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 Abstract 

The parameters of high-grade steel are influenced by a combination of factors, including chemical 

composition and production technology. The impurity content is also a key determinant of the quali-

ty of high-grade steel. Inclusions may also play an important role, subject to their type and shape. 

Inclusions may increase the strength of steel by inhibiting the development of micro-cracks. The 

analyzed material was one grade of medium-carbon structural steel. The study was performed on 6 

heats produced in an industrial plant in 140 ton electric furnaces. The experimental variants were 

compared in view of the five heat treatment options. The results were presented to account for the 

correlations between the fatigue strength coefficient during rotary bending, the diameter of and 

spacing between impurities. The relationship between the fatigue strength and hardness of high-

grade steel vs. the quotient of the diameter of impurities and the spacing between impurities was 

determined. The proposed equations contribute to the existing knowledge base of practices impact of 

impurities with various diameters and spacing between non-metallic inclusion on fatigue strength.  
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1. Introduction 

When designing parts of machine parts, it is necessary to 

ensure quality that guarantees reliable operation of the device 

during its lifetime (Selejdak et al., 2014; Ulewicz et al., 

2013b). To achieve this goal, it is required to conduct exper-

imental research and reduce the testing costs by computer 

simulations (Pietraszek et al., 2014; Ulewicz et al., 2013a). In 

order to reduce the costs of testing, they are usually conduct-

ed on a laboratory scale (Majewski et al., 2020; Pietraszek et 

al., 2015). For this reason, tests performed in industrial con-

ditions are extremely important. The most harmful in pro-

cesses of exploitation are damages and breakdowns of ma-

chines. They are usually random and unforeseeable. The 

reasons of breakdown can be different. As early as from 

human factor, and having finished on constructional or mate-

rial factor (Radek et al. 2017; Ulewicz et al., 2016; Wrońska 

et al., 2019). The most common cause of damage during 

operation is damage due to material fatigue (Ejaz et al., 2010; 

Ulewicz et al., 2017; Fernandes et al., 2003; Genal 2005).   

The quality of material in fatigue strength is the essential 

question. The impurity content is also a key determinant of 

the quality of high-grade steel. As regards steel, non-metallic 

inclusions have mostly a negative effect which is dependent 

on their content, size, shape and distribution (Atkinson et al., 

2003; Zhang et al. 2005; Kasatkin 2004). The quantity and 

quality of non-metallic inclusions is determined mostly by 

the steel melting technology (Anderson et al., 2002; Lipiński 

et al., 2009, 2010; Girovic-Gekic et al., 2009; Murakami et 

al., 1994). Outfurnace treatment regimes are also introduced 

to minimize the quantity of non-metallic inclusions. Non-

metallic inclusions may be introduced to liquid steel from the 

outside, usually with charge material, or they may be pro-

duced in the metallurgical process. Non-metallic inclusions 

in steel may be classified into two groups endogenous – 

including sulfides, oxides and silicates produced in liquid 

steel during the metallurgical process, exogenous – mostly 

particles of refractory lining material in furnaces, tapping 

spouts and ladles which penetrate liquid steel from the out-

side (Steiner et al., 2003; Lipiński et al., 2014; Lipiński et al., 

2015; Moiseeva et al., 2007; Kissling et al., 1978, Ulewicz et 

al. 2014). 
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Burdens of variables resistance depend not only from level 

of strains. It depends on state of matter also, and particularly 

structure of metallic phase of its physical proprieties and 

strength, as well as from non-metallic inclusions being in 

steel as a pollution (Yang et all., 2006; Lipiński et al., 2015; 

Zhang et al. 2007; Dekkkers 2002). The influence of impuri-

ties on fatigue strength has been researched extensively, but 

very few studies analyze the effect of impurities, fatigue 

strength and hardness simultaneously. In this study, attempts 

were made to analyze the impact of impurities with various 

diameters and spacing between non-metallic inclusion on 

fatigue strength coefficient determined under rotary bending 

fatigue strength of high purity steels produced in electric 

furnace an industrial plant. 

2. Experimental 

Steel was melted in a 140-ton basic arc furnace. The study 

was performed on 6 heats produced in an industrial plant. 

The metal was tapped into a ladle, it was desulfurized and 7-

ton ingots were uphill teemed. Steel was poured into moulds. 

Billets with a square section of 100x100 mm were rolled 

with the use of conventional methods. Billet samples were 

collected to determine: chemical composition - the content of 

alloy constituents was estimated with the use of LECO ana-

lyzers an AFL FICA 31000 quantometer and conventional 

analytical methods. Relative volume of non-metallic inclu-

sions were determine by inspecting metallographic speci-

mens with the use of a Quantimet video inspection micro-

scope under 400x magnification. It was determined for a 

larger boundary value of 2 µm. The percentage of sulfur-

based inclusions was below the value of error in determina-

tions of the percentage of oxygen-based inclusions, therefore, 

sulfur-based inclusions were excluded from further analyses. 

The main focus of the analysis was on oxygen-based inclu-

sions.  

The analyzed sections had a cylindrical shape and a diame-

ter of 10 mm with main axes were oriented in the direction of 

processing. The sections were thermally processed to deter-

mine differences in their microstructural characteristics. 

They were hardened for 30 minutes from the austenitizing 

temperature of 880°C and quenched in water. The analyzed 

samples were tempered for 120 minutes at a temperature of 

200, 300, 400, 500 or 600°C and cooled in air. Heat treat-

ments were selected to produce heats with different micro-

structure of steel, from hard microstructure of tempered mar-

tensite, through sorbitol to the ductile microstructure 

obtained by spheroidization. The application of various heat 

treatment parameters led to the formation of different micro-

structures responsible for steel hardness values in the follow-

ing range from 249 to 438 HV (Wach 2010). 

The test was performed on a rotary bending fatigue testing 

machine at 6000 rpm. The endurance (fatigue) limit was set 

at 107 cycles. The level of fatigue-inducing load was adapted 

to the strength properties of steel. Maximum load was set for 

steel tempered at a temperature of 200°C - 650 MPa, from 

300°C to 500°C – 600 MPa and for 600°C - 540 MPa. 

The arithmetic average size proportions and distances be-

tween the impurities of structural steel α were calculated with 

the use of the below formula (1): 

 α =
d

λ
 (1) 

where:  

d  – average diameter of impurity (µm) 

λ  - arithmetic average distance between impurities 

(µm). 

 

The arithmetic average distances between impurities for each 

of the heats λ were calculated with the use of the below for-

mula (2): 

 𝜆 =
2

3
d (

1

V
− 1) (2) 

where:  

d – average diameter of impurity (µm), 

V – relative volume of submicroscopic impurities (%). 

Coefficient k is the quotient of fatigue strength zg divided 

by Vickers hardness HV (3). 

 𝑘 = 𝑧𝑔/𝐻𝑉 (3) 

where:  

zg – fatigue strength (MPa), 

HV – Vickers hardness (HV). 

The presence of statistically significant correlations was 

verified by Student's t-test on α=0.05. 

3. Results and discussion  

The average chemical composition of the analyzed steel is 

presented in Table 1. 

Table 1. average chemical composition of the analyzed steel 
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Fatigue strength coefficient k of hardened steel tempered at 

200, 300, 400, 500, 600°C and all five tempered temperature 

subject the quotient of the diameter of impurities and the 

spacing between impurities α are presented respectively in 

Figure 1-6. The regression equation and the value of the 

correlation coefficient r are shown respectively in (4)-(9). 

 

Fig. 1. Fatigue strength coefficient k of hardened steel tempered 

at 200°C subject the quotient of the diameter of impurities and the 

spacing between impurities α 
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 k(200) = 1.3235·α + 0.6116 and r = 0.8782  (4) 

 

Fig. 2. Fatigue strength coefficient k of hardened steel tempered 

at 300°C subject the quotient of the diameter of impurities and the 

spacing between impurities α 

 k(300) = 1.2888·α + 0.5566 and r = 0.8618  (5) 

 

Fig. 3. Fatigue strength coefficient k of hardened steel tempered 

at 400°C subject the quotient of the diameter of impurities and the 

spacing between impurities α 

 k(400) = 1.2649·α + 0.6074 and r = 0.7472  (6) 

 

 

Fig. 4. Fatigue strength coefficient k of hardened steel tempered 

at 500°C subject the quotient of the diameter of impurities and the 

spacing between impurities α 

 k(500) = 0.8601·α + 0.6881 and r = 0.7021  (7) 

Diameter of impurities divided by spacing between impuri-

ties (α) of structural steel for all tempering temperatures, 

takes values from 0.18 to 0.36. 

Fatigue strength coefficient k of hardened medium carbon 

structural steel tempered at different temperatures is in the 

range of 0.78 to 1.1. Its values above unity were recorded for 

α= 0.36 only. Its largest spread was noted for the tempering 

temperature of 400°C (microstructure of sorbitol) Figure 3, 

and not the lowest for 200°C (tempered martensite hard mi-

crostructure) Figure 1. 

As the diameter of impurities divided by spacing between 

impurities (α) increased, k increased for all tempering tem-

peratures. This may confirm that large inclusions and short 

distances between them reduce the fatigue strength of steel. 

 

 

Fig. 5. Fatigue strength coefficient k of hardened steel tempered 

at 600°C subject the quotient of the diameter of impurities and the 

spacing between impurities α 

 k(600) = 1.2709·α + 0.5809 and r = 0.8661  (8) 

 

 

Fig. 6. Fatigue strength coefficient k of hardened steel tempered 

at 200, 300, 400, 500 and 600°C subject the quotient of the di-

ameter of impurities and the spacing between impurities α 

 k(all) = 1.2017·α + 0.6089 and r = 0.7838  (9) 

4. Conclusion 

Based on the results of the research, it was found that: 

 there are correlations between the diameter of non-

metallic inclusions divided by spacing between impurities 

and the bending fatigue coefficient for different range of 

tempering temperature, 

 the coefficient k allows for estimating fatigue strength in 

relation to diameter of impurities and the spacing be-

tween impurities and can be used to simulate steel fatigue 

strength, 

 along with the increase in α parameter, an increase in 

coefficient k was noted for all tempering temperatures. 

This confirms that for large inclusions and small distanc-

es between them, decreases the fatigue strength of steel. 
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夹杂物对电炉中熔碳钢的弯曲疲劳强度系数的影响 
 

關鍵詞 

结构钢 

非金属夹杂物 

氧化物杂质 

疲劳强度 

弯曲疲劳 

 摘要 

优质钢的参数受多种因素影响，包括化学成分和生产工艺。杂质含量也是决定优质钢质量的关

键因素。夹杂物的类型和形状也可能起重要作用。夹杂物可以通过抑制微裂纹的发展来提高钢

的强度。被分析的材料是一种中碳结构钢。该研究是在 140 吨电炉的工业工厂中产生的 6 种热

量下进行的。考虑到五个热处理选项，比较了实验变体。给出结果以说明旋转弯曲期间的疲劳

强度系数，杂质的直径和间距之间的相关性。确定了高级钢的疲劳强度和硬度与杂质直径和杂

质间距之间的关系。所提出的方程有助于实践中各种直径的杂质以及非金属夹杂物之间的间距

对疲劳强度的影响。 

 

 

 


