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Introduction: The control of the mechanical properties of structural steels is one of the main processes that
regulate the service life of equipment. In most technical processes (pressure treatment, welding, rolling, thermal
exposure), structure changes both in local areas and in the entire volume. Changes in the steel structure entail changes
in its properties and as a result in local areas, at various stages of operation, the likelihood of the occurrence and
development of critical defects increases. Its presence significantly affects the performance of the equipment, and
leads to premature aging of the material and its failure. Precisely because the control of the mechanical properties of
steel remains one of the urgent problems, new control methods are being developed. It is known that all properties of
steel depend on the structure of the substance, however, studies on the effect of the dispersion of the structure under
consideration on the mechanical properties are presented in an insignificant amount. Purpose: to analyze from a
mathematical point of view the influence of the factor of different grain size, as a parameter reflecting the dispersity
of the system, on the mechanical properties of structural steel. The paper studies a heat-treated planar samples
of steels 15KASND, 09G2S and St3. Methods of research: scanning electron and optical microscopes are used to
study the grain structure and grain boundaries; SIAMS 700 software package is used for finding the boundaries and
average data of the grain structure; portable X-ray fluorescence analyzer of metals and alloys X-MET 7000 is used
to determine the chemical composition of the test samples in percentage; tensile testing machine /R-50 is used for
measuring the tensile strength of samples; Vickers hardness tester is used to determine the hardness of samples.
Results and discussion: it is found that there is a satisfactory correlation for the mechanical properties of structural
steels (hardness and ultimate strength) and the grain size factor, which can be used to predict the hazardous states
of structures and the operating time. The analysis of variance and regression of the detected dependencies is carried
out. It is noted that the dropout of some values from the general regression dependence can most likely be associated
with a decrease in the value of internal stresses as a result of a decrease in the distortions of the crystal lattice of steel
occurring during heat treatment. It should be noted that the processes occurring and the degree of its influence on
the properties of the structural steels under consideration can be different due to the presence of different amounts of
alloying elements in the composition of the studied steels.

For citation: Sokolov R.A., Novikov V.F., Muratov K.R., Venediktov A.N. Assessment of the effect of the steels structure dispersion on its
magnetic and mechanical properties. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science,
2021, vol. 23, no. 4, pp. 93—110. DOI: 10.17212/1994-6309-2021-23.4-93-110. (In Russian).

Introduction

There is a need to determine the value of the steel mechanical properties to predict the residual life in the
practice of operating the hazardous production facilities. Mechanical properties are the main characteristics
to which strict control requirements should be imposed. They directly determine the service life of equipment

and metal structures.
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As is known, the properties of alloys in the solid state are determined by its crystal structure, chemical
composition and by all types of structural disorders manifested in the form of inhomogeneities [1]. The
structure inhomogeneities or chemical composition leads to a deviation of the material properties in the
local part. This significantly affects the reliability and service life of the equipment.

Considering that the operation of equipment and structures made of structural steels occurs in most cases
under constant external loads, which are of a multi-component nature, then there is a rapid intensification of
material destruction processes, leading to emergencies.

A lot of research is being carried out on the development of methods for determining the mechanical
properties of steels [2-6]. Nowadays there are methods of non-destructive testing based on the analysis of
magnetic parameters. It allows determining the steel mechanical properties, in addition to destructive tests
[7, 8]. It is proposed to use the steel coercive force as a diagnostic criterion for the hardness and tensile
strength in the study [7]. However, this approach has its own nuances. There is no uniform dependence of
mechanical properties and coercive force for different grades of steel [7]. It indicates a difference in the
structure and properties of the phase components, which significantly affect the formation of mechanical
properties and coercive force. There are methods for monitoring mechanical properties. They are based on
the analysis of the ultrasonic vibration propagation by the controlled object [9].

The connection of the diagnostic criteria with the mechanical properties and structural features of the
steel has been considered for a long time. The diagnostic criteria show the magnitude of the steel mechanical
properties.

There are research works that consider the influence of the structure dispersion (inhomogeneity)
on the mechanical properties. Inhomogeneity is the presence of different grains in the structure at the
same time. For example, the influence of an ultra-fine-grained or fine-grained structure of simple
carbon steel on the yield strength is considered. [10]. The process of accumulation and occurrence of
dislocations and its effect on the steel strength is analyzed in [11] from a statistical point of view for
eutectic steel with an ultra-fine-grained or fine-grained structure. The study of changes in plastic
deformation for austenitic steel with a high manganese content and different average grain size
is reflected in [12]. The influence of substructure development on deformation hardening of steel
(Fe-17.5Mn-8.3A41-0.74C-0.14Si) is evaluated in [13]. It is noted that substructures during refinement make
significant changes in the strength properties.

The intragrain orientation inhomogeneity and inhomogeneity of the stress state are highlighted as
important areas for the future studies in [14].

There are works [15, 16], in which the samples being studied are obtained by an additive method, in
addition to the works, in which the study is carried out on alloys, obtained by conventional metallurgical
methods. In these works, the influence of microstructural features, namely mesostructure descriptors, which
describe the features of mesostructural inhomogeneity on mechanical properties from the point of view of
quantitative evaluation, is considered.

Despite the fact that in the works listed above, some statistical analysis of the effect of structural
heterogeneity on mechanical properties was carried out, there is no verification of the dependencies put
forward as the results.

In this study, the influence exerted by the structure dispersion not only on the value of the ultimate
strength, but also on the value of the coercive force and internal stresses of structural steels /5KASND,
09G2S, St3 is considered. The influence is assessed by the analysis of correlation dependencies between
the ultimate strength, coercive force, the value of internal stresses and the uneven-grained factor, acting as
a criterion for the structure dispersion.

The studied structural steels are widely used for the manufacture of various metal structures, pipeline
transport, storage tanks for oil and petroleum products.

To determine the relationship between the considered values, it is necessary to analyze the effect of heat
treatment on the value of coercive force, tensile strength, internal stresses and the uneven-grained factor;
and to determine the correlation relationship between these parameters and to explain changes of these
parameters during heat treatment.
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Research methodology

Samples of 09G2S, St3, 15KhSND steels with a size of 4.0 x 70.0 x 25.0 mm were laser-cut from the
sheets along the direction of its rolling. The chemical composition was determined by the X-MET 7000
analyzer. Table 1 shows the average values obtained during 10 measurements.

The heat treatment strongly affects the structural and phase composition of steel. The inhomogenei-
ties in the mechanical and magnetic properties of rolled steel, from which samples are made, usually do
not exceed 15 % [17]. It is necessary to conduct heat treatment of experimental samples to create distinct
variations of the structure and the grain composition. Therefore, before the study conducting, the samples
were quenched and then tempered at different temperatures (Table 2). This is done to create variations of
the structural-phase state.

Table 1
Chemical composition of the studied steels
Element content, wt. %
Steel grade
C Si pP* S* Cr Mn Ni Cu
09G2S 0.11 0.15 0.05 <0.028 0.07 1.91 0.11 0.22
St3 0.16 0.15 0.05 <0.02 0.03 0.45 0.03 0.04
15KhSND 0.16 0.71 0.06 <0.02 0.84 0.79 0.34 0.20

* He indicators of the content of carbon, sulfur and phosphorus are given according to the information specified in the quality
certificates on the steel from which the samples are made.

Table 2
Heat treatment of the test samples
Steel grade Heat treatment
09G2S Heating up to 930 + 20 °C quenching in water.
Tempering at 200, 350, 500, 650 °C for 1 hour, air cooling
i3 Heating up to 930 + 20 °C quenching in water.
Tempering at 200, 350, 500, 650 °C for 1 hour, air cooling
15KhSND Heating up to 930 + 20 °C quenching in water.
Tempering at 200, 300, 350, 400, 500, 550, 650 °C for 1 hour, air cooling

The microstructure of the samples being investigated was studied by the JEOL 60084 scanning electron
microscope using a 3% solution of nitric acid as an etchant.

The value of the uneven-grained factor is determined by the formulas presented in [18, 19]. The distri-
bution of grain severities observed on the micrograph is used.

The microphotographs were processed (Figure 1) in the “SIAMS 700" metallographic research software
package (Figure 2) to calculate the uneven-grained factor. As an example, Figure 3 shows the distribution of
the grain severity of the /5KhSND steel sample. The distributions of the remaining samples have a similar
character.

The grain severity is determined in accordance with GOST 5639-82 [21]. The calculation of the uneven-
grained factor £, is performed by the formula:

_ JmaxZmax.
F; I &)
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Fig. 1. Structure of heat-treated steel samples 09G2S at 1,000x magnification in optical and
scanning electron microscopes:

a — the structure of the sample quenched at a temperature of 950 °C, studied using an optical micro-

scope; b — the structure of the sample quenched at a temperature of 950 °C, studied using a scanning

electron microscope; ¢ — the structure of the sample after tempering at 350 °C, studied using an opti-

cal microscope; d — the structure of the sample after tempering at 350 °C, studied using a scanning
electron microscope

&
Ll

Fig. 2. Microstructure of a sample heated to 930 °C and

quenched in water, made of rolled steel 09G2C, obtained

by processing microphotographs in the SIAMS 700
software package
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Fig. 3. Histogram of the percentage distribution of grains by points
for micro-sections of heat-treated samples made of /5KASND steel
by grain size [20]

where f; — is the proportion of grains with a certain severity, %; f_—is the proportion of grains that oc-
cupy the maximum part on the cross-section, %; Z. — is the grain severity; Z  — is the grain severity that
occupies the maximum part on the cross-section.

Results and discussion

The values of the uneven-grained factor obtained in the study [20] are shown in Figure 4. It can be noted
that the highest value in the magnitude of the uneven-grained factor is observed in a sample tempered at
temperature of 200 °C. This is due to the beginning of the process of violation of the coherence of the lattice
of martensite and cementite [22—24], as a result of the beginning of carbon separation processes [24, 25].
During these processes, a region with a carbon-depleted phase with low hardness is formed in the material,
as well as a new phase in the form of ferrite and cementite. The fragmentation of the martensite phase oc-
curs, which leads to an increase in the number of grains with a higher severity.
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Fig. 4. Change in the value of the factor of different grain size F_ for
samples made of 15KAhSND steel with different heat treatment [20]
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The magnitude of internal stresses was determined according to the method [26]. It is made by comparing
the data obtained on the samples under study with the data of the reference sample, which was an annealed
one. The results are shown in Figure 5 [25]. A general-purpose automatic X-ray diffractometer DRON-7
was used to take X-ray diffraction patterns.

Stress-strain diagrams were obtained with the help of an /R-50 tensile testing machine. During the
analysis, the data on the magnitude of the ultimate strength of the investigated materials subjected to
different heat treatment were specified (Figure 6).

The magnitude of coercive force was determined by the KRM-C-K2M structurescope (Figure 7). It
steadily decreases with increasing tempering temperature. This is due to the changes in the structural and
phase composition of steels. It is noted in [27] that changes in the coercive force are associated with the

25
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15 <
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Fig. 5. Dependence of the change in the magnitude of internal stresses
on the tempering temperature of structural steels
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Fig. 6. Dependence of the change in the value of the ultimate strength
on the tempering temperature of structural steels
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Fig. 7. Dependence of the coercive force on the tempering temperature
of the investigated steels

processes of decay for the martensitic structure and the presence of cementite components in various mag-
netic states.

There are known works [28, 29], in which the magnetic parameters of steel were used to determine
structural changes: coercive force, magnetic permeability, relaxation coercive force, differential magnetic
permeability, etc.

The experimentally established correlation between the magnetic properties of a ferromagnet, the
structure and mechanical properties is shown in [30]. However, it should be noted that regularities of
this kind are determined only for a certain class of steels, for example, carbon steels 30, 35, 45, U8, Ul0,
Ul2 subjected to quenching and tempering at different temperatures [31]. The significant influence of
heat treatment on the structure and properties of steel, which can be considered on the coercive force and
hardness, is shown in [29].

When analyzing the relationship, correlation dependences of magnetic and mechanical properties for
steels belonging to different groups, the dependences cease to be of a general direct nature, and it is often
difficult to determine the properties of interest. This is due to the fact that the structures formed during
heat treatment and their characteristics (the amount, distribution and properties of martensite, retained
austenite, carbides) are more dependent on the interaction of alloying elements that are part of the steel,
their percentage content, including carbon, the nature as well as magnitude of temperature influences [32].

It is necessary to make an assessment by statistical and regression analysis to understand the influence
of the structure dispersion on the magnetic and mechanical properties of steel. Figures from 8§ to 10 show
the dependences of the uneven-grained factor on various parameters characterizing the steel properties.
They are obtained in laboratory conditions. In addition, these graphs show the predicted values for the Y-
value of the uneven-grained factor calculated from the magnitude of internal stresses.

The regression analysis for the data in Figure 8 [33, 34] allows obtaining the information about regres-
sion statistics. Its main indicators are shown in Table 3.

The R-squared or the determination coefficient in the analysed model is 0.885. It suggests that the used
parameters have a relationship that with a probability of 88.5% can be explained using the proposed model.
Because the determination coefficient is greater than 0.5, then the relationship is considered satisfactory.

¢ 1s the standard error for the regression model. This value shows how much the predictions of the val-
ues for the parameter Y do not correspond to the true value. Usually, the permissible limits defined on the
base of ¢ lies within +/- 2-3 values.

Vol. 23 No. 4 2021 %
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Fig. 9. The value of the factor of different grain size Fz depending on the logarithm
of the ultimate strength value for heat-treated specimens made of structural steels

In this case, the equation characterizing the linear regression model is:

Y=aX+PB+te

2

In this case, ¢ = 0.014. ¢ shows how large the error of predicting one value from another is. In the dia-
gram, the prediction limits based on the ¢-value are defined as:

G:Yii2£,

where 17, is the predicted value of Y.
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Fig. 10. The value of the factor of different grain size Fz depending on the value of the
coercive force for heat-treated specimens made of structural steels

Table 3
Regression statistics
Multiple R 0.885
R-square 0.783
Normalized R-square 0.765
Standard error 0.014
Observations 14

With a value of + 2-¢, 95 % the data points are located within these defined limits.
The adequacy of the proposed linear regression model can be verified by examining the residuals of the
model, which are determined for each X as:

Up =Y = 7;. (4)

The graph of the dependence of the residuals on the predicted values of Y is shown in Figure 11. There is
a necessary condition that characterizes the adequacy of the analysed dependence for such graphs. It is the
absence of characteristic “patterns” for the nonequilibrium distribution, depending on the Y values. For the
dependence shown in the figure 11 in the location of the point cloud, there are no obvious patterns, which
can tell us about the correctness of the found linear regression.

Table 4 shows the values required for the regression analysis. The Y coefficient corresponds to the ¥
value, provided that all parameters in the model are equal to 0. It means that the model does not introduce
the other factors effects on the analysed parameters. X, shows the weightage of the parameter X over Y. The
internal stresses within this model affect the uneven-grained factor with a weight of 0.0063. The sign before
the number indicates the influence exerted on the uneven-grained factor: the greater the internal stress, the
greater the value of the uneven-grained factor.

In addition, the values for the parameter Y at the intersection of the X axis with a confidence interval of
0.95 are presented.
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Fig. 11. Dependence of the residuals for the magnitude of the internal stresses obtained
for steels of different grades on the hardness at different heat treatment of samples

Table 4
Data obtained from regression analysis
Coefficients Standard error t-statistics P-value
Y, 0.282 0.013 21.908 4.8E-11
X, 0.006 0.001 6.574 2.64E-05
Low 95% High 95%

Y-intersection 0.254 0.309
Variable X 0.004 0.008

The results of the one-way analysis of variance for the obtained data [35-37] are presented in Table 5.
Where “SS” is the sum of squares of deviations, “df” is the degree of freedom, the graph “MS” is the mean-
square value, “F” is the criterion of the actual F-distribution.

A statistical significance was tested by comparing variance due to between-group variation and variance
due to intra-group variation. The obtained intra-group variances are compared using the F-test. It deter-
mines whether the difference between the average values is statistically significant and whether the ratio of
variances is greater than 1. The F-significance shows the difference between the average values. This value
is insignificant. It is concluded that there is a null hypothesis. Here is a dependency correlation between the
grain size factor and the surface hardness of steel.

Table 5
Results of one-way analysis of variance
ANOVA
df SS MS F Significance of
Regression 1 0.009 0.009 43.214 2.64E-05
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The hypothesis about the influence of the considered parameters on each other is tested by the disper-
sion analysis. Several values of the grain size factor are analysed. They are obtained for samples with dif-
ferent heat treatment mode. The samples contain an equal number of elements.

Figure 12 shows the statistical characteristics of the studied data. Samples 1 and 2 are a set of values
of the grain size factor obtained during several processing of microstructure images for different values of
ultimate strength. Sample 3, in contrast to 1 and 2, was obtained when determining the grain severity by its
area.

0.50
Fz
0.45 1 0439
T 0.415
0.404 T
040 - 0.392 0.385 0.381

0.362
02353 - H
0.35 4 0.343 1 0356

0.331
0.30 A 0324
l 0.299

025 - 0273

0.20 A

0.15 - : ;
Sample 1 Sample 2 Sample 3

Fig. 12. A block diagram obtained by analyzing samples of the value of the
grain size factor obtained with different estimates of the grain size

The choice of the method for calculating the grain size factor does not have a significant eftfect on the
presence of a relationship between this value and the value of internal stresses. It is shown in the block
diagram. However, the difference in the average values of the samples can be unexpected. Therefore, a sta-
tistically proved conclusion about the unambiguous influence of the factors on each other cannot be made.

The variance amount (data spread) for the samples has approximately the same value. It is the main
condition determining the correctness of the method application for the variance analysis.

Analysis of test statistics, which in this case has the form of F-distribution or Fisher distribution, is
shown in Figure 13.

The average value of the F-distribution obtained for the analysed dependence is 1.08. It is characterized
by 13 and 28 degrees of freedom. The criterion for rejecting or accepting the null hypothesis is the value of
F0, which is 4.915. The probability p has a value of 5.3358 or more is 0.00034 with a random magnitude
having a Fisher distribution for the analysed dependence. When compared with the significance level of
0.05, it can be seen that p is significantly less than it, which indicates that the null hypothesis is rejected, and
the difference in the average values for the analyzed samples cannot be explained only by chance.

The analysis described above is carried out for the dependencies presented in Figures 8 and 9.

Figures 14 and 15 show the Fisher distributions obtained by analysing the dependencies of In(c) and H.

It can be concluded that the average values for the samples are statistically significantly different from
each other and the considered model (dependence) is statistically proved.

The dependences can be described by a linear (with the internal stresses) and a polynomial curve in
the figures from 8 to 10. The presence of such dependences suggests that the dispersion of the system (the

Vol. 23 No. 4 2021 %
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Fig. 13. Test statistics obtained from the analysis of the samples under
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Fig. 14. Test statistics obtained from the analysis of the considered samples obtained
for In(o)

factor of grain size) plays a significant role in the mechanism of formation of the ultimate strength, internal
stresses, and the coercive force of the steels under consideration. The observed dropouts of points from
the dependences found for the studied steels occur for samples with different heat treatment modes. This
is due to the sharp changes in the structural and phase composition of steels. It is worth noting that the
dropout of points from the revealed dependences occurs at the same temperatures: for samples made of steel
I15KhSND — a sample with quenching in water; for samples of steel St3 — a sample with tempering at 650
°C; for samples made of steel 09G2S — a sample with tempering at 350 °C, which may indicate the presence
of the influence of the structure dispersion on the properties under consideration.

The observed dropouts of experimental values from the found regression dependencies can be explained
by the influence of other parameters into the structure and phase on the considered values.

% Vol. 23 No. 4 2021



MATERIAL SCIENCE OBRABOTKA METALLOV %

1.0
Distribution density
0.8 .
|
|
|
I
0.6 - |
!
=== Probability density of F-distribution
04 - === Critical value at alpha = 0.05
Test statistics F0
0.2 1
F
0.0 T T T T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0

Fig. 15. Test statistics obtained from the analysis of the considered samples obtained
for H_

The microstructure research of the samples under study and the information analysis about the values
of internal stresses allow to explain the observed phenomena. The dropout of a hardened sample made of
15KhSND steel is apparently associated with the formation of such a state of the structure in which the
violation of the coherence of the lattices of martensite and cementite is not observed [23, 38-41]. Being in
this state, both phases have a low density of defects in the structure of the crystal lattice [39, 42—45], which
affects the value of internal stresses, making it sufficiently low compared to the internal stresses observed
during a similar heat treatment for steels 09G2S and St3.

The dropout in the values of the analyzed parameters for a sample made of 09G2S steel tempered at a
temperature of 350 °C can be explained by the processes of steel softening arising from a decrease in the
density of dislocations and various structural defects that accumulate on carbide inclusions, which are the
compound of manganese with carbon [23, 43—47], and leading to a decrease in internal stresses. In addition,
it reduces the magnitude of internal stresses and the process of decomposition of martensite into ferrite
and cementite, which occurs during medium tempering, and diffusion of carbon from carbon-enriched
martensite regions [42, 45]. The phases of ferrite and depleted martensite formed during such a process
have a lower hardness compared to the initial phase of martensite, which causes a decrease in the magnitude
of internal stresses and, as a consequence, softening [38, 47].

The deviation from the found dependencies may be due to the process of the cementite particles coagu-
lation and an increase in the average grain size for a sample made of St3 steel tempered at 650 °C. These
processes lead to the equilibrium state of the structure [23, 38—42]. An increase in the average grain size
and a decrease in the number of grains observed on a microsection leads to an increase in the length of
high-angle boundaries, which leads to a decrease in the magnitude of internal stresses, and therefore, the
distortions of the crystal lattice that they cause. The process of grain enlargement stops when the “critical
size” is reached. The steel softening and the softer phases formation significantly affect the values of the
coercive force and the ultimate strength. The processes occurring during this heat treatment also lead to a
decrease in the value of the grain size factor.

Conclusions

1. The general satisfactory correlations are observed for the ultimate strength, internal stresses, coer-
cive force and the grain size factor for steels 09G2S, 15SKhSND and St3. The mathematical analysis of the
obtained dependencies is carried out. Its results indicate the relationship between the analysed parameters.
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It shows that the determining of the grain size factor value according to various criteria (area or grain diam-
eter) does not significantly affect the relationship between this value and the ultimate strength, the internal
stresses value and the coercive force.

2. The obtained research results show that the observed dropouts of points corresponding to characteris-
tic thermal effects lead to certain structural and phase changes. They affect the steel structure homogeneity
and the distortions in the crystal lattice that are caused by the large-angle boundaries and other factors. The
difference in the processes taking place in the steels under consideration is associated with the percentage
of alloying elements in it.

3. The analysis performed can be regarded as a concept for the development of the structural definition
of the internal mechanisms of a multiphase system, which affect the mechanical and magnetic properties
of steels. The use of the given data on the effect of the structure dispersion on steel parameters will allow
predicting the dangerous states of structures arising under mechanical loads, as well as developing the most
effective diagnostic methods.
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