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Abstract. The high-purity low carbon steel properties are influenced by the chemical composition and production 

technology. The morphology of impurity, its size and content is very important for the quality of high-purity steel. Hard, 

non-plastic microstructure of steel with impurities as non-metallic inclusions can be one of the factors that influence the 

fatigue strength of steel. The quantity of non-metallic inclusions results from the content of impurities in the steel, 

while their size, dispersion, microstructure, phase composition shape and impurity spaces are determined by the 

course of technological processes in liquid state. The tested material consisted of semi-finished products of high-

purity, low-carbon structural steel with: boron, chromium, manganese, molybdenum, nickel and low contents 

sulfur and phosphorus as impurities. The experimental material obtained in industrial production consisted of 

structural steel obtained in three series of steel melts in furnaces: electric with desulfurized, electric with 

desulfurized and next argon-refined and the third series from oxygen converter with vacuum degassed of steel. 

The technological process consisted of two melting technologies: the first and second in a 140-ton basic 

industrial arc furnace and the third in a 100-ton oxygen converter. The test specimens were austenitized by 

treatment at temperature 880 ºC for 30 minutes. Next the samples were cooled in cold water and tempered in 

different temperatures: 200, 300, 400, 500 and 600 ºC for 120 minutes and cooled on air. The fatigue strength of 

the samples was tested on a rotary bending machine at a frequency load 6000 rotations per minute. The present 

work discusses the results of changes in rotary bending fatigue strength of low carbon structural steel hardened and tempered 

at different temperatures as the influence of size and distance proportions between the impurities of high-purity low carbon 

steel. 
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Introduction 

There are many machine elements that work with variable loads. Variable steel load causes 

material fatigue [1; 3]. Microcrack is formed after crossing the limit of fatigue strength. The 

microcrack increases along with the lifetime load of the element [4-8]. Low fatigue strength may result 

in damage to the working element [9-10]. The fatigue cracking results mainly from exceeding the 

immediate fatigue strength of the material and material imperfection [11-15]. The material 

imperfection mainly is caused by the production process with the effect on alloy properties in 

particular fatigue strength [4; 16-18]. Stochastic events are mainly methods allowing to analyse factors 

for crack of material under the periodically varying loads [10; 19]. The low carbon steels are 

polycrystalline, consisting of grains with random dimension and shape geometrically separated by 

grain boundaries often with precipitates forming notches. The grain boundaries themselves often have 

different properties than the grain that can the same influence as physical discontinuities [10; 20-23]. 

Pollution is one of the factors commonly recognized as detrimental to fatigue strength [12; 24; 25]. 

The research results presented by many authors underline their negative impact [26-28]. World 

literature focuses mainly on hard, little plastic steels [7; 28-31]. There are also works analysing the 

impact of impurities on fatigue strength of steel with high plasticity [20; 23; 32-33]. Fatigue crack 

initiation and its development is strongly affected by the morphology of the microstructure and 

random distribution of local precipitates non-deformable phases, defects such us inclusions etc. [34-

36]. The effect of very small impurities on fatigue strength is investigated, too [34; 36]. The impact of 

inclusions depends on their size. It is very difficult to divide the inclusions into dimensional groups, 

which is why all their dimensions are usually analysed together [10; 12; 13; 38].  

Despite the inference by many researchers about the dangers of pollution their total elimination is 

impossible. The main group of impurities in steel are non-metallic inclusions [26; 39-40]. The strength 

of their impact depends on their quality, quantity, size and distribution [10; 12; 13; 37; 42]. High-

purity steels contain very few inclusions [39; 40]. Their quality depends on the type and chemical 

composition of the product from which they were made. Thus, it remains to analyse the size and 

distances between the impurities [33; 36].  

The aim of the present study was to simultaneously determine the influence of the size and 

distances between the impurities on the fatigue strength of high plasticity low carbon steel.  
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Materials and methods 

The tested material consisted of semi-finished products of high-purity, low-carbon structural steel 

with: boron, chromium, manganese, molybdenum, nickel and low contents sulfur and phosphorus 

as impurities. The experimental material obtained in industrial production consisted of structural steel 

obtained in three series of steel melts in furnaces: electric with desulfurized, electric with desulfurized 

and next argon-refined and the third series from oxygen converter with vacuum degassed of steel. The 

technological process consisted of two melting technologies: the first and second in a 140-ton basic 

industrial arc furnace and the third in a 100-ton oxygen converter. The test specimens were 

austenitized by treatment at temperature 880 ºC for 30 minutes. Next the samples were cooled in cold 

water and tempered in different temperatures: 200, 300, 400, 500 and 600 ºC for 120 minutes and 

cooled on air. The fatigue strength of the samples was tested on a rotary bending machine 

at a frequency load 6000 rotations per minute. The level of load was adapted to the mechanical 

properties of the tested steels represented by tempering temperature: 200 ºC (650 MPa), 300-500 ºC 

(600 MPa), 600 ºC (540 MPa) [2; 32-34]. 

The main fraction of non-metallic inclusions about 40 % were Al2O3, then about 15 % SiO2, the 

rest with a few percent of decreasing content share respectively: MnO, MgO, CaO, FeO and Cr2O3. 

The content of particles in steel after outside furnance treatment is presented in [40], the structure size 

in [42] and the analysis of their morphology in [13]. The distances between the impurities on fatigue 

strength structural steel α were calculated by (1) and arithmetic average impurities space λ were 

calculated by (2): 
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where d̅  – average diameter of impurity, µm; 

 λ – arithmetic average impurities space. 
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where V0 – relative volume of submicroscopic impurities, %. 

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 α = 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 2.093 and for all tempering temperatures is 1.980. The error of 

measuring physical quantities did not exceed 5 %. 

Results and discussion 

The real average chemical composition of the 14 heats melted in the arc furnace and 7 in the 

oxygen converter tested steel are presented in Table 1. 

Table 1 

 Real chemical composition of the tested steel 

C B Ni Mn Cr Mo Si S P 

0.24 0.003 0.49 1.19 0.51 0.24 0.25 0.013 0.02 

Fatigue strength tested with rotary bending tested steel after hardened and tempered at: 200 ºC as 

a function size and distances between the impurities is presented in Fig. 1 and its regression equation 

and correlation coefficients r at (3), 300 ºC are presented in Fig. 2 and its regression equation and 

correlation coefficients r at (4), 400 ºC are presented in Fig. 3 and its regression equation and 

correlation coefficients r at (5), 500 ºC are presented in Fig. 4 and its regression equation and 

correlation coefficients r at (6), 600 ºC are presented in Fig. 5 and its regression equation and 

correlation coefficients r at (7), all tempered temperatures (from 200 to 600 ºC) are presented in Fig. 6 

and its regression equation and correlation coefficients r in (8). 
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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 fatigue strength is dependent 

on α, has an independent distribution and can be examined with the functions of mathematical 

statistics. Analysing the mathematical matches of regression equations for particular tempering 

temperatures, the increase of the α coefficient along with the lowering of the tempering temperature 

was found. According to the theory, along with the increase of the tempering temperature, the steel 

becomes plastic and therefore the matrix for non-metallic inclusions.  

 

Fig. 1. Bending fatigue strength of steel hardened from 880 ºC and tempered at 200 ºC subject to 

size and distances between impurities 

 zgo(200) = 1370.2α + 253.02,  r = 0.8278 (3) 

 

Fig. 2. Bending fatigue strength of steel hardened from 880 ºC and tempered at 300 ºC subject to 

size and distances between impurities 

 zgo(300) = 596.58α + 277.33,  r = 0.7484 (4) 

 

Fig. 3. Bending fatigue strength of steel hardened from 880 ºC and tempered at 400 ºC subject to 

size and distances between impurities 

 zgo(400) = 537.37α + 269.5,  r = 0.6879 (5) 

On this basis, it can be concluded that with the increase of hardness of steel, the effect of 

impurities on fatigue strength is described with greater accuracy. The directional coefficient of the 

regression equation is also greater. It can be concluded on this basis that also the impact of pollution 

on fatigue strength is more important (accelerates the destruction of the material). This statement 

justifies the researchers’ interest in studying the impact of impurities on the strength of hard steels.  

For the tempering temperatures of 300 and 400 ºC, for low α fatigue strength is comparable. It 

decreases for a temperature of 500 ºC by about 50 MPa and for 600 ºC by another 50 MPa, and in 

relation to the tempering temperature of 400 ºC by about 100 MPa. The conclusion is that the impact 
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of inclusions of various sizes (large, medium, small) on fatigue strength depends on the plasticity of 

the matrix (steel microstructure). Analyzing the influence of impurities on steel fatigue strength after 

all types of tempering (Fig. 6), it was found that all statistical parameters are the average of parameters 

for individual microstructures represented by tempering temperatures. This equation is also 

statistically significant. Despite this, the extreme position of the measurement points is significantly 

distant from the regression line. Thus, using this regression equation (skipping the tempering 

temperature, and thus the microstructure of steel) only fatigue resistance of steel can be estimated. 

This equation can be used for estimation and accurate calculations for tempering in the range of 150-

250 ºC. 

 

Fig. 4. Bending fatigue strength of steel hardened from 880 ºC and tempered at 500 ºC subject to 

size and distances between impurities 

 zgo(500) = 451.74α + 2414.54,  r = 0.6909 (6) 

 

Fig. 5. Bending fatigue strength of steel hardened from 880 ºC and tempered at 600 ºC subject to 

size and distances between impurities 

 zgo(600) = 437.13 + 207.97,  r = 0.6856 (7) 

 

Fig. 6. Bending fatigue strength of steel hardened from 880 ºC and tempered at 200, 300, 400, 

500 and 600 ºC subject to size and distances between impurities 

 zgo(200-600) = 678.6α + 249.87,  r = 0.3837 (8) 

Conclusions 

1. The α indicator introduced reflects well the impact of impurities on the fatigue strength of steel. 

2. The influence of impurities on the fatigue strength of steel depends on its tempered temperature. 

3. With the increase of tempering temperature (the same as the plasticity) of steel (matrix of 

impurities), the impact of impurities is less intense.  
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4. For steel tempered at high temperatures (500-600) the effect of the alpha parameter on the fatigue 

strength of steel is small. 

5. The steel tempered at 200 ºC is sensitive to the α parameter. With the increase of the tempering 

temperature, and thus the increase of the steel plasticity, the impact of the size and distances 

between the impurities on fatigue strength decreases.  
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