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Abstract

The experimental material consisted of semi-finished products of high-grade, medium-carbon constructional
steel with: manganese, chromium, nickel, molybdenum and boron. The experimental material consisted of
steel products obtained in industry metallurgical process in electric in a 140-ton basic arc furnace and
desulfurized with argon-refined. The samples were quenched and austenitized at a temperature of 8800C for
30 minutes. They were then cooled in water and tempered by holding the sections at a temperature of 200,
300, 400, 500 and 6000C for 120 minutes and air-cooled. Fatigue tests were performed with the use of a rotary
bending machine at a frequency of 6000 cpm. The results were statistical processed and presented in graphic
form. This paper discusses the results of oxygen content in steel on the fatigue strength characteristics of the
average number of sample-damaging cycles and the average values of the fatigue resistance coefficient for
various heat processing options.
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1. INTRODUCTION

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. Inclusions may increase the strength of steel by inhibiting the
development of micro-cracks. Yet as regards steel, non-metallic inclusions have mostly a negative effect which
is dependent on their content, size, shape and distribution. The mechanical properties and fatigue strength of
structural materials should also be evaluated in view of contents of oxygen [1-3]. The presence of oxygen and
non-metallic inclusions in steel is a natural consequence of physical and chemical processes during
production. The shape of non-metallic inclusions may vary. Spheroidal inclusions are characteristic of steel
which contains high levels of oxygen. The addition of small amounts of aluminum leads to partial deoxydation
of steel and the formation of inclusions along the boundaries of austenite grains. Excessive amounts of
powerful deoxidants contribute to the formation of large faceted inclusions [4]. Alloys subjected to variable
loads require high-grade steels. Their properties are determined during complex tests that are costly and time
consuming. For this reason, analyses that support quick determination of the evaluated properties are often
used in industrial practice [5-6]. Fatigue strength is one of the evaluated properties of steel. Various functions,
nomograms and coefficients are given in the literature for estimating fatigue strength as a function of tensile
strength [7] in equation (1). They include other sensitivity coefficients such as the coefficient of material's
sensitivity to cycle asymmetry, load type, etc.

zg = CRy, (2)

Coefficient c¢ is the quotient of fatigue strength zg4 divided by tensile strength Rm at static load. To estimate
tensile strength based on the results of non-destructive tests, coefficient p was introduced in equation (2) to
determine tensile strength as a function of hardness.


mailto:tomaszlipinski.tl@gmail.com
mailto:dariusz.karpisz@pk.edu.pl
https://doi.org/10.37904/metal.2021.4163

METAL

2021 May 26 - 28, 2021, Brno, Czech Republic, EU
R,, = pHV (2)
Coefficients ¢ and p were substituted with coefficient k, then:
=20
k= HV )

Equation (1) does not account for steel purity. For this reason, coefficient ¢ can take on a broad range of
values. For steel samples subjected to rotary bending, it ranges from 0.36 to 0.6 of tensile strength Rm [8].

The influence of impurities on fatigue strength has been researched extensively, but very few studies analyse
the effect of impurities on the coefficient given by equation (3) which is used to estimate fatigue strength based
on hardness, i.e. in non-destructive tests. Coefficient k is the quotient of fatigue strength zg divided by Vickers
hardness HV. In this study, attempts were made to analyse the contents of oxygen on fatigue resistance
coefficient k determined under rotary bending fatigue strength zgo of high purity steels produced in an industrial
plant in electric furnace for various tempering options.

2. METHODS

The 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.
After tapping into a ladle, steel was additionally refined with argon. Gas was introduced through a porous brick,
and the procedure was completed in 8-10 minutes. 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 quantometer and conventional analytical
methods, relative volume of non-metallic inclusions with the use of the extraction method.

It in aim of qualification of fatigue proprieties from every melting was taken 51 sections. The possession
sections of the cylinders shapes are of about diameter 10 mm. Their main axes are directed to direction of
plastic processing simultaneously. It thermal processing was subjected was in aim of differentiation of building
of structural sample. It depended on hardening from austenitizing by 30 minutes in temperature 880°C after
which it had followed quenching in water, for what was applied drawing. Tempering depended on warming by
120 minutes material in temperature 200, 300, 400, 500 or 600 °C and cooling down on air. 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.

Examination was realized on calling out to rotatory curving machine about frequency of pendulum cycles: 6000
periods on minute. For basis was accepted was on fatigue defining endurance level 107 cycles. During the
test, the applied load was gradually reduced in steps of 40 MPa (to support the determinations within the
endurance limit). Load values were selected to produce 10%-10° cycles characterizing endurance limits [1].

The general form of the mathematical model is presented by equation (4):
Ktemp. temperesy =@ O + b (4)

where:
k - fatigue resistance coefficient,
O - arithmetic average contents of oxygen in steel, %,
a, b - coefficients of the equation.

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 a = 0.05 and the number of degrees of freedomf=n - 1.

3. RESULTS

The average chemical composition of the analysed steel is presented in Table 1.
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Table 1 Average chemical composition of the analysed steel (wt%).

C Mn Si P S Cr Ni Mo Cu B (@]
0.23 1.20 0.27 0.021 0.011 0.46 0.46 0.22 0.14 0.003 0.05
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Figure 1 Arithmetic average volume of impurities subject to contents of oxygen

The arithmetic average inclusions V to contents of oxygen O of steel is presented in Figure 1, regression
equation and correlation coefficient r at (5):

V =30.094-0O + 0.0281 and r = 0.9852 (5)

Fatigue resistance coefficient k determined for bending fatigue strength of steel hardened and tempered at
200°C in dependence on arithmetic average oxygen are presented in Figure 2, regression equation and
correlation coefficient r at equation (6):

K200 = 108.85-O + 0.5423 and r = 0.9471 (6)

Fatigue resistance coefficient k determined for bending fatigue strength of steel hardened and tempered at
300 °C in dependence on arithmetic average oxygen are presented in Figure 3, regression equation and
correlation coefficient r at equation (7):

Ksoo = 51.748-O + 0.7336 and r = 0.8950 (7

Fatigue resistance coefficient k determined for bending fatigue strength of steel hardened and tempered at
400 °C in dependence on arithmetic average oxygen are presented in Figure 4, regression equation and
correlation coefficient r at equation (8):

kaoo = 92.063-O + 0.5651 and r = 0.8862 (8)

Fatigue resistance coefficient k determined for bending fatigue strength of steel hardened and tempered at
500 °C in dependence on arithmetic average oxygen are presented in Figure 5, regression equation and
correlation coefficient r at equation (9);

ksoo = 72.028-O + 0.5829 and r = 0.9454 (9)

Fatigue resistance coefficient k determined for bending fatigue strength of steel hardened and tempered at
600 °C in dependence on arithmetic average oxygen are presented in Figure 6, regression equation and
correlation coefficient r at equation (10):

keoo = 73.776-O + 0.6815 and r = 0.9400 (10)
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Figure 2 Fatigue resistance coefficient k of steel hardened and tempered at 200 °C subject to oxygen
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Figure 3 Fatigue resistance coefficient k of steel hardened and tempered at 300 °C subject to oxygen
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Figure 4 Fatigue resistance coefficient k of steel hardened and tempered at 400 °C subject to oxygen
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Figure 5 Fatigue resistance coefficient k of steel hardened and tempered at 500 °C subject to oxygen
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Figure 6 Fatigue resistance coefficient k of steel hardened and tempered at 600 °C subject to oxygen

Fatigue resistance coefficient k determined for bending fatigue strength of steel hardened and tempered at
200, 300, 400, 500 and 600 °C in dependence on arithmetic average oxygen are presented in Figure 7,
regression equation and correlation coefficient r at equation (11):

k200-600 = 79.692-0 + 0.6211 and r=0.8349 (1)
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Figure 7 Fatigue resistance coefficient k of steel hardened and tempered at 200, 300, 400, 500 and

600 °C subject to oxygen

CONCLUSIONS

The results of the study indicate that:

relative volume of non-metallic inclusions in research steels, statistically significant correlations was
verified by Student's t-test, is correlated with the oxygen;

results of the study indicate that fatigue resistance coefficient k, represented by fatigue strength during
rotary bending, is correlated with the contents of oxygen. The presence of statistically significant
correlations was verified by Student's t-test;

Arithmetic average volume of impurities V increased with the increased of oxygen contents (Figure 1),
which is a natural process. At the same time, a high correlation coefficient (r > 0.98) confirms that the
equation is statistically significant and that the tests were conducted correctly;

the Fatigue resistance coefficient k increased with the volume of oxygen increased (Figures 2-7). At the
same time, a high correlation coefficient (r > 0.88) confirms that the equationa are statistically significant;
the above suggests that an increase in the number of inclusions in plastic structural steel increases the
value of zg/HV;

the smallest effect of oxygen content on the coefficient k was found for steel after medium tempering
(3000C);
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. an analysis of regression coefficients and fatigue resistance coefficients k indicates that changes in
coefficients k as a function of oxygen contents can be described with statistical satisfactory accuracy by
a single equation (11) at all tempering temperatures (r > 0.8).

The study of the influence of oxygen on fatigue resistance is very important both for similar fatigue tests [9]
and for the machine industry (including railways [10-12]), power engineering [13] and construction [14]. The
results may also be valuable for other material [15] and welding [16] tests, especially in the case of devices
and machines operating in corrosively aggressive environments [17,18].
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