr 6
	-



	C55
	17Ni4CrMo
	31NiCr 14
	35NiCr 6
	-
	-



	37MnSi5
	-
	-
	-
	-
	-



	36Mn5
	-
	-
	-
	-
	-



	1.7361
	-
	-
	-
	-
	-



	50CrV4
	-
	-
	-
	-
	-



	58CrV4
	-
	-
	-
	-
	-



	31NiCr14
	-
	-
	-
	-
	-







Note: Grey cells include those steels which are suitable for nitriding, called “Nitralloy” [6,14,15].
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Table 2. Marking of specimens used in graphs.






Table 2. Marking of specimens used in graphs.





	
Steel

	
Applied Technology




	
Heat Treatement (HT)

	
HT + Plasma Nitriding






	
42CrMo4 (i.e., CSN 41 5142)

	
Vz. 51

	
Vz. 1-1, Vz. 1-2




	
17Ni4CrMo (i.e., CSN 41 6720)

	
Vz. 61

	
Vz. 2-1, Vz. 2-2
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Table 3. Chemical composition of steel equivalent 42CrMo4 (i.e., CSN 41 5142) verified by Tasman Q4 Bruker (wt.%).
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C

	
Mn

	
Si

	
P

	
S

	
Ni

	
Cr

	
Mo






	
OES/Bulk

	




	
0.39

	
0.60

	
0.25

	
0.012

	
0.022

	
0.33

	
0.96

	
0.22




	
Datasheet

	




	
0.38–0.45

	
0.50–0.80

	
0.17–0.37

	
<0.035

	
<0.035

	
<0.50

	
0.90–1.20

	
0.15–0.30
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Table 4. Chemical composition of steel equivalent 17Ni4CrMo (i.e., CSN 41 6720) verified by Tasman Q4 Bruker (wt.%).
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C

	
Mn

	
Si

	
P

	
S

	
Ni

	
Cr

	
W






	
OES/Bulk

	




	
0.15

	
0.398

	
0.25

	
0.013

	
0.025

	
4.118

	
1.542

	
0.82




	
Datasheet

	




	
0.14–0.21

	
0.25–0.55

	
0.17–0.37

	
<0.035

	
<0.035

	
4.00–4.50

	
1.35–1.65

	
0.80–1.20
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Table 5. Evaluation of wear.
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Specimen

	
Radius [mm]

	
Average Depth [μm]

	
Load [N]

	
Angular Velocity [rpm]

	
Initial Temperature [°C]






	
Vz.51 (CSN 41 5142) non-nitrided

	
22

	
4.82

	
10

	
750

	
23




	
26

	
6.27

	
20

	
500

	
80




	
Vz.61 (CSN 41 6720) non-nitrided

	
22

	
7.27

	
10

	
750

	
23




	
26

	
10.15

	
20

	
500

	
80




	
Vz.1-2 (CSN 41 5142) nitrided

	
22

	
2.58

	
10

	
750

	
23




	
26

	
4.53

	
20

	
500

	
80




	
Vz.2-2 (CSN 41 6720) nitrided

	
22

	
3.62

	
10

	
750

	
23




	
26

	
2.87

	
20

	
750

	
80
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