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Abstract

:

Steel fatigue strength testing is a process that requires large amounts of time, resources and appropriate equipment. The industry seeks to replace cumbersome destructive testing with non-destructive testing. Coefficients were developed that allow the comparison of the parameters of material properties. One such factor is the fatigue strength coefficient, which allows the estimate of fatigue strength using the known hardness of a given material. The fatigue strength factor should be developed for conditions that are as close to the industrial conditions as possible. It should take into account not only the expected properties of the material and the technological process but also its imperfections, e.g., the share of non-metallic inclusions and the steel microstructure. This paper presents the results of research on the influence of non-metallic inclusions on the fatigue strength coefficient of structural steel subjected to rotary bending. The tests were carried out in seven heats obtained in a 140-ton electric furnace under industrial conditions. The steel was desulfurized and refined with argon. The paper presents the bending fatigue strength of hardened and tempered steel at temperatures from 200 °C to 600 °C as a function of the relative volume of inclusions. The non-metallic inclusions occurring in steel were determined qualitatively and quantitatively. The derived fatigue strength coefficient, k, for different tempering temperatures makes it possible to estimate the fatigue strength of the analyzed steel as a function of its hardness for various microstructures represented by the respective tempering temperatures.
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1. Introduction


There are elements of machines operating at variable stresses. These stresses can be regular or irregular. Ensuring a high reliability of elements operating under variable loads requires the use of steel with high fatigue strength [1,2,3,4,5]. Work is underway to understand the factors that reduce the fatigue life of the material [6,7,8,9,10,11]. One of the factors influencing the fatigue strength of steel, apart from the operating conditions, is non-metallic inclusions. There are many papers describing the influence of non-metallic inclusions on the development of microcracks and the fatigue strength of steel [12,13,14,15,16,17]. The rate of microcrack development under variable stress conditions is a determinant of the material’s resistance to fatigue [18].



The problem of the impact of non-metallic inclusions in steel on its fatigue strength is complex. Steels operating under variable loads are usually high-quality steels. Fatigue strength tests of various types of steel used in industry are carried out [19,20]. Nevertheless, they have some amount of impurities. These impurities can significantly affect the properties of the material, in particular its fatigue strength. The shape, size, distribution, quality and quantity of non-metallic inclusions found in steel may vary depending on the manufacturing process [21,22,23,24,25,26,27,28,29].



Nodular inclusions are often observed in steels containing high levels of oxygen. The partial deoxidation of steel, e.g., with the addition of aluminum, favors the formation of small oxide inclusions on the boundaries of austenite grains. On the other hand, the addition of an excess of deoxidizers may lead to the formation of large faceted inclusions. The influence of non-metallic inclusions on the fatigue strength is closely related to the processes taking place in micro-areas. The complexity of the problem results, among others, from local plastic deformation, cyclic strengthening and weakening, nucleation and the development and joining of microcracks [6,18,30,31,32,33].



Therefore, it is important to consider not only the behavior of individual structures and the morphology of inclusions but also their matrix, which is the steel microstructure [34,35,36,37,38].



There are many papers presenting the results of fatigue strength tests of hard materials (mainly bearing steels) and those produced on a laboratory scale [25,39,40,41,42,43,44]. It is much more difficult to find test results made on steel with high plasticity, which also justifies taking up the topic of this paper.



Steel fatigue tests are costly and time-consuming. For economic and time reasons, the industry conducts simulations more and more often to quickly estimate material properties, including fatigue strength [23,45,46]. There are known coefficients that allow for the estimation of fatigue strength as a function of static strength for specific conditions, such as Equation (1) [18,47]:


zg = c · Rm,



(1)




where:



zg—fatigue strength, MPa;



c—coefficients of the equation;



Rm—tensile strength, MPa;



Therefore, Equation (2) can be written as:


c = zg · Rm−1,



(2)







The industry strives to determine as many material properties as possible through non-destructive testing. Equation (3) was developed to estimate the tensile strength based on the results of non-destructive tests. The c1 coefficient was introduced to compare the tensile strength to hardness:


Rm = c1 · HV,



(3)




where:



c1—coefficients of the equation;



HV—Vickers hardness, MPa;



Then:


c = zg · (c1 · HV)−1,



(4)







Expressing the coefficients c and c1 with the coefficient k, we obtained Equation (5):


k = zg · HV−1,



(5)







Many papers describe the effect of non-metallic inclusions on the fatigue strength of steel [11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,48]. Unfortunately, the analysis of the impact of pollutants on the k coefficient determined by Equation (5) is not a popular area of study. However, it is a very useful method because it allows you to quickly estimate the fatigue strength, and the method is completely non-destructive.



The main purpose of this study was to determine the fatigue strength coefficients of various microstructures as a function of the relative contents of non-metallic inclusions and to determine the influence of the relative amounts of impurities on the fatigue strength coefficients of carbon steels with different tempering temperatures.




2. Materials and Methods


In order to determine the properties of the material that reaches recipients, it was decided to conduct the research on the material produced on an industrial scale. Carbon steel used for machine elements operating at variable loads was analyzed. As the materials used for the elements of different machines must have different properties, it was decided to create different microstructures in the tested steel. For this purpose, it was decided to carry out hardening with tempering at different temperatures. This treatment ensured a hard microstructure of tempered martensite, an elastic microstructure of medium-tempered martensite and a plastic microstructure of highly tempered martensite.



The structural steel for the tests was heated in an industrial electric arc furnace with a capacity of 140 tons. The furnace input was pig iron with about 25% steel scrap. The tests were carried out in seven independent heats. The metal from the furnace was poured into a ladle with a capacity of 7 tons. The steel was desulfurized and then refined with argon. Argon was introduced into the ladle of liquid steel through a porous brick. The time of the refining process was established experimentally and was about 9 min. After the completion of the metal crystallization in the molds, it was rolled into billets with a diameter of 100 mm × 100 mm using conventional methods.



Samples were taken from the billets in order to determine: the chemical composition, metallographic studies, the relative volume of non-metallic inclusions and the phase composition of oxide inclusions. The contents of chemical elements in the steel were estimated using LECO analyzers, the AFL FICA quantometer and using conventional analytical methods. The relative volumes of non-metallic inclusions with dimensions of 2 µm and above were determined with a Quantimet videomicroscope at a magnification of 400×. The contents of non-metallic inclusions were determined separately for diameters of 2 µm and above, 5 µm and above, and 10 µm and above. The volume of all non-metallic inclusions was determined by chemical extraction methods. The relative volume of non-metallic inclusions with dimensions below 2 µm was determined analytically by determining the difference between the volume of all non-metallic inclusions and the volume of inclusions with a diameter of 2 µm or greater. The determination of the relative volume of inclusions was possible on the assumption that the quotient of the number of particles per area divided by the area was equal to the quotient of the number of particles in the volume divided by the volume. The volume of non-metallic inclusions in the Me-S system was lower than the error value in determining their share. For this reason, Me-S inclusions were excluded from further studies. Oxygen-based inclusions were thoroughly analyzed.



The real average chemical composition of the analyzed steel from seven heats is presented in Table 1.



Bars with a diameter of 10 mm were taken from the billets. The symmetry axes of the bars were parallel to the direction of the plastic processing of the material. The bars were austenitized for 30 min at 880 °C. Cooling was carried out in water. Then, the bars were tempered for 2 h at the following temperatures: 200 °C, 300 °C, 400 °C, 500 °C and 600 °C and cooled in air.



The average mechanical properties of the tested steel from seven heats, depending on the tempering temperature, are presented in Table 2.



The steel fatigue strength test was carried out on a VEB Werkstoffprufmaschinen rotary testing machine enabling rotary bending at 6000 rpm. A cylindrical sample with a constant cross-section of 10 mm in diameter was mounted in the rotating holders of the two-point loading testing machine. The tests were carried out in accordance with PN-74/H-04327 standards [49]. The samples were cut from 100 mm × 100 mm billets for each heat. The main axes of the rolls were parallel to the billet rolling direction. In order to determine the fatigue strength of the steel, the tests were stopped after reaching 107 cycles. The load level during the fatigue tests was adjusted to the strength properties of the steel. In order for the samples to reach 104–106 cycles, characterizing the limits of fatigue strength, the load values were selected experimentally. The maximum loads during the test, depending on the tempering temperatures, are presented in Table 3.



The fatigue strength coefficients for the tested tempering temperatures are presented in the form of linear regression equations of the general form (6):


k(tempering temp.) = a · V2 + b · V + c,



(6)




where:



k(tempering temp.)—fatigue strength coefficient;



V—relative volume of non-metallic inclusions, vol. %;



a, b, c—coefficients of the equation.



The significance of the correlation coefficients, r, was determined on the basis of the critical value of the Student’s t-distribution for a significance level of α = 0.05 and the number of degrees of freedom of f = n − 1.



The dissipation coefficient δ(tempering temp.) for the regression equation k(tempering temp.) was calculated using Equation (7):


δ(tempering temp.) = 2 · sk · (1 − r2)1/2,



(7)




where:



sk —standard deviation;



r—correlation coefficient.




3. Results


The non-metallic inclusion phase structure determined by the XRD method is shown in Table 4.



Some of the non-metallic inclusions had a complex structure. The most common types of non-metallic inclusions occurring in the tested steel are shown in Figure 1.



The characteristics of the non-metallic inclusions of steel heated in an electric furnace and subjected to desulfurization and argon refining are presented using statistical parameters in Table 5.



The bending fatigue strength coefficient, k, of research steel after hardening and tempering at 200 °C depended on the relative content of non-metallic inclusions and is presented in Figure 2.



The regression equation and the value of the correlation coefficient, r, are presented in Equation (8).


k(200) = −25.397 · V2 + 11.334 · V + 0.1128 and r = 0.8736,



(8)







The bending fatigue strength coefficient, k, of research steel after hardening and tempering at 300 °C depends on the relative content of non-metallic inclusions and is presented in Figure 3.



The regression equation and the value of the correlation coefficient, r, is presented in Equation (9).


k(300) = −16.477 · V2 + 6.904 · V + 0.2986 and r = 0.8668,



(9)







The bending fatigue strength coefficient, k, of research steel after hardening and tempering at 400 °C depends on the relative content of non-metallic inclusions and is presented in Figure 4.



The regression equation and the value of the correlation coefficient, r, are presented in Equation (10).


k(400) = −10.246 · V2 + 6.053 · V + 0.2721 and r = 0.8773,



(10)







The bending fatigue strength coefficient, k, of research steel after hardening and tempering at 500 °C depends on the relative content of non-metallic inclusions and is presented in Figure 5.



The regression equation and the value of the correlation coefficient, r, are presented in Equation (11).


k(500) = −3.5279 · V2 + 3.2719 · V + 0.4674 and r = 0.9354,



(11)







The bending fatigue strength coefficient, k, of research steel after hardening and tempering at 600 °C depends on the relative content of non-metallic inclusions and is presented in Figure 6.



The regression equation and the value of the correlation coefficient, r, are presented in Equation (12).


k(600) = −29.154 · V2 + 11.716 · V − 0.084 and r = 0.9139,



(12)







The bending fatigue strength coefficient, k, of research steel after hardening and tempering for all tempering temperatures depends on the relative content of non-metallic inclusions and is presented in Figure 7.



The regression equation and the value of the correlation coefficient, r, are presented in Equation (13).


k(all) = −17.082 · V2 + 8.0935 · V + 0.1357 and r = 0.8101,



(13)







The statistical parameters representing the mathematical model (6), correlation coefficients and the degree of dissipation, k, around the regression line are presented in Table 6.




4. Conclusions


The tested steel contained 0.23% C on average (Table 1). Therefore, it can be included in the group of low-carbon steels. Taking into account the standard deviation for the carbon content, it can be seen that the carbon content also exceeded the value of 0.25% C, which is an imaginary limit for classifying steels into the low-carbon and medium-carbon groups.



Qualitative and quantitative analyses of non-metallic inclusions showed the highest content of the Al2O3 phase, amounting to 39.5% by volume of all inclusions (Table 4 and Table 5). The lower relative volumes of 13.4% and 10.4% were occupied by the SiO2 phase and CaO, respectively. The volumes of the subsequent groups of non-metallic inclusions were determined to be at levels below 10%. Taking into account that the Al2O3 phase was present in the microstructure of the steel in the form of fine oval inclusions (Figure 1), it can be concluded that its amount is large. Other marked inclusions had much larger unit volumes (dimensions). For all the tempering temperatures used, an increase in the fatigue strength coefficient was observed with an increase in the relative content of non-metallic inclusions (Figure 2, Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7). All equations describing the fatigue strength coefficient were statistically significant, which was confirmed by the analysis in Table 6. High reliability was obtained for all tested tempering temperatures. In general, as the tempering temperature increased, i.e., the ductility of the steel increased and its hardness and strength decreased, the correlation coefficient increased. Thus, for microstructures characterized by high plasticity, the presented regression equations are characterized by higher confidence. Such results can be explained by the fact that the brittle incision occurring in the hard matrix during fracture can form a notch favoring the propagation of the microcrack to the incision matrix. Moreover, the initial cracking of hard materials is easier than that of plastic materials [6,18]. Taking into account the random nature of inclusions in the volume of steel for materials with high hardness, it can be assumed that the formation of cracks initiated by these inclusions is also random. The highest reliability of the tested coefficient was noted for the tempering temperature of 500 °C.



Taking into account the results of this study and the studies presented in other papers [16,28,30], it can be assumed that, with a high proportion of submicroscopic inclusions, the value of the k coefficient increases with an increase in the relative content of non-metallic inclusions. This increase is explained by the shape and size of submicroscopic inclusions. The majority of these inclusions are aluminum oxides (Al2O3). Due to their small volume, they tend to keep the energy as low as possible. For this reason, their shape is similar to nodular. Assuming that they may constitute obstacles in the microstructure affecting the segmental slip bands, the deformation blockade effect by sub-boundaries may occur. The collapse of the slip bands at the inclusion–matrix phase sub-boundary forces the possibility of crossing the obstacle and the activation of the sources of slip lying on the other side of the slip boundary. The formation of twins may cause a change in the course of material fatigue and thus may also delay the formation of microcracks in a material with sufficiently high plasticity. The above mechanism seems to be more possible the more plastic the matrix of non-metallic inclusions is (higher tempering temperature of steel). In the case of large precipitates (over 10 µm) in the microstructure, they can act as notches. Especially if they have low durability.



Based on the conducted industrial research, the following were determined:




	
Fatigue strength coefficients for various microstructures in the function relative content of non-metallic inclusions;



	
Qualitatively and quantitatively analyzed the occurrence of steel non-metallic inclusions;



	
The influence of the relative amount of non-metallic inclusions on the fatigue strength factor of carbon steels with different tempering temperatures.
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Figure 1. Samples of non-metallic inclusion in research steel: (a) highly dispersive Al2O3 particles and multiphase inclusions (SiO2∙CaO) deformed during plastic working [50], (b) highly dispersive Al2O3 particles with the form of irregularly shaped polyhedra, Cr2O3 inclusions of a parallelepiped structure and SiO2 inclusions deformed during plastic working. 
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Figure 2. The bending fatigue strength coefficient, k, of research steel after hardening and tempering at 200 °C depends on the relative content of non-metallic inclusions. 
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Figure 3. The bending fatigue strength coefficient, k, of research steel after hardening and tempering at 300 °C depends on the relative content of non-metallic inclusions. 






Figure 3. The bending fatigue strength coefficient, k, of research steel after hardening and tempering at 300 °C depends on the relative content of non-metallic inclusions.



[image: Applsci 12 09292 g003]







[image: Applsci 12 09292 g004 550] 





Figure 4. The bending fatigue strength coefficient, k, of research steel after hardening and tempering at 400 °C depends on the relative content of non-metallic inclusions. 
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Figure 5. The bending fatigue strength coefficient, k, of research steel after hardening and tempering at 500 °C depends on the relative content of non-metallic inclusions. 
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Figure 6. The bending fatigue strength coefficient, k, of research steel after hardening and tempering at 600 °C depends on the relative content of non-metallic inclusions. 
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Figure 7. The bending fatigue strength coefficient, k, of research steel after hardening and tempering for all tempering temperatures depends on the relative content of non-metallic inclusions. 
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Table 1. Average chemical composition of tested steel from seven temperatures (wt. %).
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	Chemical Element
	C
	Si
	Mn
	P
	S
	Cr
	Ni
	Mo
	Cu
	B





	Contents
	0.23
	0.28
	1.12
	0.02
	0.01
	0.47
	0.47
	0.23
	0.15
	0.003



	Standard deviation
	0.017
	0.047
	0.123
	0.004
	0.004
	0.058
	0.040
	0.016
	0.014
	0.001
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Table 2. Average mechanical properties of tested steel from seven heats depending on the tempering temperature.






Table 2. Average mechanical properties of tested steel from seven heats depending on the tempering temperature.





	Tempering Temperature, °C
	200
	300
	400
	500
	600





	Tensile strength, MPa
	1421
	1347
	1194
	1073
	887



	Vickers hardness, HV
	432
	412
	372
	333
	275
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Table 3. Maximum loads during the test, depending on the tempering temperatures.
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	Tempering Temperature, °C
	200
	300
	400
	500
	600





	Maximum load, MPa
	650
	600
	600
	600
	540
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Table 4. Non-metallic inclusion phase structure (vol. %).
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	Statistical Parameter
	Al2O3
	SiO2
	CaO
	MgO
	MnO
	Cr2O3
	FeO





	Arithmetic average
	39.5
	13.4
	10.4
	9.7
	9.5
	9.0
	8.7



	Standard deviation
	2.021
	1.437
	1.470
	0.962
	0.215
	1.174
	3.057
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Table 5. Characteristics of non-metallic inclusions.






Table 5. Characteristics of non-metallic inclusions.





	

	
Relative Volume of Non-Metallic Inclusions, V, for Diameters, d, µm






	
Statistical parameter

	
V0 < 2

	
V2 > 2

	
V5 > 5

	
V10 > 10




	
Arithmetic average relative volume of non-metallic inclusions, Vol. %

	
0.077

	
0.100

	
0.080

	
0.046




	
Standard deviation

	
0.0124

	
0.0321

	
0.0234

	
0.0139
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Table 6. Statistical parameters representing mathematical Equation (6), correlation coefficients and dissipation.






Table 6. Statistical parameters representing mathematical Equation (6), correlation coefficients and dissipation.












	Tempering Temperature °C
	Correlation Coefficient r
	Degree of Dissipation, k, Around Regression

Line (7)
	tα = 0.05
	tα = 0.05 from Student’s

Distribution for p = (n − 1)





	200
	0.8736
	0.1415
	4.3972
	



	300
	0.8668
	0.0723
	4.2579
	



	400
	0.8773
	0.1470
	4.4775
	2.4469



	500
	0.9354
	0.0724
	6.4800
	



	600
	0.9139
	0.0803
	5.5146
	



	all
	0.8101
	0.1360
	8.0568
	2.0452
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