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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 % С, 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 10-3 s-1.  

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 
In metallurgical production, the enhancement of 

strength and service properties of products can be achieved 
via two fundamentally different technological approaches. 
The required phase composition of steel is obtained by  ad-
justing the  concentration  ratios of  chemical 

 
elements [1, 2], which ultimately determines the basic 
structure and property set of the rolled product. At the same 
time, the morphology and dispersion of phase constituents 
are governed by the conditions of the final stage of product 
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. 

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 % 
HNO3 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 10-3 s-1. 

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

 

 
a 

 
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 (Pi) – sample elongation (Δli)”, where elon-
gation was calculated as Δli = lk – l0 (with l0 and lk being 
the initial and final gauge lengths, respectively), the true 
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stress (σi) and true strain (εi) 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 relation 
εi = ln(lk/l0). 

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

Based on the current values of σi and εi obtained from 
the true tensile curves (σi and εᵢ), the strength characteris-
tics were determined, including the yield strength (σy) and 
ultimate tensile strength (σS). The relative elongation (δ) 
was calculated using the relation: δ = [Δli/l0]·100 %. 

Further, by analyzing the constructed tensile curve in 
the coordinates lg σi – lg εi (Fig. 1a), the strain hardening 
coefficient (n) was determined. This coefficient is the ex-
ponent in the equation σ = K·εn, which describes the gen-
eral form of the deformation curve. The value of n was de-
termined as the tangent of the slope angle (α) in the initial 
segment (CD) of uniform strain hardening, according to: 
tgα = Δlg σi/Δlg εі. 

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 Widmanstätten 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.  

 
а 
 

 
b 

Figure 2. Microstructure of steel 20 after isothermal transfor-
mation at 650 °C (a) and 600 °C (b). Magnification: ×1000 

 

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 Widmanstätten 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-
manstätten 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 
Widmanstätten 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 Widmanstätten 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: ×1000 

(a, c), ×14,000 (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). 

 
a 

 
b 

 
c 
 

Figure 4. Microstructure of steel 20 after isothermal transfor-
mation at 300 °C. Magnification: ×1000 (a), ×18,000 (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(% С) – 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]. 

 

 
a 

 
b 

 
c 
 

Figure 5. Microstructure of steel 20 after isothermal transfor-
mation at 200 °C. Magnification: ×1000 (a), ×18,000 (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 (δP) was used as 
a characteristic plasticity of the steel. 

Analysis of presented dependencies shows that in-
creasing the isothermal transformation temperature is ac-

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: I 
(650–500 °C), II (450–350 °C), and III (300–200 °C). 

For region I (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 (δP), an increase in strength character-
istics (yield strength σy and ultimate tensile strength σS), 
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-
manstätten ferrite, the reduction in the size of polyhedral 
ferrite grains (dP), and the thickness of the ferrite interla-
mellar spacing in pearlite colonies (λ) [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 Widmanstätten 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 λ 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 Widmanstätten ferrite and a higher 
degree of ferrite supersaturation with carbon atoms, con-
tributes to a decrease in elongation (δP). Considering that 
the dispersion of pearlite colonies should increase δP, the 
amount of pearlite is insufficient to compensate for the ef-
fect of dP, resulting in an overall decrease in δP. 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 II 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. 

 

 
a 

 
b 

 
c 

 
d 

Figure 6. Variation of yield strength (a), ultimate tensile 
strength (b), uniform elongation (δP) (c), and strain hardening 
coefficient (n) (d) depending on the isothermal transformation 
temperature (♦) and subsequent tempering at this temperature 

(■) 
 

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 
Widmanstätten 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 δP. On 
the other hand, at 350 °C, the almost complete disappear-
ance of Widmanstätten 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 δP reduction, the differences 
in the strain hardening ability of bainite and pearlite should 
be considered, as confirmed by the relationship between n 
and δP (Fig. 6d, designation ♦). 

Region III. 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, c) [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 σy and δP are ob-
served at a tempering temperature of about 500 °C            
(Fig. 7a, c), while for σS 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: ×6000 (a), 

×10,000 ×1.5 (b–e) 
 
Compared to yield strength (σy), the lower tempering 

temperature at which differences in ultimate tensile 
strength (σS) appear is attributed to the development of 

strain hardening processes. Considering that in the region 
of initial plastic deformation (at the level of σy), the contri-
bution of strain hardening is minimal [22], while at the 
level of σS, 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 σy is insensitive, will 
affect σS 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 Widmanstätten 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 Widmanstätten ferrite (Fig. 7c).  
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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 Widmanstätten 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 Widmanstätten 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 (δP) are mostly inversely related (Fig. 8), ad-
ditional tempering starting from 500 °C results in a direct 
proportional relationship between these characteristics 
(Fig. 6c, d and 8). 

 

 
 

Figure 8. Correlation between elongation (δP) and strain harden-
ing coefficient (n) after isothermal transformation and tempering 

within the temperature ranges: 500–650 °C (♦); 350–450 °C 
(▲); 200–300 °C (■) 

 

The validity of this correlation is confirmed by the in-
crease in ductility of low-carbon steel during cold rolling, 

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 (δP) 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. 
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Мета роботи. Досліджено характер зміни властивостей термічно зміцненого бунтового прокату зі сталі 

20 залежно від механізму деградації аустеніту. 
Методи дослідження. Матеріалом для дослідження обраний дріт діаметром 3 мм з низьковуглецевої 

сталі, з 0,22 % С, 0,46 % Mn, 0,088 % Si, 0,1 % Cr, 0,03 % S, 0,012 % P. Різний структурний стан сталі отриму-
вали після певної обробки. Зразки довжиною 0,3 м піддавали аустенітизації при температурі 920 °С протягом 
8 хв, ізотермічно витримували 10 хв, при температурах 650 – 200 °С та піддавали відпуску при температурі 
ізотермічного перетворення тривалістю 60 хв. Мікроструктуру досліджували з використанням світлової і еле-
ктронної мікроскопії на просвіт. Розміри структурного елемента визначали за методиками кількісної метало-
графії. Механічні властивості визначали за аналізом кривих розтягу за кімнатної температури та швидкості 
деформації 10-3 с-1. 

Отримані результати. Зміна структури і властивостей в більший мірі визначаються механізмом перет-
ворення аустеніту за ізотермічних умов. За дифузійного перетворення аустеніту, диспергування фазових скла-
дових супроводжується зростанням пересичення твердого розчину на вуглець. Для області проміжного перет-
ворення додається ще зміна фазового складу сталі. Наступний відпуск визначає кінетику та ступінь завершення 
процесів структуроутворення термічно зміцненого бунтового прокату. За низьких температур відпуску сталі 
зі структурою бейніту, зміцнення обумовлено розвитком процесів старіння. За підвищення температури відпу-
ску прискорюється розвиток процесів пом’якшення. 

Наукова новизна. Збільшення пластичності сталі з бейнітною структурою обумовлене зниженням диспе-
рсності частинок цементиту, щільності дислокацій, розвитком полігонізації та початкових стадій рекриста-
лізації. Пом’якшення сталі з ферито-перлітною структурою визначається зменшенням фазового наклепу при 
перетворенні аустеніту. 

Практична цінність. За аналізом механізму структурних перетворень визначено, що при виготовленні 
термічно зміцненого прокату, очікуване пом’якшення після змотки в бунт можливо компенсувати відповідним 
зниженням температури кінця прискореного охолодження. 

Ключові слова: низьковуглецева сталь, ізотермічне перетворення, аустеніт, ферит, перліт, дисперсність. 
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