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EFFECT OF AUSTENITE DEGRADATION CONDITIONS ON THE
PROPERTIES OF STEEL 20

Purpose. To investigate the nature of property changes in thermally strengthened coiled steel 20 depending on the
mechanism of austenite degradation.

Research methods. The material for study was a wire with a diameter of 3 mm, made of low-carbon steel, with
0.22% C, 0.46 % Mn, 0.088 % Si, 0.1 % Cr, 0.03 % S, 0.012 % P. The different structure state of the steel was obtained
after certain processing. The samples, 0.3 m long, were subjected to austenitization at a temperature of 920 °C for 8 min,
after that for 10 min followed isotherm exposure, at temperatures of 650-200 °C and tempering at temperature of iso-
thermal transformation, duration by 60 min. The microstructure was studied using light and electron microscopy. Di-
mensions of structural element were determined by quantitative metallography methods. The mechanical properties were
determined from analyzing tensile curves at room temperature and strain rate of 103 s%.

Results. The change at structure and properties is largely determined by the mechanism of austenite transformation
under isothermal conditions. During diffusion transformation of austenite, the dispersion of the phase components is
accompanied by an increase at super saturation of the solid solution by carbon. For the intermediate transformation
region, a change at phase composition of the steel is added. The subsequent tempering determines the kinetics and degree
of completion processes of structure formation of the thermally hardened rolled steel. At low tempering temperatures of
steel with a bainite structure, hardening is due to the development of aging processes. With an increase at tempering
temperature, the development of softening processes is accelerated.

Scientific novelty. The increase plasticity of the steel with a bainite structure is due to a decrease of dispersion of
cementite particles, dislocation density, and the development of polygonization at initial stages of recrystallization. The
softening of steel with a ferrite-pearlite structure is determined by a decrease in phase hardening during austenite trans-
formation.

Practical value. Mechanism analysis of structural transformations has determined that manufacture of thermally
strengthened rolled steel, the expected softening after coiling is recommended to compensate by a corresponding decrease
of temperature of the end of accelerated cooling.

Key words: low-carbon steel, isothermal transformation, austenite, ferrite, pearlite, dispersion.

Introduction
strength and service properties of products can be achieved  Structure and property set of the rolled product. At the same

via two fundamentally different technological approaches.  time, the morphology and dispersion of phase constituents
The required phase composition of steel is obtained by ad-  are governed by the conditions of the final stage of product

justing the concentration ratios of chemical manufacturing [2, 3].
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Another approach to modifying the structure and
properties of metallurgical products involves targeted var-
iation of the heating and cooling temperature-rate parame-
ters [4, 5]. This technology can be applied both to individ-
ual products and to billets at intermediate processing
stages. The variety of such processing schemes is generally
referred to as thermal strengthening technology.

Compared to altering the phase composition of steel
through alloying, the use of thermal treatment technologies
significantly expands the possibilities for structural modi-
fication during the production of iron-carbon alloys [6, 7].
This provides an additional factor for change not only in
the morphology and dispersion of phase constituents, but
also in their nature and quantitative ratio during structure
formation [8].

The allotropic transformation of iron and the thermo-
kinetic conditions of cooling form the basis for obtaining a
variety of phase constituents, depending on the component
ratios and the degree of undercooling relative to the critical
temperatures of phase equilibrium.

Analysis of research and publication

Compared to the structure of low-carbon steel after
hot plastic deformation, the use of thermal strengthening in
the rolling mill flow leads to qualitative changes in the
structure and the corresponding set of properties [9, 10].
Proportionally to the cross-sectional thickness of the rolled
product, the complexity of achieving the critical cooling
rate results in the formation of a structural gradient, starting
from the surface with intensive heat removal. The continu-
ous decrease in cooling rate with increasing distance from
the surface determines the structural state and the corre-
sponding set of properties [11]. Thus, the structural gradi-
ent formed along the cross-section of the rolled product is
determined by the temperature at the end of forced cooling
for a given metal volume [6].

Compared to the production of metallic products in
the form of rods, the manufacture of rolled products wound
into a bundle has its own specific features [12, 13]. One of
these is the additional thermal effect on the metal after the
completion of forced cooling and coiling into a bundle [14,
15]. Indeed, after coiling, the rolled product remains for
some time under the influence of the final accelerated cool-
ing temperature. The duration of this thermal exposure at
tempering is proportional to the mass of metal in the coil.
Therefore, additional holding at such temperatures inevita-
bly affects the structure and the associated set of properties
of the rolled product [1, 5].

Meeting certain challenges, the additional thermal ef-
fect on the structure and properties of thermally strength-
ened rolled steel, which is wound into a bundle, can be
evaluated by modeling the structural transformation pro-
cesses in the metal. For this purpose, thermal strengthening
in the rolling mill flow and holding the metal at the coiling
temperature can be represented as alternating isothermal
transformation at a certain temperature (below Ac1) and
holding at this temperature.
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Research material and methodology

The material selected for the study was a 3 mm diam-
eter low-carbon steel wire with the following chemical
composition: 0.22 % C, 0.46 % Mn, 0.088 % Si, 0.1 % Cr,
0.03% S, and 0.012 % P.

Different structural states of the steel were obtained
through specific thermal treatments. Wire samples, 0.3 m
in length, were austenitized at 920 °C for 8 minutes. This
was followed by isothermal holding for 10 minutes at tem-
peratures ranging from 650 °C to 200 °C, and subsequent
tempering at the isothermal transformation temperature for
60 minutes. Heating to the austenitization temperature, iso-
thermal holding, and tempering were carried out in molten
mixtures of various salts.

Sample preparation for microstructural analysis was
performed in accordance with the requirements of light and
electron microscopy [16]. To reveal the microstructure,
specimens were etched using a standard reagent (4 %
HNO:s solution in ethanol).

Mechanical properties, including strength, ductility,
and the strain hardening coefficient, were determined by
analyzing tensile curves [17, 18] obtained at room temper-
ature and a strain rate of 103 s,

In the first stage, the technical tensile diagram was
converted into a true stress-strain diagram and then plotted
in logarithmic coordinates (Fig. 1).

lgo

0 Ige, lge, Ige

Ige, , Ige
b
Figure 1. Schematic view of true tension diagrams in logarith-
mic coordinates:
a — with a section of discontinuous flow and b — without it

From the technical tensile curve in the coordinates
“applied load (P;) — sample elongation (Al;)”, where elon-
gation was calculated as Al; = Ix — lo (with lo and I being
the initial and final gauge lengths, respectively), the true

OPEN 8#CCESS



p-ISSN 1607-6885 Hogi martepiany i TEXHOJIOTIi B MeTanyprii Ta MammHoOyxyBanHi. 2026/1
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2026/1

stress (oi) and true strain (&;) were calculated. The calcula-
tion method was based on the assumption of constant of
metal volume during plastic deformation.

True strain was calculated using the
&i = In(l/lo).

To calculate the true stress (oi), it is necessary to esti-
mate the current cross-sectional area (F;) of the gauge sec-
tion of the specimen after loading with force P;. Consider-
ing the constancy of the metal volume in the gauge section,
after elongation by Al;, the cross-sectional area decreases
accordingly to the value Fi. Thus, the true stress is deter-
mined as: oi = Pi/Fi.

Based on the current values of 4 and &; obtained from
the true tensile curves (oi and ¢;), the strength characteris-
tics were determined, including the yield strength (oy) and
ultimate tensile strength (cs). The relative elongation (o)
was calculated using the relation: 6 = [Ali/10]-100 %.

Further, by analyzing the constructed tensile curve in
the coordinates Ig ci — Ig & (Fig. 1a), the strain hardening
coefficient (n) was determined. This coefficient is the ex-
ponent in the equation o = K-¢n, which describes the gen-
eral form of the deformation curve. The value of n was de-
termined as the tangent of the slope angle () in the initial
segment (CD) of uniform strain hardening, according to:
tga = Alg ci/Alg ;.

relation

Results and their discussion

The process of structure formation in thermally
strengthened coiled steel after the completion of hot defor-
mation can be divided into two stages. The first stage ends
when the rolled product reaches a certain temperature after
accelerated cooling. The structural state at this point corre-
sponds to the conditions of isothermal austenite transfor-
mation at the temperature of the end of accelerated cooling.

In the second stage, structural transformations occur
due to the thermal effect on the metal after it is coiled. In
terms of its effect on the structure and properties of the
metal, the thermal influence after coiling into a bundle is
equivalent to tempering at the isothermal austenite trans-
formation temperature [8, 11].

Accepting the concept of two-stage structure for-
mation in rolled products, it is first necessary to consider
the effect of the isothermal austenite transformation tem-
perature on the structure and properties of low-carbon
steel. In the temperature range up to the minimum stability
of austenite, the diffusion transformation mechanism de-
termines the morphology and dispersion of the structural
constituents of the studied steel [19, 20]. At transformation
temperatures starting from 650 °C, the structure consists of
a small amount of regions similar to Widmanstétten ferrite
(Fig. 2a), polyhedral ferrite grains, and pearlite colonies of
defined dispersion. It should be noted that at isothermal
austenite transformation temperatures under the diffusion
mechanism, structure formation is determined by the quan-
titative ratios and dispersion of the structural constituents,
without qualitative changes in the phase composition of the
steel.
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Figure 2. Microstructure of steel 20 after isothermal transfor-
mation at 650 °C (a) and 600 °C (b). Magnification: x1000

Indeed, when the isothermal transformation tempera-
ture is reduced to 600 °C, alongside the refinement of
structural constituents, a progressive decrease in the num-
ber of polyhedral ferrite grains is observed, accompanied
by an increase in the fraction of Widmanstatten ferrite
(Fig. 2b). The absence of qualitative changes in the steel
structure at this transformation temperature is explained by
the insufficient stability of austenite during cooling [11,
19], which is analogous to the effect of reduced carbon
concentration in steel.

Further lowering the isothermal transformation tem-
perature of austenite to the range of 500-400 °C, while
structural refinement continues, leads to the emergence of
initial signs of qualitative changes in the steel’s phase com-
position (Fig. 3a). As the average size and volume fraction
of polyhedral ferrite grains decrease, the amount of Wid-
manstatten ferrite increases [20], and changes in its mor-
phology begin to appear (Fig. 3b).

A clear confirmation of this phenomenon is the mi-
crostructure of steel after isothermal transformation at
400 °C (Fig. 3c). Compared to the number of individual
Widmanstatten ferrite plates formed at 500 °C (Fig. 3a),
their quantity is significantly lower at 400 °C.

Proportional to the decrease in transformation tem-
perature, the dispersion of compactly arranged cementite
particles increases (Fig. 3d). Moreover, it should be noted
that Widmanstétten ferrite begins to form in two distinct
morphologies: as branched structures and as plate-like
packets (Fig. 3c).
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Figure 3. Microstructure of steel 20 after isothermal transfor-
mation at 500 °C (a, b) and 400 °C (c, d). Magnification: x1000
(a, c), x14,000 (b, d)

The observed structural changes should be considered
as an approach to the temperature range where a change in
the austenite transformation mechanism may occur [15,
19]. Based on this, when the isothermal transformation
temperature drops below 400 °C, qualitative changes in the
structural state of the steel are expected.

The microstructure formed after isothermal transfor-
mation at 300 °C and 200 °C confirms these expectations.
Considering that even a slight decrease in the transfor-
mation temperature starting from 350 °C leads to a rapid
reduction in the number of polyhedral ferrite grains [12,
20], their presence at 300 °C becomes difficult to detect
(Fig. 4a, b).
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Figure 4. Microstructure of steel 20 after isothermal transfor-
mation at 300 °C. Magnification: x1000 (a), x18,000 (b, c)

Simultaneously, regions resembling highly dispersed
pearlite colonies begin to appear (Fig. 4b), and the emer-
gence of metal volumes with a bainite-like structure
(Fig. 4c) should be considered as confirmation of the onset
of qualitative changes. After lowering the isothermal trans-
formation temperature to 200 °C, it becomes extremely dif-
ficult to identify any signs of austenite transformation via
the shear mechanism based on the steel’s microstructure
(Fig. 5).

The microstructure mainly consists of bainitic crys-
tals (Fig. 5a, b) and a number of finely dispersed cementite
particles with localized distribution (Fig. 5c). One of the
reasons for the absence of martensite is the low stability of
austenite in low-carbon steel due to the high temperature
of onset of martensitic transformation (Ms). The Ms tem-
perature can be estimated using the following relation:

Ms =520 — 320(% C) — 50(% Mn) — 30(% Cr) —
—20(% Ni + % Mo) — 5(% Si + % Cu). (1)
where % C is concentration of the carbon and other chem-
ical elements.

Using equation (1), the calculated martensite start
temperature for the investigated steel is 423 °C, which cor-
responds well with known experimental data (420-400 °C)
[12, 19]. Based on this, preventing intermediate decompo-
sition of austenite during cooling and isothermal holding at
200 °C is a rather challenging task.
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As a result of partial austenite decomposition, propor-
tional to the degree of undercooling starting from temper-
atures around 400 °C, there is a gradual increase in the vol-
ume fraction of the bainitic component in the steel struc-
ture.

Overall, it can be considered that during isothermal
holding of low-carbon steel at temperatures close to Ms,
qualitatively similar structures are formed, differing only
in the ratio of structural constituents and their dispersion
[6, 11].

Figure 5. Microstructure of steel 20 after isothermal transfor-
mation at 200 °C. Magnification: x1000 (a), x18,000 (b, c)

When the temperature drops below Ms, the products
of austenite transformation by the diffusion mechanism are
gradually replaced by those formed via the intermediate
mechanism [9]. The transformation of the steel structure
depending on the isothermal austenite transformation tem-
perature is accompanied by corresponding changes in me-
chanical properties (Fig. 6).

In view of the fact that range changes in the relative
narrowing is 73-75 %, uniform elongation (3p) was used as
a characteristic plasticity of the steel.

Analysis of presented dependencies shows that in-
creasing the isothermal transformation temperature is ac-
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companied by a predictable decrease in strength character-
istics (Fig. 6a, b) and an increase in ductility (Fig. 6c). At
the same time, the metal’s ability for strain hardening
changes according to a more complex relationship
(Fig. 6d).

Overall, the non-monotonic nature of the changes in
steel properties indicates the need to conventionally divide
the temperature axis of the curves into separate regions: |
(650-500 °C), Il (450-350 °C), and 111 (300-200 °C).

For region | (Fig. 6), starting from 650 °C, the grad-
ual decrease in the isothermal transformation temperature
down to 500-450 °C is accompanied by a monotonic de-
crease in elongation (3p), an increase in strength character-
istics (yield strength oy and ultimate tensile strength os),
and an increase in the metal’s strain hardening ability (n).

This behavior of mechanical properties is explained
by the evolution of the structure and changes in the phase
composition of the steel. According to microstructural
analysis, when the isothermal transformation temperature
decreases from 650-600 °C (Fig. 2) to 500 °C (Fig. 3a, b),
there are practically no qualitative changes in the structural
state.

The phase composition remains constant, with only
the quantitative ratio and dispersion of the structural con-
stituents changing. In general, the increase in strength
properties is due to the growth in the amount of Wid-
manstétten ferrite, the reduction in the size of polyhedral
ferrite grains (dp), and the thickness of the ferrite interla-
mellar spacing in pearlite colonies (1) [2, 19].

According to stoichiometry for the investigated steel
under nearly equilibrium conditions, the amount of pearlite
does not exceed 30 %, for temperatures of 650-600 °C, dp
can be considered the main structural element.

At the same time, the presence of Widmanstatten fer-
rite may, to some extent, distort the influence of dp on the
overall properties of the steel.

Indeed, the well-known effect of ferrite grain size on
strength characteristics will be observed only in the ab-
sence of excessive supersaturation of ferrite with carbon
atoms and in the presence of substructural features.

When dp serves as the main structural element for
low-carbon steel, the strain hardening coefficient and plas-
ticity of steel are directly proportional [22].

For pearlite colonies, a qualitatively different rela-
tionship is observed: a decrease in A leads to a decrease in
n, which promotes an increase in the ductility of eutectoid
steel. Thus, as the transformation temperature decreases
from 650 to 500 °C, the reduction in dp, along with an in-
crease in the amount of Widmanstatten ferrite and a higher
degree of ferrite supersaturation with carbon atoms, con-
tributes to a decrease in elongation (dp). Considering that
the dispersion of pearlite colonies should increase Jdp, the
amount of pearlite is insufficient to compensate for the ef-
fect of dp, resulting in an overall decrease in dp. At the same
time, the strain hardening coefficient and dp are inversely
proportional (Fig. 6c, d).
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A further decrease in the isothermal austenite transfor-
mation temperature in region Il is accompanied, similarly
to region I, by an increase in strength and a decrease in rel-
ative elongation. The exception is the behavior of the strain
hardening coefficient n.
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Figure 6. Variation of yield strength (a), ultimate tensile
strength (b), uniform elongation (3p) (c), and strain hardening
coefficient (n) (d) depending on the isothermal transformation
temperature (4) and subsequent tempering at this temperature
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The nature of the dependence of n indicates the emer-
gence of structural changes in the steel that can influence
the development of strain hardening processes (Fig. 6d).
Indeed, microstructural analysis (Fig. 3c) shows that low-
ering the isothermal transformation temperature from 450—
400 °C is accompanied by an increase in the amount of
Widmanstétten ferrite due to a decrease in the number of
polyhedral ferrite grains. Simultaneously, there is an in-
crease in regions containing locally distributed dispersed
cementite particles, similar to remnants of pearlite colo-
nies. Moreover, according to studies [19, 20] of steels with
similar composition, after isothermal austenite transfor-
mation at 450-400 °C, the structure is expected to contain
areas resembling bainitic crystals. Thus, the appearance of
the bainitic phase should be considered one of the reasons
for qualitative changes in the property dependencies of the
steel.

Against the background of a sharp decrease in the strain
hardening coefficient in the temperature range of 450—
400 °C, the ability of the bainitic phase to undergo plastic
deformation [11] should be regarded as one of the reasons
for the change in the rate of decrease of elongation de. On
the other hand, at 350 °C, the almost complete disappear-
ance of Widmanstétten ferrite and the increase in the
amount of bainitic phase, together with the refinement of
cementite particles and a decrease in the amount of pearlite
colonies (Fig. 4a, b), collectively lead to a sharp reduction
in the ductility of the steel.

As an additional source of Jp reduction, the differences
in the strain hardening ability of bainite and pearlite should
be considered, as confirmed by the relationship between n
and & (Fig. 6d, designation ).

Region I1l. Lowering the temperature from 300 to
200 °C results in the formation of a bainitic structure (Fig.
4, 5). This promotes an increase in the strain hardening ef-
fect, which is primarily due to the supersaturation of the
solid solution with carbon atoms during bainite formation
[2, 11] and dispersion strengthening from carbide phase
particles (Fig. 4b, ¢) [20, 21].

Compared to isothermal transformation, the additional
effect of tempering has a distinct impact on the nature of
property changes in the steel (Fig. 6). In general, the differ-
ence in the dependence of mechanical properties on tem-
pering temperature is reasonably consistent with the
formed structural state of the metal. On the other hand, it
should be noted that the tempering temperature has a dif-
ferent effect on the change of specific properties. This is
due to the dependence of steel properties on the develop-
ment of strain hardening processes.

Thus, for the temperature range from 200 to 500 °C,
significant differences in the values of oy and dp are ob-
served at a tempering temperature of about 500 °C
(Fig. 7a, c), while for os and the strain hardening coeffi-
cient (Fig. 7d), the temperature is lower and is approxi-
mately 400 °C (Fig. 7b).
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Figure 7. Microstructure of steel 20 after isothermal transfor-
mation at 500 °C and tempering at the same temperature (a, b);
at 600 °C (c, d); and at 650 °C (e). Magnification: x6000 (a),
x10,000 x1.5 (b-€)

Compared to yield strength (ay), the lower tempering
temperature at which differences in ultimate tensile
strength (os) appear is attributed to the development of
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strain hardening processes. Considering that in the region
of initial plastic deformation (at the level of ay), the contri-
bution of strain hardening is minimal [22], while at the
level of gs, its influence becomes significant. The nature of
the dependence of the strain hardening coefficient (n) on
tempering temperature (Fig. 7d) confirms this reasoning.
Based on this, it can be concluded that minor structural
changes during tempering, to which gy is insensitive, will
affect os due to the development of strain hardening.

Compared to strength properties, the strain hardening
coefficient is a more sensitive indicator of structural
changes, both after isothermal transformation and subse-
quent tempering. Indeed, qualitative changes in the phase
composition of steel due to isothermal transformation tem-
perature correspond to changes in the nature of the n-de-
pendence, with clear segmentation between regions (Fig.
6d).

After the temperature range of 200-300 °C lies the
region of 350-450 °C (Fig. 6d), which corresponds to the
transition from substructural strengthening to the emer-
gence of strengthening due to the presence of ferrite grain
boundaries [16, 17]. Thus, the nearly identical behavior of
property changes up to 450-500 °C indicates the absence
of qualitative differences in the metal’s structure. Com-
pared to isothermal transformation at 500 °C (Fig. 3b, d),
additional tempering at this temperature leads to disloca-
tion redistribution within Widmanstétten ferrite regions
(Fig. 7a). These changes visually correspond to the devel-
opment of polygonization processes. As a result of sub-
boundary formation, ferrite grains are subdivided into mi-
crovolumes and partially cleared of unconnected disloca-
tions (Fig. 7a). At the same time, dispersed particles that
are excretion at sub-boundaries contribute to the develop-
ment of dispersion strengthening.

Dislocation redistribution is inevitably accompanied
by their annihilation, reducing the accumulated dislocation
density resulting from phase hardening after isothermal
austenite transformation.

Similar structural changes are observed in ferrite mi-
crovolumes with compactly arranged cementite particles
(Fig. 7b). Dislocations blocked at cementite particles form
a sub-boundary-like network. However, the extent of struc-
tural evolution during tempering is insufficient to fully ex-
plain the nature of property changes. The relatively small
softening effect after tempering at 500 °C (Fig. 6) should
be considered as the result of competing structural trans-
formation processes. The softening effect from polygoni-
zation is partially offset by dispersion strengthening from
cementite particles precipitated along sub-boundaries dur-
ing tempering.

As the tempering temperature increases, the accelera-
tion of diffusion-driven mass transfer enhances the soften-
ing effect. The initial stages of dislocation redistribution at
500 °C are further intensified at 550-600 °C (Fig. 7c, d).

In addition to polygonization, tempering at 600 °C is
accompanied by the onset of recrystallization processes in
regions of Widmanstatten ferrite (Fig. 7¢).
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Visually, this is manifested as a change in the devel-
opment of recrystallization mechanism — from the migra-
tion of high-angle grain boundaries to the disappearance of
low-angle boundaries, similar to those separating adjacent
plates of Widmanstatten ferrite (Fig. 7c) [11, 16]. This re-
crystallization mechanism is typical for alloys with struc-
tures formed through the presence of boundaries with mis-
orientation angles in the range of 1.5-2°.

Due to the low energy of such boundaries, no addi-
tional energy is required for their migration during recrys-
tallization; instead, neighboring subgrains merge through
the elimination of the boundary between them [16]. The
growth of subgrains, via a mechanism similar to coales-
cence, is partially hindered by the presence of dispersed ce-
mentite particles (Fig. 7d), which also act as obstacles to
dislocation annihilation [23].

Overall, recrystallization in Widmanstatten ferrite re-
gions leads to the formation of polyhedral ferrite grains,
similar to those shown in Fig. 2a.

Moreover, considering the interdependence of the
process’s ferrite recrystallization, spheroidization and ce-
mentite coalescence processes, the localized distribution of
cementite particles contributes to the refinement of ferrite
grains.

As a result, tempering at 600 °C leads to the for-
mation of a highly heterogeneous ferrite structure (Fig. 7d).
Similar structural changes are observed in steel tempered
at 650 °C (Fig. 7e).

Compared to the structure after isothermal austenite
transformation, where the strain hardening coefficient (n)
and elongation (Jp) are mostly inversely related (Fig. 8), ad-
ditional tempering starting from 500 °C results in a direct
proportional relationship between these characteristics
(Fig. 6¢, d and 8).
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Figure 8. Correlation between elongation (Jp) and strain harden-
ing coefficient (n) after isothermal transformation and tempering
within the temperature ranges: 500-650 °C (#); 350-450 °C
(A); 200-300 °C (m)

The validity of this correlation is confirmed by the in-
crease in ductility of low-carbon steel during cold rolling,
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which is proportional to the ferrite grain size. In fact, the
observed relationship is based on the enhanced ability of
low-carbon steels to undergo strain hardening, which in-
creases proportionally with ferrite grain size [22].

Detailed analysis of substructural changes in deformed
low-carbon steel has shown that the direct correlation be-
tween ferrite grain size (dp), strain hardening coefficient
(n), and elongation (Jp) is rooted in the ability of the dislo-
cation cell structure to evolve. The larger the ferrite grain
size, the earlier the breakdown of uniform dislocation dis-
tribution into periodic structures begins, even at lower ac-
cumulated dislocation densities [16, 17].

Considering that the size of a dislocation cell is propor-
tional to the ferrite grain size, the larger the dp, the smaller
the difference in dislocation concentration between the cell
boundary and its interior.

As a result, the larger the dislocation cell and the
lower the total dislocation density, the greater the cell’s
ability to evolve during metal deformation. Therefore, in
low-carbon steel, the capacity for dislocation accumulation
until reaching the maximum allowable concentration in-
creases proportionally with ferrite grain size. Conse-
quently, the increase in ductility of low-carbon steel with
increasing ferrite grain size is fully justified. In this con-
text, the strain hardening coefficient in low-carbon steel
subjected to significant plastic deformation is often used as
a controlling parameter.

Conclusions

The influence of the isothermal transformation tem-
perature on the balance between strength and ductility of
steel characteristics of low-carbon rolled products is deter-
mined by the mechanism of austenite degradation and the
duration of holding after coiling into a bundle. Based on
the analysis of the research results, it was found that the
increase in ductility of steel during austenite transfor-
mation via the intermediate mechanism is achieved
through the growth of cementite particle size, reduction in
dislocation density due to polygonization, and the onset of
recrystallization. For steel with ferrite-pearlite structures,
ductility is proportional to the reduction in phase hardening
effects and the degree of ferrite supersaturation with carbon
atoms.

From a technological standpoint, the softening effect
of coiled into a bundle thermally strengthened steel is pro-
posed to be compensated by appropriately lowering the fi-
nal temperature of forced cooling. This temperature should
be determined based on the level of metal strengthening
and the coil mass.

References

1. Liu, M., Wang, J., Zhang, Q., Hu, H., & Xu, G.
(2021). Optimized properties of a quenching and partition-
ing steel by quenching at fine martensite start temperature.
Metals and Materials International, 27, 2473-2480.
https://doi.org/10.1007/s12540-020-00726-5.

OPEN 8#CCESS


https://doi.org/10.1007/s12540-020-00726-5

p-ISSN 1607-6885 Hogi martepiany i TEXHOJIOTIi B MeTanyprii Ta MammHoOyxyBanHi. 2026/1
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2026/1

2. Deineko, L. M., Borysenko, A. Yu., Taranenko, A.
A., Zaitseva, T. O., & Romanova, N. S. (2021). Features of
the ferrite-bainite structure low-alloy low-carbon steel af-
ter heat hardening and subsequent tempering. Metal Sci-
ence and Heat Treatment of Metals, 2(93), 33-47.
https://doi.org/10.30838/J.PMHTM.2413.270421.33.739

3. Liu, J.-H., Binot, N., Delagnes, D., & Jahazi, M.
(2021). Influence of the cooling rate below Ms on the mar-
tensitic transformation in a low alloy medium-carbon steel.
Journal of Materials Research and Technology, 12, 234—
242. https://doi.org/10.1016/j.jmrt.2021.02.075

4. Morawiec, M., Skowronek, A., Krél, M., &
Grajcar, A. (2020). Dilatometric analysis of the austenite
decomposition in undeformed and deformed low-carbon
structural steel. Materials, 13(23),
5443. https://doi.org/10.3390/mal3235443

5. Bharadwaj, R., Sarkar, A., & Rakshe, B. (2022).
Effect of cooling rate on phase transformation kinetics and
microstructure of Nb—Ti microalloyed low carbon HSLA
steel. Metallography, Microstructure, and Analysis, 11,
661-672. https://doi.org/10.1007/s13632-022-00864-9

6. Beketov, O. V., Laukhin, D. V., Osypchuk, M. M.,
Pomazan, A. R., & Radko, O. V. (2025). Study of the in-
fluence of accelerated cooling on the kinetics of destruction
of low-carbon low-alloy steels. Ukrainian Journal of Civil
Engineering and  Architecture,  (1)025, 17-24.
https://doi.org/10.30838/UJCEA.2312.270225.17.1124

7. Mondal, J., Das, K., & Das, S. (2021). Isothermal
transformation kinetics, microstructure and mechanical
properties of a carbide free bainitic steel. Materials Char-
acterization, 177, 111166.
https://doi.org/10.1016/j.matchar.2021.111166

8. Zhang, J., Gu, S., Wang, J., Wei, F., Li, Z., Zeng,
Z., Shen, B., & Li, C. (2024). Effect of isothermal transfor-
mation temperature on the microstructure, precipitation be-
havior, and mechanical properties of anti-seismic rebar.
High Temperature Materials and Processes, 43(1),
20240028. https://doi.org/10.1515/htmp-2024-0028

9. Li, J., Yang, Z., Ma, H., Chen, C., & Zhang, F.
(2023). A medium-C martensite steel with 2.6 GPa tensile
strength and large ductility. Scripta Materialia, 228, Article
115327. https://doi.org/10.1016/j.scriptamat.2023.115327

10. Singh, P. P., Ghosh, S., & Mula, S. (2022).
Strengthening behaviour and failure analysis of hot-rolled
Nb+V microalloyed steel processed at various coiling tem-
peratures. Materials Science and Engineering: A, 859,
144210. https://doi.org/10.1016/j.msea.2022.144210

11. Vakulenko, I., Plitchenko, S., Gubarev, S., &
Khlebnikov, A. (2024). Structural changes during thermal
strengthening of the railway wheel. New Materials and
Technologies in Metallurgy and Mechanical Engineer-
ing, 2, 6-12. https://doi.org/10.15588/1607-6885-2024-2-
11

12. Gu, C., Scott, C., Fazeli, F., Gaudet, M. J., Su, J.,
Wang, X., Bassim, N., & Zurob, H. (2023). Evolution of
the microstructure and mechanical properties of a V-con-

© lhor Vakulenko, Serhii Plitchenko, Tatyana Kalinina, 2026

DOI 10.15588/1607-3274-2026-1-4

taining microalloyed steel during coiling. Materials Sci-
ence and Engineering: A 880, 145332.
https://doi.org/10.1016/j.msea.2023.145332

13. Dai, M., Hu, Y., Hao, Y., Qiu, P., & Xiao, H.
(2025). Analysis of temperature and stress fields in the pro-
cess of hot-rolled strip coiling. Metals, 15(2), 111.
https://doi.org/10.3390/met15020111

14. Dai, M., Liang, S., Qiu, P., & Xiao, H. (2024).
Efficient finite element simulation of cold rolled strip coil-
ing process considering additional contact deformation be-
tween layers. ISIJ International, 64, 1037-1046.
https://doi.org/10.2355/isijinternational .ISIJINT-2023-
405

15. Wang, C., Wu, H., & Zhang, Y. (2024). Structural
transformation behavior of oxide scale during coiling of
0.9wt% Cr-containing high-strength steel. Journal of Ma-
terials Research and Technology, 30, 840-853.
https://doi.org/10.1016/j.jmrt.2024.03.094

16. Sukhomlin, G. (2013). Special boundaries in fer-
rite of low-carbon steels. Metallophysics and Advanced
Technologies, 35(9), 1237-1249 [in Russian]. Retrieved
from http://dspace.nbuv.gov.ua/bitstream/han-
dle/123456789/104215/11-Sukhomlin.pdf?sequence=1

17. Vakulenko, 1.0., Vakulenko, L.l., Bolotova,
D.M., Kurt, B., Asgarov, H., & Colova, O. (2022). Influ-
ence structure on the plasticity of carbon steel of the rail-
way wheel rim in operation. Scientific Journal of Silesian
University of Technology, Series Transport, 115, 183-192.
http://dx.doi.org/10.20858/sjsutst.2022.115.13

18. Tsuchida, N., Inoue, T., & Nakado, H. (2013). Ef-
fect of ferrite grain size on the estimated true stress —strain
relationship up to the plastic deformation limit in low car-
bon ferrite — cementite steels. Journal of Materials Re-
search, 28(18), 2171-2179.
https://doi.org/10.1557/jmr.2013.221

19. Vakulenko, 1., Plitchenko, S., Bolotova, D., & As-
garov, Kh. (2023). Influence hot plastic deformation on the
structure and properties of carbon steel of the railway
wheel. Scientific Journal of Silesian University of Tech-
nology, Series Transport, 121, 257-266.
https://doi.org/10.20858/sjsutst.2023.121.16

20. Zhao, S., Min, N., & Li, W. (2022). Formation of
Widmanstatten ferrite and grain boundary ferrite in a hy-
pereutectoid  pearlitic steel. Metals, 12(3), 493.
https://doi.org/10.3390/met12030493

21. Liu, G., Li, Y., Liao, T., Wang, S., Lv, B., Guo,
H., Huang, Y., Yong, Q., & Mao, X. (2023). Revealing the
precipitation kinetics and strengthening mechanisms of a
450 MPa grade Nb-bearing HSLA steel. Materials Science
and  Engineering: A, 884, Article  145506.
https://doi.org/10.1016/j.msea.2023.145506

22. Vakulenko, I. A., Plitchenko, S., & Yilmaz, A. F.
(2025). Influence degree and scheme of hot reduction on
properties of the carbon steel. Manufacturing Technologies
and Applications, 6(1), 150-156.
https://doi.org/10.52795/mateca.1634663.

OPEN 8#CCESS

39


https://doi.org/10.30838/J.PMHTM.2413.270421.33.739
https://doi.org/10.1016/j.jmrt.2021.02.075
https://doi.org/10.1007/s13632-022-00864-9
https://doi.org/10.1016/j.matchar.2021.111166
https://doi.org/10.1515/htmp-2024-0028
https://doi.org/10.1016/j.msea.2022.144210
https://doi.org/10.15588/1607-6885-2024-2-11
https://doi.org/10.15588/1607-6885-2024-2-11
https://doi.org/10.1016/j.msea.2023.145332
https://doi.org/10.3390/met15020111
https://doi.org/10.2355/isijinternational.ISIJINT-2023-405
https://doi.org/10.2355/isijinternational.ISIJINT-2023-405
https://doi.org/10.1016/j.jmrt.2024.03.094
http://dx.doi.org/10.20858/sjsutst.2022.115.13
https://doi.org/10.1557/jmr.2013.221
https://doi.org/10.20858/sjsutst.2023.121.16
https://doi.org/10.3390/met12030493
https://doi.org/10.1016/j.msea.2023.145506
https://doi.org/10.52795/mateca.1634663

40

p-ISSN 1607-6885 Hogi martepiany i TEXHOJIOTIi B MeTanyprii Ta MammHoOyxyBanHi. 2026/1
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2026/1

23. Wang, J., Hong, H., Huang, A., Yang, X., Qian, 131105.
R., & Shang, C. (2022). New insight into the relationship
between grain boundaries and hardness in bainitic/marten-

sitic steels from the crystallographic perspective. Materials

Letters, 308,
let.2021.131105

https://doi.org/10.1016/j.mat-

Received 02.02.2026
Accepted 17.02.2026
Published 31.03.2026

BILJIUB YMOB JETPAJALIL AYCTEHITY HA BJACTUBOCTI CTAJII 20

I-p TeXH. Hayk, npodecop, mpodecop kadeapu Qi3UKH KOHIESHCOBAHOTO CTaHy
JIHINPOBCHKOTO JEPXKABHOTO TEXHIYHOTO YHiBepcHuTeTy, M . Kam’sHcbke, YkpaiHa,
e-mail: vakulenko_ihor@ukr.net, ORCID: 0000-0002-7353-1916

Irop Bakynenko

KaHJ. TeXH. HayK, JOIEHT, NOIEeHT Kadenpyu MpUKIaTHOI MEXaHIKA Ta MaTepiajo3HaB-
cTBa YKpaiHCBKOTO JEp)KaBHOTO YHIBEPCHTETy HAyKd 1 TexHoiorid, M. JlHimpo,
Vkpaina, e-mail: plitdenko@ukr.net, ORCID: 0000-0002-0613-2544

Cepriii [1niT4eHKO

KaHJ. TEXH. HayK, MIOIEHT, 3aBimyBad kadeapu Gi3MKM KOHJEHCOBAHOTO CTaHYy
JIHIIpOBCHKOTO AEp)KaBHOTO TEXHIYHOTO YHiBepcuTeTy, M. Kam’sHcbke, YKpaiHa,
e-mail: kalinina_tv@ukr.net, ORCID: 0000-0002-6806-3425

Tersaa Kamnigiga

Mema pobomu. JJocniodiceno xapakxmep 3MIiHU 1ACMUBOCIEN MEPMIUHO 3MIYHEH020 OYHMOB020 NPOKAMY 3i Cmaii
20 3anedxcHo 8i0 mexauizmy decpadayii aycmenimy.

Memoou oocnioxycennna. Mamepianom 0nst docniodcennss obpanuii Opim diamempom 3 MM 3 HU3bKOGY2Neyesoi
cmani, 3 0,22 % C, 0,46 % Mn, 0,088 % Si, 0,1 % Cr, 0,03 % S, 0,012 % P. Piznuii cmpykmypHuii cman cmaii Oompumy-
eanu nicisi nesHoi 06pobku. 3pasku dosxcunoio 0,3 m niodasanru aycmenimusayii npu memnepamypi 920 °C npomszom
8 x6, isomepmiuno eumpumysanu 10 xe, npu memnepamypax 650 — 200 °C ma niodasanu 8ionycky npu memnepamypi
i30mepmiuno20 nepemeopents mpuganicmio 60 xe. Mikpocmpykmypy 00Cnioxicy8anu 3 BUKOPUCTIAHHAM C8IMI080I | ele-
KMpOHHOT MIKpocKonii Ha npoceim. Posmipu cmpyxmypHozo enremenma eusHayaiu 3a MemooOuKamu KilbKicHoi Mmemano-
epagii. Mexaniyni enacmueocmi uU3HAYANU 34 AHATIZ0M KPUBUX PO3ZMALY 3a KIMHAMHOI memMnepamypu ma weuoxKocmi
Oeppopmayii 107 ¢,

Ompumani pezyromamu. 3mMina CmpyKmypu i e1acmugocmett 8 OLIbWUL MIPi GU3HAYATOMbCS MEXAHIZMOM nepent-
BOPEHHs AyCMeHimy 3a i30mepMidHUx yMos. 3a ougy3iliHo2o nepemeopenus aycmeHimy, OUCnep2y8ants Qaszosux ckia-
008UX CYNPOBOONHCYEMBCA 3POCMAHHAM NepecuyeHHs meepooco PO3UUHY Ha 8yeneys. [l 00aacmi npomMisHcHO20 nepem-
80peHHs 000A€MbCA We 3MiHa (haz08020 cknady cmani. Hacmynuuil 8ionyck 8USHAYA€e KiHEMuKy ma cmynits 3a6epuieHHs
npoyecie CmpyKmypoymeopeHHsi MePMIUYHO 3MIYHEH020 OYHM06020 npokamy. 3a HU3bKUX memMnepamyp 6ionycKky cmaJi
31 CMpYKmyporo Oeuninmy, 3miynenns 00yMoBIeHO PO3GUMKOM Npoyecie cmapinis. 3a nioguujents memnepamypu 6iony-
CKY NPUCKOPIOEMBCS PO3GUMOK NPOYECi8 NOM SAKUIEHH.

Haykoesa nosusna. 36invuenns niacmudnocmi cmani 3 OeUHimHo10 Cmpykmypoio 00yMosieHe 3HUNCEHHAM OUcne-
PCHOCMI YaACMUHOK YeMeHMUMy, WilbHOCmi OUCIOKAYil, PO36UMKOM NOJI2OHI3aYyil ma nouamkogux cmaoill peKpucma-
aizayii. Iom sikwenns cmani 3 epumo-nepaimmoio CmpyKmypo U3HAYACMbCst 3MEHUEHHAM (Da308020 HAKLENY Npu
nepemeopeHti aycmeHnimy.

Ilpakmuuna yinnicmse. 3a anHanizom Mexawizmy CMpYKmMypHUX nepemeopenb GU3HAUEHO, WO NpU GUSOMOGNIEHHI
MEPMIYHO 3MIYHEHO20 NPOKAMY, OHIKY8AHE NOM SIKULEHHS NICTIS 3MOMKU 6 OVHIN MOJNCIUBO KOMNEHCYB8AMU 8IONOGIOHUM
SHUICEHHAM MeMnepamypu KiHys NpUCKOPeH020 0X0N004CeHHs.

Kniwouoei cnosa: nusvrogyeneyesa cmanb, i3omepmiune nepemeopents, aycmenim, gepum, nepiim, OUCNepCHicmb.
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