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Abstract

Non-metallic inclusions are one of the factors that influence the fatigue strength of steel. Although steel has a
relatively small number of non-metallic inclusions, those impurities have a considerable impact on the
material's technological and strength parameters, in particular fatigue strength and life. The study was
performed on 7 heats produced in an industrial plant. Fourteen heats were produced in 140 ton electric
furnaces. The experimental variants were compared in view of the applied melting technology and 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 submicroscopic impurities. Equations
for calculating the fatigue strength coefficient at each tempering temperature and a general equation for all
tempering temperatures were proposed. Equations for estimating the fatigue strength coefficient based on the
relative volume of submicroscopic non-metallic inclusions were also presented. 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 were determined. The analyzed material was one grade of medium-carbon structural steel.
The proposed linear regression equations supported the determination of fatigue strength coefficient and
bending fatigue strength as a function of hardness taking into account impurities. The proposed equations
contributes to the existing knowledge base of practices impact of impurities with various diameters and spacing
between non-metalic inclusion on fatigue strength.
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1. INTRODUCTION

The properties of medium carbon steel are influence of different factors, including chemical composition,
manufacturing technology, working conditions and other. The most harmful in processes of exploitation are
random and unforeseeable damages and breakdowns of machines. The reasons of breakdown may depend
from human factor, from constructional or material factor ant other. The most important are the called out with
fatigue of material crack are the cause of unexpected appearing damages. There are many of factors
influencing on fatigue strength of materials. The tensions of, cycle, of frequency influence, size and the shape
of object of, temperature, corrosion, environment, thermal processing, state of surface as well as the structural
defects we can include to main factors. One of the most important material factors responsible for sudden
damage is the unfavorable steel microstructure. In addition to the typical components of the microstructure
resulting from the planned chemical composition and heat treatment of steel are non-metalic inclusions [1,2].
The quantity and quality of non-metallic inclusions is determined mostly by the steel melting technology.
Outfurnace treatment regimes are also introduced to minimize the quantity of non-metallic inclusions. The
impurity content is also a key determinant of the quality of high-grade steel. Inclusions may also play an
important role, subject to their type and shape. Yet as regards steel, non-metallic inclusions have mostly a
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negative effect which is dependent on their content, size, shape and distribution [3-5]. Currently exists many
hypotheses of influence individual factors on fatigue strength. The hypotheses of accumulation of fatigue
strength are worked out. There are put in of safety coefficients making up the unforesighting of events or
hatches in knowledge [6].

The influence of impurities on fatigue strength has been researched extensively, but very few studies analyze
the effect of impurities on the coefficient who is the quotient of fatigue strength zg divided by Vickers hardness
HV, which is used to estimate fatigue strength based on hardness, i.e. in non-destructive tests. In this study,
attempts were made to analyze the impact of impurities with various diameters and spacing between non-
metalic inclusion a on fatigue strength coefficient k determined under rotary bending fatigue strength zgo of
high purity steels produced in an industrial plant.

Such investigation may be interested for production of tools [7,8] and wires [9]. The gathered dataset appears
to be also inspiring to data analyses i.e. a morphology testing [10,11], an image analysis of a surface layer
[12-14], an analysis of experiments [15,16], a decision support [17] and uncertainty analysis [18].

2. MATERIALS AND METHODS

Steel was melted in a 140-ton basic arc furnace. The study was performed on 7 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
additionally refined with argon after tapping into a ladle. 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
analyzers an AFL FICA 31000 quantometer and conventional analytical methods. Relative volume of non-
metallic inclusions were determine by inspecting metallographic specimens with the use of a Quantimet video
inspection microscope under 400x magnification. It was determined for a larger boundary value of 2 um. The
percentage of sulfur-based inclusions was below the value of error in determinations 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 inclusions.

The analyzed sections had a cylindrical shape and a diameter of 10 mm. Their main axes were oriented in the
direction of processing. The sections were thermally processed to determine differences in their structural
characteristics. They were hardened for 30 minutes from the austenitizing temperature of 880 °C and
guenched 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.

Fatigue strength was determined for all heats. Heat treatment was applied to evaluate the effect of hardening
on the fatigue properties of the analyzed material, subject to the volume of fine non-metallic inclusions. Heat
treatments were selected to produce heats with different microstructure of steel, from hard microstructure of
tempered martensite, through sorbitol to the ductile microstructure obtained by spheroidization. The application
of various heat treatment parameters led to the formation of different microstructures responsible for steel
hardness values in the following range from 249 to 438 HV [19,20].

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 between the impurities of structural steel a were
calculated with the use of the below formula (1):

a=1% (1)
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where:
d — average diameter of impurity (um)

A - arithmetic average distance between impurities (um)

The arithmetic average distances between impurities for each of the heats A were calculated with the use of
the below formula (2):

=2a-1) @

where:
d — average diameter of impurity (um)

V — relative volume of submicroscopic impurities (%)

Coefficient k is the quotient of fatigue strength zg divided by Vickers hardness HV (3).

- %9
k= pr 3)
where:

zg — fatigue strength (MPa)
HV - Vickers hardness (HV)

The presence of statistically significant correlations was verified by Student's t-test on a=0.05.

3. RESULTS AND DISCUSSION

The average real chemical composition of the tested steel is presented in Table 1.

Table 1 Real average chemical composition of the tested steel [wt. %]

C Mn Si P S Cr Ni Mo Cu B
0.23 1.21 0.28 0.02 0.01 0.47 0.46 0.23 0.15 0.003

Fatigue strength coefficient k of hardened steel tempered at 200, 300, 400, 500 and 600 °C subject the quotient
of the diameter of impurities and the spacing between impurities a are presented respectively in Figures 1 - 5.
The regression equation and the value of the correlation coefficient r are shown respectively in (4)-(8).
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Figure 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 a

k(200) = 1.68-a + 0.7684 and r = 0.6465 (4)
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Figure 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 a

K(300) = 0.741-a + 0.8495 and r = 0.6073
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Figure 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 a

k(400) = 1.6326-a + 0.7293 and r = 0.7183
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Figure 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 a

k(500) = 1.4085-a + 0.6927 and r = 0.8187 @)
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Figure 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 a

k(600) = 1.0473-a + 0.8187 and r = 0.6294 ®)

Diameter of impurities divided by spacing between impurities (a) of structural steel for all tempering
temperatures, takes values from 0.1 to 0.2, except for one point for a=0.27. This point significantly reduces the
coefficient of determination of equations (3) - (7). The presence of a coefficient in such a narrow range can
confirm the balanced distribution and size of non-metallic inclusions. This observation is confirmed by the
results presented in [21,22].

Fatigue strength coefficient k of hardened medium carbon structural steel tempered at different temperatures
is in the range of 0.8 to 1.2. Its values above unity were recorded for a> 0.15. Its largest spread was noted for
the tempering temperature of 400°C (Figure 3), and not the lowest for 500 °C (Figure 4).

As the diameter of impurities divided by spacing between impurities (a) increased, k increased for all tempering
temperatures (Figures 1-5). This may confirm that large inclusions and short distances between them reduce
the fatigue strength of steel. The largest reduction in fatigue strength of steel was recorded for the tempering
temperature of 500 °C (Figure 4), for which the coefficient k takes values from 0.8 to 1.04.

4. CONCLUSION

This study demonstrated 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 results of the study indicate that fatigue strength, represented by fatigue strength during rotary bending,
is correlated with the size proportions and distances between the impurities measuring higher up 2 ym.

The coefficient k allows for estimating fatigue strength in relation to diameter of impurities and the spacing
between impurities.

The use of the a parameter allows the combination of two important parameters characterizing the impurities
in steel, namely the diameter of impurities and the spacing between impurities.

Along with the increase in a parameter, an increase in coefficient k was noted for all tempering temperatures.
This confirms that for small inclusions and large distances between them, the fatigue strength of steel is not
reduced.
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