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Abstract. The study showed that the influence of
alloying elements on the secondary structure formation of
the steels containing from 0.19 to 0.37 wt. % carbon; 0.82-
1.82 silicon; 0.63-3.03 manganese; 1.01-3.09 chromium;
0.005-0.031 nitrogen; up to 0.25 wt.% vanadium and
austenite grain size is determined by their change in the
content of vanadium nitride phase in austenite, its alloying
and overheating above ti3, and the dispersion of ferrite-
pearlite, martensitic and bainitic structures is determined
by austenite grain size and thermal kinetic parameters of
phase transformations. Analytical dependencies are
defined that describe the experimental data with a
probability of 95% and an error of 10% to 18%.

An analysis results of studying the structure formation
of structural steel during tempering after quenching show
that the dispersion and uniformity of the distribution of
carbide and nitride phases in ferrite is controlled at
complete austenite homogenization by diffusion mobility
and the solubility limit of carbon and nitrogen in ferrite,
and secondary phase quantity in case of the secondary
phase presence in austenite more than 0.04 wt. %.
Equations was obtained which, with a probability of 95%
and an error of 0.7 to 2.6%, describe the real process.

Key words: structural steel, chemical composition,
heat treatment, austenite, ferrite, perlite, martensite,
bainite, phase transformations.

Introduction

The structural steel main operational properties are
structurally sensitive. They depend on the characteristics of
the structure that are formed during the casting
solidification,  their =~ subsequent  cooling  and
recrystallization in the solid state during heat treatment.

The primary structure parameters determine such
important elements of the secondary structure as the
dispersion and distribution of non-metallic inclusions, as
well as the dispersion and distribution of segregation of
alloying elements and impurities [1]. However, the main
contribution to the formation of the secondary structure is
made by the influence of alloying elements, impurities,
modifiers, the type and conditions of heat treatment on the
thermokinetic parameters of the secondary phase
transformations and the decomposition kinetics of the

supersaturated solid solution.

In the case of structural low- and medium-alloy steels,
the formation of the casting structure during heat treatment
can be carried out by diffusion pearlitic, diffusion-free
martensitic, or mixed bainitic transformations and
decomposition of a supersaturated solid solution.
Structural quantitative characteristics are determined by
the laws of nucleation of centers of new phases and their
growth, in this case. These parameters were studied in
studies [2-12].

Alloying elements and modifiers affect to nucleation
rate of ferrite centers during pearlitic transformation [6, 8]
and the growth rate of perlite [10, 15] as a result of changes
of austenite stability to supercooling, specific energy of the
interface, diffusion activation energy and degree of crystal
structure defectiveness matrices.

It follows from the foregoing that, for all heat
treatment types, structure formation in low- and medium-
alloy structural steels is significantly affected by changes
of alloying elements of parameters such as austenite grain
size, its stability to supercooling, chemical interaction of
elements, their solubility and diffusion mobility in solid
solution, the defectiveness of the matrix crystal structure.

A lot of researches has been devoted to studying the
influence of alloying elements, modifiers, and impurities
on these parameters and their effect on the structure
formation process [2-5, 10, 13, 14, 15]. However, the bulk
of research covers dual and triple alloying systems. This
excludes quantitative analytical forecasting of the
influence of alloying elements, modifiers and impurities on
the process of structure formation and structure
characteristics in multicomponent industrial structural
steels.

Formulation of problem

Based on the well-known conditions of the theory of
alloying and modification [2-5, 13, 14], we can only
qualitatively determine the direction of their influence on
the structure formation process. Achieving the required
steel structure requires experimental substantiation of the
steel chemical composition, the type and thermal temporal
conditions of their heat treatment.

Great theoretical and practical interest to conduct
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researches in direction of determination of the possibility
of analytical prediction of the main structure characteristics
for various types and thermal conditions heat treatment
because it is absence of systematic studies of the
relationship between the activity of alloying elements,
modifiers and impurities and the process of structure
formation in low- and medium-alloy structural steels.

The advantage of this approach to the problem is a
significant reduction in the number of difficult to determine
and controlled factors.

Analysis of recent research results

The formation of the required of the properties and
operational characteristics of steels is achieved by alloying
and modifying elements to reduce the structural
heterogeneity of steel, increase the strength properties of
the solid solution and the degree of dispersion hardening of
the metal.

The secondary phase precipitation is the most
effective hardening of such hardening mechanisms as the
effect of elements on the strength of the solid solution, the
density of dislocations, grain-boundary and dispersion
hardening [16].

The main task of alloying and modification is to
ensure dispersed and uniform second phase precipitation
during heat treatment from the point of view of increasing
strength. This is achieved as a result of the structure
dispersion for account of increasing of alloying of austenite
stability to supercooling, a decreasing activity and
diffusion mobility of carbon, and a change of the type and
crystallographic parameters of the carbide phase.

The performed analysis shows that for the complex
formation of a favorable ratio of a high level of strength
and plastic properties of steels with a minimum
consumption of alloying elements, the chemical
composition of the steel, the modification and heat
treatment regimes should ensure dispersion of all structural
elements.

In connection with the foregoing, it is necessary to
study the effect of alloying and modifying elements, heat
treatment regimes, thermodynamic and kinetic parameters
of phase transformations on the laws of structure formation
and characteristics of dissolution and precipitation of
secondary phases in solid solution.

Purpose of research

The article presents a method for solving the problem
of eliminating the oscillations of the load on the articulated
suspension during the simultaneous movement of the two
links of the boom system, namely the lifting of the handle
and reducing the departure of the telescopic section.

Results of research

Austenitic structure. After the austenite formation
austenite grains increase during further heating or
isothermal aging. A result analysis of the works devoted to
thermodynamics, kinetics, and the structure of grain

boundaries [17-19] shows that the speed of movement of
grain boundaries is mainly associated with two integral
factors: a change in the free energy of the system and the
efficiency of interaction of grain boundaries with atoms of
elements in a solid solution and particles of the secondary
phase.

Based on the above assumptions, we determined the
quantitative regularity of the factor influence such as the
content of elements in the solid solution (C, Si, Mn, Cr, V,,
Na), steel overheating above the temperature of the end of
austenite formation At), and the content of the nitride-
vanadium phase in austenite (qvna) on the dispersion of the
austenitic structure (Daust) in the temperature range from
900 to 1050 °C after exposure 2 hours.

The quantitative regularity of such an influence has
the following form:

Dayst=24,7-410-q,,, .- 132-C- Si+24,2-C-Mn+
+11210-C-N,+15,2-Si-Cr-326-Si-V,+2589-Si-N,+
0,0529-Si-At+410-Si-q,,,,-1,76-Mn-Cr-0,0158-Mn-At+
+420-Cr-V,-4494- CrN -546- qVN -Cr-2,31-At-V,+

+1,02-107%AC + 3048-q,,,* + 3,71Atq,,, (1)

R =0.942; 5 = 18%; F.=54,9>Fr = 1.8.
where: R is the multiple correlation coefficient; & - the
average relative error of approximation; Fp, Fr are the
estimated and tabulated values of the Fischer’s criterion.

The established regularity (1) makes it possible to
differentiate the effect of the steel chemical composition
associated with solid-state action and a change of
secondary phase quantity in austenite at various degrees of
its overheating. The calculation results show that the
combination of initial factors is such that alloying of
20KhGSL steel by C, Mn, Cr, V leads to dispersion, while
by nitrogen and silicon lead to an increase of the austenite
grain of structural steels under the studied conditions

(fig. 1).
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Fig. 1. The influence of the carbon (a), manganese

(b), vanadium (c), nitrogen (d), vanadium and nitrogen

in austenite (e), vanadium nitrides in austenite (f) on
austenite grain sizes.

The base steel contains (wt.%) 0.2C, 1Si, 1Mn, ICr.
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The nitrogen and silicon abnormal effect is associated
with a change of the carbon thermodynamic activity.
Nitrogen and vanadium substantially grind of the austenitic
structure upon joint alloying of both solid solution and in
the form of a secondary phase.

Comparing the solid solution action of alloying
elements with the influence of the nitride-vanadium phase,
it should be noted that with increasing overheating, the
effectiveness of the influence of elements dissolved in
austenite decreases, and the effect of the nitride-vanadium
phase is characterized by a different pattern. Figure 1 data
show that when the content of the nitride-vanadium phase
in austenite is up to 30% (of its maximum possible
quantity), overheating above tacz up to 135 °C leads to a
slight coarsening of the austenite grains, the sizes of which
is subsequently stabilized by vanadium nitrides and
practically does not change.

1 J
Fig. 2. Austenite grains of the steels 20KhGSL (a),
20KhGSAFL (b), 40KhGSL (c), 40KhGSAFL (d),
20KhGS3L (e), 20KhGS3AFL (f), 20KhG3SL (g),
20KhG3SAFL (h), 20Kh3GSL (i), 20Kh3GSAFL (j),
after holding during 2 hours at 950 °C.
Magnification 500 times.

It should be noted that with increasing heating
temperature, the nitrogen and vanadium dispersing effect
increases. Alloying steel by nitrogen and vanadium and
obtaining a sufficient quantity of nitride-vanadium phase
(at least 30%) is an effective method of increasing the

structural steel uniformity, stabilizing and dispersing of
austenite grains. At the same time, by targeted alloying of
steels containing nitrogen and vanadium, it is possible to
enhance or weaken the effect of nitrogen and vanadium,
since steel alloying by silicon leads to an increasing, and
carbon, manganese, and chromium to a decreasing of the
nitride-vanadium phase quantity in austenite. Examples of
the element effect on the nitrogen and vanadium dispersant
effect are shown in fig. 2.

It should be noted the significant influence of the
quantity of alloying elements in steel. For example, a
change in the chemical composition of base steel from
20KhGSL to 30Kh2G2S2L leads not only to a change in
efficiency, but also to the direction of the alloying effect on
the dispersion of austenite grain. Calculations show that in
this case, the carbon influence increases, the nitrogen
action direction changes, and the effect of silicon,
manganese, chromium, and vanadium becomes extreme.
Alloying by chromium to 2.4% and vanadium to 0.1%
leads to a decreasing, and subsequently to 3% and 0.2%,
respectively, to an increasing of the austenite grain size.
Silicon and manganese have the opposite effect with
maximum efficiency at 2.4% of the quantity of each
element in steel.

Ferrite-pearlite structure. Accept to attention that the
ferrite-pearlite structure grain size (Dy) depends from the
dispersion of the austenitic structure (Daust) and the
thermokinetic parameters of y — o + perlite
transformation, we determined the quantitative laws of this
effect. Multiple correlation analysis shows that the
considered factors influence to grain size of the ferrite-
pearlite structure as follows.

Dfy = 1,27-Dgysr — 20,3 — 0,654, + 0,661 t,5 —
-5,75-1,, €Y)

R =0.901; 8 =16.9%; F, = 21.7 > Fr = 2.9, )
where ta3, tarr and t are start and finishing temperature, and
duration of diffusion austenite dissolution, respectively.
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Fig. 3. The influence of the carbon (a), vanadium
and nitrogen (b), vanadium (c), vanadium and nitrogen,
in austenite, vanadium nitrides in austenite (d) on ferrite
— perlite grain sizes.

The base steel contains (wt.%) 0.2C, 1Si, 1Mn, ICr.
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The formula 2 analyses shows that the ferrite-pearlite
structure dispersion occurs with an increasing of carbon,
manganese, chromium, vanadium and nitrogen quantity in
steel, and enlargement - silicon. The element effect laws
are shown on fig. 3 at different temperatures of
austenitizing heating (t.) and cooling at a rate of 40 °C/min.

The established regularity shows that on the ferrite-
pearlite structure grain size the element effect is associated
not only with their content in steel, but also with the
temperature of austenitic heating. The elements can be
arranged in the following sequence: Mn, Cr, C, V, N
according with the specific efficiency of grinding the
structure after heating to 900 °C, and -Cr, Mn, C, V, N after
heating to 1050 °C.

Fig 3 data show that the joint alloying of steel by
nitrogen and vanadium leads to their almost additive effect
and is the most significant in the alloying systems
considered. Moreover, the maximum dispersing effect is
observed when about 50% of nitrogen and vanadium are
dissolved in austenite and their same content in the form of
vanadium nitrides (fig. 3d).

On fig. 4, 5 are shown the examples of element effect
on the ferrite-pearlite structure dispersion.

Fig. 4. Ferrite-
: pearlite structure of
» Steels 20KhGSL (a),
¢ 40KhGSL (b)
. 20KhGS3L (c) after
- %] austenitization at 900
c °C. The cooling rate is
40 °C/min.
Magnification-300

Fig. 5. Ferrite-pearlite structure of steels 20KhGSL
(a) and 20KhGSAFL (b) after austenitization at 900 °C.
The cooling rate is 40 °C/min. Magnification-100

Martensitic structure. The martensitic transformation
is a diffusionless transition of austenite to a supersaturated
solid solution of carbon ferrite. Martensite crystals grow
within the original austenitic grain. However, their length
is determined not only by the dispersion of the austenitic
structure, but also by the presence of defects in the crystal
structure, since it is known that an increase in
imperfections in the crystal structure leads to dispersion of
the martensitic structure [10].

Consequently, the effect of the chemical composition
of steel on the dispersion of the martensitic structure should
be associated with a change of the austenite grain size and
the development of crystal structure defects. Assuming that
the number of defects in the crystalline structure of a solid
solution is proportional to the content of alloying elements
and secondary phases in it, we determined the law of such
an effect on the dispersion of the martensitic structure of
structural steels. The integral characteristic of the
martensitic structure was the length of the martensite
needles (Im).

Mathematical analysis showed that the dispersion of
the martensitic structure with a probability of 95% is
determined by the austenite grain size (Dawst) and the
nitrogen content (N,) in it.

L, = 3,8+ 0,856:Dgys — 298N, (3)

R =0.99; 6 = 10.3%,; Fp = 655 > Fr = 3.4,

The formula 3 analysis shows that alloying of
20KhGSL steel by carbon, chromium and vanadium leads
to dispersion, and silicon, manganese to the enlargement of
the martensitic structure (Fig. 6).

Fig. 6. The influence of the carbon (a), silicon (b),
manganese (c), chrome (d), vanadium (e), nitrogen (f),
vanadium and nitrogen in austenite (g), vanadium
nitrides in austenite (h) on length of martensite needles.

The base steel contains (wt.%) 0.2C, 1Si, 1Mn, ICr.
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The nitrogen content increasing in 20KhGSL steel has
practically no effect on the dispersion of martensite
(Fig. 6).

The complex alloying of 20KhGSL steel by nitrogen
and vanadium leads to efficient grinding of the martensitic
structure (Fig. 6). It should be noted that alloying steel by
nitrogen and vanadium more than V-N = 8-10° (wt., %),
the austenitization temperature of steel in the range from
900 to 1050 °C practically does not affect to the martensite
needle length.

Analyzing the solid-solution (Va-Ng) and dispersion
(qvn) effects of nitrogen and vanadium, it should be noted
that the maximum modifying effect is achieved at 40-50%
nitrogen and vanadium content in the form of nitrides and,
correspondingly, 60-50% dissolution of elements in
austenite (Fig. 6).

Differentiation of the effect of nitrogen and vanadium
in the solid solution state (Va-Na) and in the form of a
secondary phase (qun) shows that the maximum effect is
observed at 40-50% of the contribution of each factor
(Fig. 6).

Examples of the influence of the chemical
composition and austenitization temperature on the
dispersion of the martensitic structure of structural steels
are shown in fig. 7, 8.

Fig. 7. Martensitic
structure of the steels
20KhGS3L (a),
20KhG3SL (b)
20Kh3G3SL (c) after
normalization of 1000 °C.
Magnification 300 times.

Fig. 8. The nitrogen and vanadium (b) influence on
the martensitic structure of steel 20KhG3SL (a) after
normalization from 1000 °C.

Bainitic structure. Between the zone of high-
temperature pearlitic and low-temperature martensitic
transformations, there is an intermediate or bainitic
transformation zone, which proceeds in a complex
combination of shear displacements for formation of a

body-centered o - iron lattice with carbon diffusion
movement for forming carbide particles. The bainitic
transformation in alloy steels consists of the carbon
diffusion redistribution in austenite, the diffusionless y—>a
- iron transition, and the formation of carbides in ferrite.

The diffusion and diffusion-free  austenite
decomposition depends of substantially from defect
numbers in the crystalline structure of the solid solution
and the austenite grain dispersion. Therefore, the influence
of alloying elements on the formation of a bainitic structure
should be associated with their change of the defect
numbers in the austenite crystalline structure, its grain
sizes, and also the diffusion carbon mobility in austenite at
the start of bainite formation.

Assuming that in the austenite crystalline structure the
defect numbers are proportional to alloying element
quantity in it, the above assumption was checked on steels
containing from 0.19 to 0.37 wt. % of carbon; 0.82-1.82
silicon; 0.63-3.03 manganese; 1.01-3.09 chromium; 0.005-
0.031 nitrogen; to 0.25% vanadium, after normalization
from 950 °C. The response function was taken the ferrite
needle length (lt,) in bainite.

A performed analysis of the experiment results show
that the dispersion of a bainitic structure is described by the
following quantitative regularity, with a probability of 99%

lrn = 4,85 + 1,19-Dyys + 516:N, +
+0,017- Dgyse'InD — 8,34107* - Dyyyr ~ tpr  (4)
R=0.821; 8 =15.8%; F, = 13> Fr=4.2,
where: Df — carbon diffusion coefficient in austenite, ts, -
bainite start temperature, °C,

Fig. 9. The
temperature and carbon (a), silicon (b), manganese (c),
chrome (d), vanadium (e), nitrogen (f) on length of
ferrite needles in bainite.

The base steel contains (wt.%) 0.2C, 1Si, 1Mn, ICr.

influence of the austenization
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The influence of the element effectiveness was
determined on the ferrite needle sizes of the bainitic
structure of structural steels after normalization at various
austenitization temperatures. The base was steel
20KhGSL. The calculation results are shown in fig. 9.

It is seen that an increasing of chromium, carbon and
vanadium quantity in steel leads to a decreasing of ferrite
needle sizes in bainite, silicon has practically no effect, and
manganese and nitrogen alloying leads to an enlargement
of the bainitic structure.

Joint nitrogen and vanadium alloying leads to
dispersion of bainite needles at additives of less than V-N
=(3-4)-10°wt. %. The ferrite needle sizes does not change
at large additions of nitrogen and vanadium in steel,
practically, and it increases with additions more than V-N
= (8- 11)-10°wt. %.

An analysis of the nitrogen and vanadium effect
dissolved in austenite (Va-Na) and in the form of vanadium
nitrides (qvn) shows that the maximum modifying effect is
achieved when 20-30% vanadium nitrides of the maximum
possible quantity in steel are present in austenite.

Examples of the influence of the chemical
composition and austenitization temperature on the
dispersion of a bainitic structure are shown in fig. 10.

A‘J{._
Fig. 10. The austenitization temperature (ta)
influence on the bainitic structure of steels 40Kh3GSL
(a, b) and 40Kh3GSAFL (c, d). Magnification — 300
times. a, ¢ - t; =900 °C; b, d - t, = 1000 °C.

Structural steel structure after quenching and
tempering. During tempering of quenching steel,
redistribution of carbon atoms in martensite to dislocations
and interstitial sites of the crystal lattice occurs, martensite
decomposes with the formation of carbon enriched areas,
and then carbide precipitates; changes in the structure and
composition of carbides, their relationship with the matrix,

and the precipitation of dispersed carbide and nitride
particles from a solid solution (secondary hardening).

During low-temperature (up to 350 °C) tempering, the
process of martensite decomposition is limited by the
redistribution of carbon and relaxation of elastic stresses.
As a result of this tempering, the tempered martensite
structure does not practically differ from the quenching
martensite structure [15].

A metallographic analysis of the martensitic structure
of structural steels after quenching and tempering at 350
°C showed that the established law of the alloying element
influence on the martensitic structure dispersion was
formed during continuous cooling is also preserved for
tempering martensite.

Steel microstructures are shown in fig. 11.

Fig. 11. Microstructure of steels 20KhGSL (a),
20KhGSAFL (b) 20KhGS3L (c), 20KhGS3AFL (d),
20KhG3SL (e), 20KhG3SAFL (f) after quenching and
tempering at 350 °C. Magnification — 300 times.

The research results show that at carbon quantity
increasing carbides grow and carbide phases accumulate.
The dispersion and distribution uniformity increase in the
case of additional steel alloying by manganese, chromium
and silicon (Fig. 12).

Analysis of the morphology of the secondary phases
formed during the doping of the metal with nitrogen and
vanadium shows that in addition to the carbide particles in
the steel, the nitride phase VN is isolated (Fig. 13).

In this case, a more uniform distribution of the
dispersed carbide phase is observed.

Taking as independent factors the solubility of carbon
and nitrogen and their diffusion mobility in ferrite, as well
as the content of vanadium nitrides quantity not dissolved
in austenite (quna) and precipitated in ferrite (Qunr),
quantitative laws of the influence of these factors on the
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dispersion and distribution of the carbide and nitride-
vanadium phases were determined.

Fig. 12. Carbide phases in steels 20KhGSL (a),
40KhGSL (b) 20KhG3SL (c), 20KhGS3L (d) after
quenching at 950 °C and tempering at 650 °C.
Magnification — 19000 times.

Fig. 13. The nitride and carbide phases in steels
20KhGSAFL (a), 40KhGSAFL (b) 20KhG3SAFL (c),
20KhGS3AFL (d), 20Kh3GSAFL (e) and vanadium
nitrides in Armco iron (f) after quenching at 950 °C and
tempering at 650 °C.

Magnification: a-e — 27000 times; d — 39000 times.

The mathematical analysis results show that in the
absence of a secondary phase in ferrite prior to the
initiation of nitride or carbide formation, the dispersion and
distribution of the carbide and nitride phases in ferrite is
determined by diffusion mobility and the solubility limit of
carbon and nitrogen in ferrite according to the following
equations:

d, = 294,8 + 23,8InDf + 0,48-(InDf)’, 5)
R =0.952; § = 3,7%; F, = 28,8> Fr = 10,1.

dyy = 0,9 +5-10"2InD} + 7,4-1075-(InD})", (6)

R=0.95;8=5,7%; Fp = 14> F; = 9,6.

Ae = —4,9 + 29:1g[C]4 + 1,2-1g[C]4-InDf +9-d., (7)

R =0.999; 6 =0,7%; Fp, = 59,1> Fy = 19,2.

Avy = 2,31g[N]y + 3107 21g[N]4-InDY +23-dyy —
-1, ®)

R =0.994; 8 =2,6%; Fp, =51,5> Fy = 19,2.
where: dc, dvn and Ac, Avn — Size and interparticle distance
between vanadium carbides and nitrides, respectively;
[Cl4, [N]a and D,?,D}V — solubility limits and diffusion
coefficients of carbon and nitrogen in ferrite, respectively.

Taking 20KhGSL steel as the base, we determined the
efficiency of the influence of elements and tempering
temperature on the dispersion (fig. 14, 15) and distribution
(fig. 16, 17) of the carbide (fig. 14, 16) and nitride-
vanadium (fig. 15, 17) phases in the improved structural
steels.

The calculation results show that according to the
dispersion efficiency of the carbide and nitride-vanadium
phases, the elements can be arranged in the following
sequence: for carbides - Si, Mn, Cr; for vanadium nitrides
- Mn, Cr, C, Si. In the case of interparticle distances,
chromium and silicon increasing leads to a regular
decreasing, and manganese - leads to an increasing of the
distance between the particles of vanadium nitrides and
carbides.

Analysis shows that tempering temperature influence
on the changing of the distance between carbide particles
and the process of their formation ends mainly at 650 °C
and a further tempering temperature increasing is
accompanied by coagulation of the carbide phases.
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Fig. 14. The carbon (a), silicon (b), manganese (c),
chromium (d) and tempering temperature influence on
carbide sizes.

The base steel contains (wt. %) 0.2C, 1Si, 1Mn,
ICr.

In the case when a secondary phase is present in the
solid solution, for example, vanadium nitrides (Qunausy),
which did not dissolve at heating for quenching, in a
quantity of 0.039 to 0.070 wt. %, the the carbide formation
regularities are controlled by the quantity of vanadium
nitrides. The quantitative laws are following for effect of
vanadium nitride (Quneusy), Which did not dissolve at
heating for quenching:
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Fig. 15. The carbon (a), silicon (b), manganese (c),
chromium (d) and tempering temperature influence on
sizes of vanadium nitrides.

The base steel contains (wt. %) 0.2C, 1Si, 1Mn,
ICr.
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Fig. 16. The carbon (a), silicon (b), manganese (c),
chromium (d) and tempering temperature influence on
distance between carbides.

The base steel contains (wt. %) 0.2C, 1Si, 1Mn,
ICr.

dc = 1-=241-qyn@ust) + 195'qVN(aust)2' €))

R=0.972;5=1,8%; Fp,=16,8> Fr=9.

Ae = 1,5 = 12-qyn(aust) + 1,9-10'3-lg[C]d-lanC, (10)

R=0.974; 6 =2,4%; Fy = 18,2 > Fr = 9,0.

A metallographic analysis shows that at alloying of
structural steel by nitrogen and vanadium, there is not only
dispersion of the carbide phase and an increasing of its the
distribution uniformity (Fig. 17), but also a significant
decreasing of structural heterogeneity.

For example, the Armco iron ferritic structure is
grinded more than 2 times at alloying by nitrogen and
vanadium (fig. 18 a, b), and in the case of steel 40KhGS3L
- 3.2 times (fig. 18 c, d). An even more effective effect is
observed at alloying by nitrogen and vanadium of the steel
40KhGSL (fig. 18 e, f).
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Fig. 17. The carbon (a), silicon (b), manganese (c),
chromium (d) and tempering temperature influence on
distance between vanadium nitrides.

'I?'he base steel contains (wt. %) 0.2C, 1§i,~1Mn, ICr.

F T Siiae Y . el s p
A Z o 6’ ; Lok : G0 e,
3 . - &S e v SR e S e B Ay S
X 3 A v M2 4 4
R STRPL o 2 R - s | 6 3 .

Fig. 18. The carbidic phase in steel 20KhG3SL (a)
and 20KhG3SAFL (b) after quenching of 950 °C and
0 times.
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Fig. 19. Microstructure of Armco — iron (a, b),
steels 40KhGS3L (c), 40KhGS3AFL (d), 40KhGSL (e),
40KhGSAFL (f) after quenching of 950 °C and
tempering at 650 °C.

Magnification: a, b — 200 times; ¢, d — 100; e, f - 2000.
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Conclusions

1. The study showed that the influence of alloying
elements on the secondary structure formation of the steels
containing from 0.19 to 0.37 wt. % carbon; 0.82-1.82
silicon; 0.63-3.03 manganese; 1.01-3.09 chromium; 0.005-
0.031 nitrogen; up to 0.25 wt.% vanadium and austenite
grain size is determined by their change in the content of
vanadium nitride phase in austenite, its alloying and
overheating above ts3, and the dispersion of ferrite-
pearlite, martensitic and bainitic structures is determined
by austenite grain size and thermal kinetic parameters of
phase transformations. Analytical dependencies are
defined that describe the experimental data with a
probability of 95% and an error of 10% to 18%.

2. An analysis results of studying the structure
formation of structural steel during tempering after
quenching show that the dispersion and uniformity of the
distribution of carbide and nitride phases in ferrite is
controlled at complete austenite homogenization by
diffusion mobility and the solubility limit of carbon and
nitrogen in ferrite, and secondary phase quantity in case of
the secondary phase presence in austenite more than
0.04 wt. %. Equations was obtained which, with a
probability of 95% and an error of 0.7 to 2.6%, describe the
real process.
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MOJEJIMPOBAHUE ®OPMHUPOBAHNA
CTPYKTYPbLI B KOHCTPYKIITMOHHBIX CTAJIAX
E. I Apmanounany

AHHOTAIMSL. HUccnenoBanuem BIIMSTHUS
JIETUPYIOMIMX JJIEMEHTOB Ha IIpounecc (OpMUpPOBaHUS
BTOPUYHON CTPYKTYpHI cTanel, comepxkamux ot 0,19 no
0,37% wmaccoBoit gonmu yriepona; 0,82-1,82 kpemuus;
0,63-3,03 maprana; 1,01-3,09 xpoma; 0,005-0,031 a3ora;
no 0,25% BaHangwsd, YCTaHOBIEGHO, YTO pa3Mep 3€pHa
ayCTCHHUTA ONpelelsieTcs N3MEHEHHEM HMH COJICpIKaHU
HUTPUIBaHAIUEBOH (a3bl B AayCTCHHUTE, CTEICHU €ro
JETHPOBaHHS M IIeperpeBa Haja TeMIepaTtypoi tuc;, a
JCTIEPCHOCTE  (PePPUTO-TICPIUTHOW, MAPTCHCUTHOH W
OCHUTHOH CTPYKTYp - pa3MepoM 3epHa ayCTCHHTa H
TEPMOKMHETHYECKUMHU napaMeTpamu (a3oBbIxX
NIPEBPALLEHUM. OmnpeneneHbl AHAIIUTUYECKHE
3aBUCUMOCTH TAKOI'0 BJIUAHUSA, KOTOPBIC C BEPOATHOCTHIO
95% wu morpemHocthio oT 10% mo 18% omuceiBaOT
OKCIICPUMEHTAJIbHBIC TaHHBIC.

AHanmm3om pe3yIbTaTOB HCCIICTOBaHHS
(GOpPMHUPOBaHHS CTPYKTYPbl KOHCTPYKLIMOHHOH CTaJId B
mporecce OTIMyCKa IOCNe 3aKajJKH YCTaHOBJICHO, 4YTO
JHCIIEPCHOCT W OJHOPOJHOCTH  PAacCIpeACsICHHUs
KapOuIHOM 1 HUTPUIHOH (a3 B eppuTe KOHTPOIUPYETCS
NPH TOJTHOH TOMOTEHH3alMKN aycTeHUTa AU(PQy3HOHHOI
MOJIBIYKHOCTBIO U TIPEJESIOM PacTBOPUMOCTH yriiepoja 1
azora B ¢eppuTe, a B CiIyyac NPHUCYTCTBHUS B ayCTEHUTE
Bropu4yHoi a3l Gonee 0,04 % mac. gomm ee
KOJIMYCCTBOM. HOJ’Iy‘IeHLI YpaBHCHUA TaKOI'0 BJIMAHUA,
KOTOpBIE C BEpOSATHOCTBIO 95% 1 norpemHoctsio 0,7-2,6%
OIMCHIBAIOT pealibHBIN Mpolecc.

KiloueBble cj10Ba: KOHCTPYKUMOHHAs — CTajb,
XAMHYECKHH COCTaB, TepMHUYecKas 00padoTKa, ayCTCHHT,
deppur, TEpIUT, MapTCHCHUT, OCHHUT, (Ha30BBIC
npeBpalIeHHsI.

MOJEJIIOBAHHS ®OPMYBAHHS CTPYKTYPU B
KOHCTPYKLIMHUX CTAJISIX
€. I'. Apmanoinany

AHoTanig. J{ochmi/pKeHHAM  BIUIMBY  JIETYIOUHX
€JIEMEHTIB Ha Tpouec GOpMyBaHHSI BTOPUHHOI CTPYKTYPH
craieii, mo wmicrate Big 0,19 mo 0,37% macoBoi yacTKu
Byraemnto; 0,82-1,82 kpemsito; 0,63-3,03 mapranio; 1,01-
3,09 xpomy; 0,005-0,031 azoty; mo 0,25% BaHamito,
BCTaHOBJICHO, 110 PO3Mip 3€pHA ayCTEHITY BU3HAYAETHCS
3MIHOIO HUMH 3MICTY HITpH]I BaHa 1i€BOi (ha3H B ayCTEHITe,
CTyIEHs HOro JIeryBaHHs 1 eperpiBy Haj TEMIEpPaTyporo
tac3, @ AMCTIEPCHICTD (DEPPHUTO - MEPITITHOT, MAPTEHCUTHOT 1
OCHHITHOI CTPYKTYp - pO3MIpOM 3€epHa ayCTeHITy i
TEPMOKIHETHIHUMH MTapameTpamu (Ppa3oBUX IEPETBOPEHb.
BusHadueHO aHaNITHYHI 3aJI€KHOCTI TAKOTO BIUIUBY, SIKi 3
“MoBipHicTIO 95% 1 moxubkoto Bix 10% 10 18% onucyroTh
eKCIIepUMEHTAIbHI JTaHi.

AHami3oM pe3yibTaTiB AOCHKEHHS (HOpMyBaHHS
CTPYKTYpH KOHCTPYKIIHHOI cTaji B IpoLeci BiAIycKy
ICNsl TapTyBaHHS BCTAHOBJIEHO, IO JHUCIEPCHICTH 1
OJIHODIJHICTh PO3MOALTY KapOimHOi 1 HUTpuAHOI (a3 B
(depuTi KOHTPOJIOETHCS, NPU IOBHIH TrOMOTEHi3aril

ayCTeHITy, MU Y31HHOT pyXITUBICTIO 1 MEXKEIO PO3UMHHOCTI
BYIJIEII0 1 a30Ty B (epuTi, a B pa3i NPUCYTHOCTI B
aycteHiTi BropmHHOI (asm Oimpm 0,04% wmac. momi ii
KimpkicTio. OTpuUMaHI piBHSHHS TAaKOrO BIUIMBY, SKi 3
nmoBipHicTIO 95% 1 moxmbkoro 0,7-2,6% omucyroTh
peanbHui mpoLec.

KoarouoBi cioBa: KOHCTpyKIiHHa CTanb, XIMIYHHUN
CKJIJI, TepMiuyHa o0O0poOKa, aycTeHIiT, (epuT, MNepuIiT,
MapTEeHCHT, OCHHIT, (ha30Bi MEPETBOPEHHS.
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