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Abstract. Non-metallic inclusions as impurities found in steel can affect its performance characteristics. Their
impact depends not only on their quality, but also, among others, on their size and distribution in the steel
volume. The literature mainly describes the results of tests on hard steels. The article discusses the results of a
study investigating the effect of the number of submicroscopic non-metallic inclusions (up to 2 um in size) on
the fatigue strength of structural steel during rotary bending. The study was performed on 21 heats produced in
an industrial plant. Fourteen heats were produced in 140 t electric furnaces, and 7 heats were performed in a 100
ton oxygen converter. All heats were desulfurized. Seven heats from electrical furnaces were refined with argon,
and heats from the converter were subjected to vacuum circulation degassing. The experimental variants were
compared in view of the applied melting technology and heat treatment options. The fatigue strength of steel
with impurity spaces was determined during rotary bending. The results revealed that the fatigue strength is
determined by the impurity spaces and tempering temperature.
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Introduction

Commercial iron alloys apart of typical chemical elements contain sulfur, oxygen, and those
elements form solutions in liquid metal. 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. The quantity of non-metallic inclusions is correlated with the content of admixtures in the
alloy, while their phase composition and structure, in particular shape, dimensions and dispersion, are
determined by the course of metallurgical processes. The distribution of non-metallic inclusions in
steel and their quality are determined by various factors, including charge quality, process regime,
furnace type and out-of-furnace processing [1-6].

Fatigue degradation is a type of damage that occurs over time and causes significant
losses.Fatigue strengthof agriculturalmachine partsis a particularly importantfactor intheir reliability.
These machines operateon an uneven surface.Thus, the agricultural machine parts are more likely to
variable load than parts of other machines.According to Kocanda and other researches, non-metallic
inclusions larger than 5 um may affect the fatigue strength of steel [1; 3; 7].

Fatigue occurs and develops gradually due to cyclic service load that causes stress. Initial stages
are marked by the incubation of slips the number of which increases in individual grains. When
critical values are exceeded, the material cracks and becomes fit for scrap [8-11].

The combined effect of internal microstresses resulting from the presence of non-metallic
inclusions in steel and stress caused by external load plays an important role in the formation and
development of fatigue cracks. Internal stress is a function of the morphological composition of
impurities, but it is most affected by the heat processing environment [3]. The above is inclusive of the
thermal expansion of structural components under the influence of heat.The role of non-metallic
inclusions in steel is determined not only by their quality, distribution or size, but also by the quality of
steel and the type of load applied to the final product during use. The impact of non-metallic
inclusions on steel properties begins in microareas, and it spreads to macroscopic steel. Inclusions are
generally regarded as negative phenomena, but their role has not yet been fully explained [1; 11-13].

Structural steels with a medium carbon content operating at changing loads are also widely used
in industry. Mining chains are an example of their use. Despite the important role played by these
steels, the number of conducted studies analyzing impurities found in them is much higher for hard
steels [3; 7; 8]. This probably results from a more detailed analysis of this problem. Nevertheless, the
acting mechanism of a non-metallic inclusion located in a plastic matrix differs from the analogous
mechanism for a rigid matrix. This observation is also an inducement to take up this subject of
research.
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The developed models for analyzing the effect of impurities spaces on the set mechanical
parameters of analogous steels can be used to simulate these features on condition. This justifies the
need to conduct research on this subject.Since the impurities spaces are determined by the course of
the metallurgical process, this study set out to test materials produced with the involvement of various
methods.

Materials and methods

The objective of this study was to determine the influence of submicroscopic impurities space (up
to 2 um in size of impurity) on the bending fatigue strength of structural steel with medium carbon
contents.

The tested material comprised steel manufactured in three different metallurgical processes: in an
arc furnace with two out-side treatments variant and a converter with deoxidized. The resulting heats
differed in purity and size of 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 of spheroidite.

The experimental material consisted of steel products obtained in three metallurgical processes. In
the first process, steel was melted in a 140-ton basic arc furnace. The study was performed on 21 heats
produced in an industrial plant. The metal was tapped into a ladle, it was desulfurized and 7-ton ingots
were uphill teemed. Billets with a square section of 100x100 mm were rolled with the use of
conventional methods. As part of the second procedure, steel was also melted in a 140-ton basic arc
furnace. 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. Steel was poured into
moulds, and billets were rolled similarly as in the first method. In the third process, steel was melted in
a 100-ton oxygen converter and deoxidized by vacuum. Steel was cast continuously and square
100x100 mm billets were rolled. Billet samples were collected to determine:

e 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 with the use of the extraction method,

e dimensions of impurities by inspecting metallographic specimens with the use of a Quantimet
720 video inspection microscope under 400x magnification. It was determined for a larger
boundary value of 2 pm.

The number of particle range 2 pm and smaller was the difference between the number of all
inclusions determined by chemical extraction and the number of inclusions measured by the video
method.

Analytical calculations were performed on the assumption that the quotient of the number of
particles on the surface divided by the area of that surface was equal to the quotient of the number of
particles in volume divided by that volume [14].

With the aim of qualification of fatigue proprieties from every melting 51 sections were taken.
The sections had the shapes of a cylinder about diameter 10 mm. Their main axis can be directed to
the direction of plastic processing simultaneously. It thermal processing was subjected it was with the
aim of differentiation of building of structural sample [14]. It depended on hardening from
austenitizing by 30 minutes in temperature 880 °C after which it had followed quenching in water, for
what drawing was applied. Tempering depended on warming material for 120 minutes in temperature
200, 300, 400, 500 or 600 °C and cooling down on 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. During heat treatment, steel sections were hardened and tempered at temperature of 200,
300, 400, 500 and 600 °C. The application of various heat treatment parameters led to the formation of
different microstructures responsible for steel hardness values in the following range from 271 to
457 HV.

Examination was implemented on calling out to a rotary curving machine at the frequency of
pendulum cycles: 6000 periods on minute. For the basis of fatigue defining the endurance level
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10’ cycles was accepted. The level of fatigue-inducing load was adapted to the strength properties of
steel. Maximum load was set at:

e for steel tempered at a temperature of 200 °C — 650 MPa,

e for steel tempered at a temperature of 300-500 °C — 600 MPa,

e for steel tempered at a temperature of 600 °C — 540 MPa.

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 the endurance limits [7].

The general form of the mathematical model is presented by equation (1)
Zgo (temp. tempered) — al+b, (1)

where  z,, —rotating bending fatigue strength, MPa
A — impurities space, um,
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 ¢-distribution for a significance level o =0.05 and the number of degrees of freedom
f=n-2 by formula (2).

Z‘Iﬁ. )
—-r

n-—2

The values of the diffusion coefficient z,, near the regression line were calculated with the use of
the below formula (3):

O0=2s._ Al—r?, (3)

280

where s, — standard deviation ,
r — correlation coefficient.

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

C | Mn | Si P S Cr | Ni | Mo | Cu B
0.2411.1910.25]0.02|0.013]0.51 ]049]0,24 | 0.11 | 0.003

The bending fatigue strength of steel hardened and tempered at 200 °C depending on the
impurities space is presented in Fig. 1, regression equation and correlation coefficients r at (4).
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Fig. 1. Bending fatigue strength of steel hardened and tempered
at 200 °C subject to impurities space
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Zgo200) = -6.048 1 + 507.16 and r = 0.5362, 4)

where r — correlation coefficient.

For theimpurities space A = 10 pm the bending fatigue strengthis about450MPa.With the increase
of the impurities spaceto27 um, the bending fatigue strengthdecreasedto about 350MPa.

The bending fatigue strength of steel hardened and tempered at 300 °C depending on the
impurities space is presented in Fig. 2, regression equation and correlation coefficients r at (5).
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Fig. 2. Bending fatigue strength of steel hardened and tempered
at 300 °C subject to impurities space

Zeo 500) = -3.34021 + 404.55 and r = 0.5288. 5)

The bending fatigue strength of steel hardened and tempered at 400 °C depending on the
impurities space is presented in Fig. 3, regression equation and correlation coefficients r at (6).
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Fig. 3. Bending fatigue strength of steel hardened and tempered
at 400 °C subject to impurities space

Zeo 300) = - 4.05024 + 402.02 and r = 0.7104. (6)

No significant differences were noted in the bending fatigue strength at tempering temperatures of
300 °C (Fig. 2) and 400 °C (Fig. 3).

The bending fatigue strength of steel hardened and tempered at 500 °C depending on the
impurities space is presented in Fig. 4, regression equation and correlation coefficients r at (7).

Zoo (600) = -2.9123 1+ 344.07 and r = 0.6103. @)

The bending fatigue strength of steel hardened and tempered at 600 °C depending on the
impurities space is presented in Fig. 5, regression equation and correlation coefficients r at (8).

Zooa00) = -2.2125+ 294.96 and r = 0.4677. ®)
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Fig. 4. Bending fatigue strength of steel hardened and tempered
at 500 °C subject to impurities space
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Fig. 5. Bending fatigue strength of steel hardened and tempered
at 600 °C subject to impurities space

The principal structure of steel is identical for the remaining two main production methods with
respective heat treatment variants. The parameters representing mathematical models and correlation
coefficients are presented in Table 2.

Table 2
Parameters representing mathematical models and correlation coefficients
Degree of
. . . dissipation | ¢, s t,-0.05s from
pe C a (D) b (1) coefficient r | regression | edby | distribution
line ?2) for p = (n-2)
J, MPa (3)
200 -6.048 507.16 0.5362 91.16 2.769
300 -3.3402 404.55 0.5288 38.70 2.716
400 -4.0502 402.02 0.7104 42.23 4.400 2.093
500 -2.9123 344.07 0.6103 36.12 3.358
600 -2.2125 294.96 0.4677 47.73 2.307

The analysis of coefficients a and b (Tab. 2) in regression equations (1) indicates that fatigue
strength (parameter b) decreases with a rise. The effect of impurities space (parameter a) decreases,
too but for 300°C as a tempering temperature the effect is high. Parameter a decreaseswith
increasingplasticitysteelmatrix, which is possible with increasedtemperingtemperature. It can be
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assumed that at low tempering temperatures, long impurities spaces further contribute to the brittleness
of tempered martensite.

In the analyzed tempering temperature (Fig. 1-6), the lowest bending fatigue strength was noted
for the top tempering temperature, this means 600 °C. In contrast,the highestbending fatigue strength
was noted for the lowest tempering temperature, this means 200°C. Increasing
thetemperingtemperaturecauses achangefrom the hardsteel microstructuretemperingof
martensiteonplasticspheroidite, consequently decreasing thefatigue strength. Generally, for all
tempering temperatures, with increasingimpurities space Abending fatigue strengthdecreases.

Conclusions

1. The results of the study indicate that the fatigue strength, represented by the fatigue strength
during rotary bending, is correlated with the impurities space. The presence of statistically
significant correlations was verified by the Student’s #-test.

2. Higher tempering temperature causes smaller dispersion of values around the regression line.

3. The results of the study indicate that the bending fatigue strength increases as the impurities space
decreases.
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