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Abstract. Commercial iron alloys apart of typical chemical elements contain phosphorus, sulfur, oxygen as well as non-

metallic inclusions. These elements can form solutions in liquid metal, or they can form separate phases. The physical and 

chemical reactions that occur in the process of steel melting and solidification produce non-metallic compounds and phases, 

referred to as inclusions. Inclusions as impurities found in steel can affect its performance characteristics. The article discusses 

the results of a study investigating the effect of oxygen on the fatigue strength of structural steel during rotary bending. The 

study was performed on 7 heats produced in an industrial plant. Fourteen heats were produced in 100 ton oxygen converter. 

All heats were desulfurized. The heats from the converter were subjected to vacuum circulation degassing. The experimental 

variants were compared in view of the heat treatment options. The examination was realized by the rotatory curving machine 

about the frequency of pendulum cycles: 6000 periods on minute. For basis was accepted on fatigue defining endurance level 

107 cycles. The level of the fatigue-inducing load was adapted to the strength properties of steel from 540 to 650 MPa. The 

fatigue strength of steel with tested for oxygen content in steel was determined during rotary bending. The results revealed that 

fatigue strength is determined by the contents of oxygen impurity spaces and tempering temperature. A reduction in the fatigue 

strength during rotary bending of low-carbon steel from 368 to 252 MPa was observed when the tempering temperature changed 

from 200 to 600oC. It was found that with an increase in the content from 0.0023%, 0.003% of the bending transfer (for all 

temperatures from 298 to 328 MPa) can be transferred. 
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Introduction 

The existing now rapid technological progress and the demand for increasing highly reliable 

machines and devices spur research investigating the fatigue strength of structural materials. According 

to the presented research results in order to improve the fatigue life of steels, an effective measure is to 

decrease the volume fraction and the size of nonmetallic inclusion in steels. However, in a material with 

a plastic matrix, some of the small non-metallic recesses not only do not deteriorate the strength of the 

steel but even increase its durability. Fatigue testing is one of the most rigorous methods for determining 

the durability of a material. The analysis of the fatigue strength parameters as well as the distribution, 

quantity and quality of impurities present in the steel confirms that submicroscopic inclusions occurring 

in steels with high plasticity inhibit dislocation movement [1-11]. 

Commercial iron alloys with carbon contain sulfur, phosphorus, oxygen, and other impurities. 

These elements form solutions in liquid metal or form foreign phases. Non-metallic phases, also known 

as metallic inclusions or impurities, are formed during the course of the physicochemical reactions 

accompanying the metallurgical process. The amount of non-metallic inclusions is closely related to the 

content of undesirable components in the liquid alloy, including sulfur, phosphorus, oxygen and others. 

And their quality and morphology result from a specific metallurgical process of steel production. Non-

metallic inclusions can also be solid particles that accidentally enter the alloy, e.g., ceramics from the 

furnace lining, impurities introduced with scrap, etc. [12-14]. 

Low carbon non-metals are multiphase. Their microstructure consists of various phases in the form 

of grains. The size of these grains depends on the manufacturing process. In their original form, their 

size depends on the cooling rate, and the geometric system depends on the parameters related to the 

distribution of heat dissipation. The grains are not perfectly matched to each other. Their random size 

and geometric shape compensate for grain boundaries, often with notched phases. The grain boundaries 

usually have different properties as compared to the grains. The result of this mismatch may also be the 

reduction of steel properties by the occurrence of discontinuities at the interfaces of various phases [15-

21]. Non-metallic contaminants are commonly considered to be detrimental to fatigue strength, mainly 

of low plasticity steels [22-28]. Despite efforts, their complete elimination is impossible. Non-metallic 

inclusions formed in the metallurgical process constitute the main group of impurities in steel [29-31]. 

The impact of pollutants results from their quality, quantity and morphology [3; 12; 15; 32]. Therefore, 

the quality of high-purity steels depends on the chemical composition and technology of the production 

process [29-38]. Despite the high popularity of low carbon steels, the number of studies describing their 

fatigue strength is small. Many more works describe steels with a hard matrix, e.g., bearing [23; 25]. 

This is probably due to the easier-to-perform analysis. It should be emphasized that the mechanism of 
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action of the non-metallic inclusion in the matrix made of plastic material differs from the analogous 

mechanism for the rigid matrix. This observation is also an incentive to take up this research topic. 

The issues and conclusions contained in this article may be of interest to both researchers-

practitioners in the field of materials science [39-43], related management [44; 45], and researchers 

involved in the implementation of new methods of data analysis [46; 47]. The aim of this study was to 

determine the influence of oxygen on the fatigue strength of high plasticity low carbon steel.  

Materials and methods 

The tested material was made of high-purity semi-finished products. It contained a low carbon 

content and additives with boron, chromium, manganese, molybdenum and nickel. Low content of sulfur 

and phosphorus as impurities was also present. The real average chemical composition of the 7 analyzed 

heats melted in the oxygen converter is 0.24% C, 0.003% B, 0.52% Ni, 1.17% Mn, 0.52% Cr, 0.24% Mo, 

0.24% Si, 0.016% S, 0.017% P, 0.002% Cu and 0.003% O. 

The experimental material obtained in industrial production consisted of structural steel obtained in 

100-ton oxygen converter with vacuum degassed of steel. Billets with a square section of 100x100 mm 

were rolled with the use of conventional methods. With the aim of qualification of fatigue proprieties 

from every melting samples were taken on cylinder sections about the diameter 10 mm. Their main axis 

be directed to the direction of plastic processing simultaneously.  

The content of alloy constituents was estimated with the use of LECO quantometer and 

conventional analytical methods. 

After cutting and preparation, samples were austenitized at the temperature of 880 ºC for 30 minutes 

and then cooled in water. Immediately after quenching, the samples were tempered at the following 

temperatures: 200, 300, 400, 500 and 600 ºC, depending on the treatment variant, for 120 minutes and 

then cooled in air. The bending fatigue test was carried out on a 6000 rpm rotary bending machine. The 

load during the test was adapted to the mechanical properties of tested steels represented by tempering 

temperature: 200 ºC (650 MPa), 300-500 ºC (600 MPa), 600 ºC (540 MPa) [6; 13; 17]. 

Oxide inclusion of non-metallic Al2O3 constituted the main fraction of impurities constituting on 

average about 40%. SiO2 was the second largest fraction by volume – on average about 15%. The 

remaining pollutants were (decreasingly in relation to the share): MnO, MgO, CaO, FeO and Cr2O3. The 

content of particles in steel after outside furnance treatment is presented in [38], the structure size and 

the analysis of their morphology in [30; 38].  

The significance of correlation coefficients r was determined on the basis of the critical value of the 

Student’s t-distribution for a significance level  = 0.05 and the number of degrees of freedom f = n-2.  

The critical value tα = 0.05 from the Student’s distribution for p = (n-2) for tempered temperature: 200, 

300, 400, 500 and 600 ºC is 2.447 and for all tempering temperatures is 1.980. The error of measuring 

physical quantities did not exceed 5%. 

Results and discussion 

The bending fatigue strength tested with rotary bending tested steel after hardened and tempered at: 

200° subject to oxygen contents is presented in Fig. 1 and its regression equation and correlation 

coefficients r at (1), for tempered at 300 ºC are presented in Fig. 2 and its regression equation and 

correlation coefficients r at (2), for tempered at 400 ºC are presented in Fig. 3, and its regression equation 

and correlation coefficients r at (3), for tempered at 500 ºC are presented in Fig. 4, and its regression 

equation and correlation coefficients r at (4), for tempered at 600 ºC are presented in Fig. 5 and its 
regression equation and correlation coefficients r at (5). Based on the analysis of the results, it was found 

that the analysed relationships can be presented with a linear function. The analysis of statistical 

parameters confirms that the fatigue strength depends on the oxygen content in the alloy for steel 

subjected to tempering at the following temperatures: 300, 400, 500 and 600 ºC. These dependencies 

have an independent distribution and can be tested with functions of mathematical statistics. tα = 0.05 

calculated for 200 ºC tempering temperature is 2.373 and tα = 0.05 from the Student’s distribution for 

p = (n-1) is 2.447. Thus, the equation (1) is not statistically significant at the level of a = 0.005. 

Analyzing the mathematical adjustments of the regression equations for individual tempering 

temperatures, an increase in the correlation coefficient r was found with an increase in the tempering 
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temperature (respectively (2)-(5): 0.6545 for 300 ºC, 0.7106 for 400 ºC, 0.775 for 500 ºC and 0.7885 for 

600 ºC). As the tempering temperature increases, the steel becomes more and more ductile. Thus, the 

role of the matrix with regard to the detachment of the oxygen content changes depending on the 

plasticity of the matrix of the oxide precipitates. 

 

Fig. 1. Bending fatigue strength of steel hardened from 880 ºC and  

tempered at 200 ºC subject to oxygen contents 

 zgo(200) = 31976·O + 282.81, r = 0.4781 (1) 

 

Fig. 2. Bending fatigue strength of steel hardened from 880 ºC  

and tempered at 300 ºC subject to oxygen contents 

 zgo(300) = 34274·O + 234.19, r = 0.6545 (2) 

  

 

Fig. 3. Bending fatigue strength of steel hardened from 880 ºC  

and tempered at 400 ºC subject to oxygen contents 

 zgo(400) = 23750·O + 257, r = 0.7106 (3) 

 

Fig. 4. Bending fatigue strength of steel hardened from 880 ºC  

and tempered at 500 ºC subject to oxygen contents 

 zgo(500) = 48508·O + 160.06, r = 0.7750 (4) 
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Fig. 5. Bending fatigue strength of steel hardened from 880 ºC  

and tempered at 600 ºC subject to oxygen contents 

 zgo(600) = 62742·O + 80.935, r = 0.7885 (5) 

The effect of oxygen on the bending fatigue strength is described with greater accuracy for steel 

tempered at higher temperatures, and therefore with a matrix having lower hardness and at the same 

time greater plasticity. An increase in the correlation coefficient was also observed with an increase in 

the tempering temperature of the steel. The obtained results of the research on the influence of oxygen 

on the fatigue strength are confirmed by other works [24]. The slope “a” determines the slope of the 

graph of the linear function to the axis representing the oxygen content. In Figs. 2-5 (statistically 

significant equations) the slope coefficients are high (from 23750 for tempered at 400 ºC to 62472 for 

tempered at 600 ºC), which indicates a significant angle of inclination of the linear function to the 

oxygen axis, and therefore relatively large changes in the bending fatigue strength depending on the 

oxygen content in steel. The fairly flat characteristics of the curves in the graph are due to the wide range 

of the bending fatigue strength axis (counted from zero). Bending fatigue strength of steel hardened 

from 880oC subject to tempering temperatures and its average oxygen contents is shown in Fig. 6. The 

correlation coefficients for each curve are high, above 0.97. The directional coefficients of the curves 

are similar, therefore, for a specific oxygen content in the steel, the tensile strength decreases with 

increasing the tempering temperature. The lines are arranged sequentially from the lowest oxygen 

content in the steel (viewed from the bottom) to the highest (line at the top). Thus, with the increase of 

oxygen content in high purity steel, the fatigue strength increases. However, this increase is not 

significant. It should be emphasized that the considerations are carried out for a small proportion of 

oxygen in steel. This can be explained by the effect of inhibiting stress concentration in steel with the 

use of oxygen. 

 

Fig. 6. Bending fatigue strength of steel hardened from 880 ºC subject to tempering 

temperatures and its average oxygen contents 

Conclusions 

1. The oxygen of impurities influence on the bending fatigue strength of low carbon steel depends on 

its tempered temperature. It decreased from 368 to 252 MPa when the tempering temperature 

changed from 200 to 600 ºC. 

2. As the oxygen content increased from 0.0023% to 0.003%, the average flexural strength (for all 

tempering temperatures) increased from 298 to 328 MPa. 
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