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Abstract: The most promising direction for obtaining a unique combination of difficult-to-combine
properties of low-carbon steels is the formation of a dispersed ferrite microstructure and a volumetric
system of nanoscale phase precipitates. This study was aimed at establishing the special features of the
composition influence on the characteristics of the microstructure, phase precipitates, and mechanical
properties of hot-rolled steels of the ferritic class. It was carried out by transmission electron
microscopy and testing the mechanical properties of metal using 8 laboratory melts of low-carbon
steels microalloyed by V, Nb, Ti, and Mo in various combinations. It was found that block ferrite
prevails in the structure of steel cooled after hot rolling at a rate of 10–15 ◦C/s. Lowering of the
microalloying components content leads to a decrease in the block ferrite fraction to 20–35% and
the dominance of polygonal ferrite. The presence of nanoscale carbide (carbonitride) precipitates
of austenitic and interphase/mixed types was detected in the rolled steels. It was established that
the tendencies of changes in the characteristics of the structural state and present phase precipitates
correlate well with obtained values of strength properties. The advantages of titanium-based
microalloying systems in comparison with vanadium-based are shown.

Keywords: low-carbon steels of the ferritic class; nanoscale phase precipitates; strength characteristics;
steel composition; hot rolling; structure

1. Introduction

Currently, research and development of new types of structural steels is preferably aimed
at achieving simultaneously high indicators of difficult-to-combine properties: strength, ductility,
formability, corrosion resistance, weldability, and other service characteristics while reducing
production costs [1]. This is due to an increase in requirements for critical parts used in various branches
of engineering and industry: construction, engineering, transport, mining, oil, and others. The use
of traditional methods for increasing the strength of steel, which are based on the implementation of
such hardening mechanisms as grain boundary, solid solution, and dispersion hardening, causes a
deterioration in ductility and other service properties. The search for fundamentally new solutions has
led to the development of advanced steels for automobile sheet: dual-phase ferrite-martensitic and
multiphase steels with complex phase composition, as well as with increased ductility achieved as a
result of effects of transformation- and twinning-induced plasticity [1,2]. However, such steels, due to
the presence of hard components (martensite, bainite, etc.) in their structure, have limited formability,
and their production requires the use of specialized equipment and a complex alloying system, leading
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to increased costs [2]. Thus, to date, there are no steels combining simultaneously high indicators of
strength, ductility, formability, fatigue and corrosion resistance, and other service properties.

The most promising direction for solving the formulated problem is the creation of new steels
with a homogeneous ductile ferrite microstructure strengthened by formation of a volumetric system
of nanoscale phase precipitates and ferrite grain refinement [3–9]. Both strengthening mechanisms,
in many respects, are controlled by phase precipitations of various types and dispersion. The precipitates
formed in austenite (austenitic) contribute to the refinement of the microstructure. The dispersion
hardening mechanism is realized mainly due to the precipitation of carbides and carbonitrides during
or after the γ→ α phase transformation when steel is cooling or tempering [3,10,11]. Such precipitates
are named interphase and ferritic, respectively. Interphase precipitates, as a rule, have a size of
1–5 nm. They are arranged in layers with a period of 10–50 nm, parallel to the moving front of the γ/α

transformation. In ferrite, disordered formation of nanoscale carbide (carbonitride) precipitates occurs.
Their nucleation and growth takes place at dislocations; the average size, as a rule, is 3–10 nm [10].

Initially, to follow these principles, the Ti-Mo microalloying system was used, which provided
producing rolled products with a strength of up to 700–1000 MPa and high ductility, formability,
and other properties [4,12–14]. It was established that the formation of interphase precipitates,
which make a greater contribution to the strengthening than ferritic, occurs at a low (10–15 ◦C/s)
cooling rate of steel after rolling, leading to the simultaneous formation of a polygonal ferrite structure
with reduced strength characteristics [4]. Obtaining a stronger high-dislocation structure of block
(acicular) ferrite is the result of a higher (~30 ◦C/s) metal cooling rate, causing phase precipitation in
ferrite. Maximum strength indicators can be achieved by creating conditions for the simultaneous
formation of an acicular ferrite structure and a system of nanoscale interphase precipitates [4,5].

The results of subsequent studies (e.g., [6,15]) showed the possibility of using more complex
V-Nb-Ti-Mo microalloying systems. It served as the basis for the development of technologies for
the production of hot-rolled XPF650, XPF800, and XPF1000 steels of 650–1000 MPa strength classes at
TATA steel (UK, Netherlands) [7]. However, they are characterized by a high content of manganese
and microalloying components (up to wt.%): Mn-2, V-0.32, Nb-0.08, Mo-0.50, and the technological
parameters of production are mainly established by trial and error. This is due to the lack of reliable data
on the tendencies of the effect of the composition on the characteristics of forming phase precipitates,
the structural state, and mechanical properties of complex microalloyed steels of the ferritic class.
The present study aims to establish these influence patterns.

2. Materials and Methods

The investigation was carried out for low-carbon steels of the ferritic class, microalloyed by V, Nb,
Ti, and Mo in various combinations close to XPF grade. The steels were smelted in a vacuum induction
furnace with a magnesite crucible with a steel capacity of 7–8 kg and casted in a heated mold in one
ingot. The chemical composition (Table 1) of the investigated steels was obtained by spectral analysis
using an emission spectrometer.

Table 1. The chemical composition of the studied steels, wt.%.

No. Steel C Si Mn P S Mo Al Ti Nb V N

1 0.059 0.135 1.23 0.002 0.004 0.005 0.036 0.070 0.110 - 0.0070
2 0.053 0.110 1.28 0.003 0.004 - 0.020 0.078 0.030 - 0.0075
3 0.059 0.150 1.36 0.002 0.004 - 0.031 0.110 0.027 - 0.0115
4 0.061 0.150 1.38 0.003 0.004 0.200 0.020 0.170 0.024 - 0.0097
5 0.053 0.110 1.50 0.003 0.005 0.210 0.011 0.069 0.010 0.005 0.0091
6 0.050 0.087 1.47 0.003 0.005 0.190 0.017 0.068 0.010 0.200 0.0135
7 0.048 0.093 1.55 0.003 0.003 0.190 0.016 0.100 0.015 0.010 0.0076
8 0.055 0.088 1.60 0.003 0.006 0.200 0.019 0.130 0.016 0.059 0.0083
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It is seen from Table 1 that the produced steels are characterized by a relatively high manganese
content of 1.2–1.6 wt.%, as well as by a complex system of separate or joint microalloying of V, Nb, Ti,
and Mo with a variation in the concentrations of the components over a relatively wide range. Due to
the special feature of laboratory smelting, the produced steels have a relatively high nitrogen content and
low phosphorus concentration. As will be shown below, this imposes a certain physical reserve on the
established mechanical properties of rolled products due to the negative influence of nitrogen and neutral
effect of phosphorus [16]. The steel ingots of all compositions were heated to 1250 ◦C and rolled on a
DUO-300 reversible rolling mill into strips of 3 mm thick with a rolling end temperature of 900 ± 15 ◦C.
After the rolling end, the strip was cooled in an air stream with a cooling rate of 10–15 ◦C/s to 650 ◦C.
This temperature was chosen based on the previously obtained evidence [17] that to increase the strength
properties, it is necessary to use relatively high temperatures for coiling the strip. Then, the strip was
placed in a furnace heated to 650 ◦C, kept for 30 min, followed by cooling with the furnace, simulating the
cooling of a roll. Samples were made from the obtained hot-rolled strips.

The microstructure was studied by scanning electron microscopy, SEM, using a JSM-6610LV (JEOL)
device equipped with an INCA Energy Feature XT energy dispersive microanalysis system, INCA Wave
500 wave dispersion spectrometer, and transmission electron microscopy, TEM, using a JEM200CX device.
Due to big difference between dislocations density in different ferrite types, it was determined by counting
dislocations on TEM images related to each type. The type of nanoscale precipitates was identified using
the original technique based on analysis of their reflexes on microdiffraction images and a comparison of
several characteristics, including the following. Austenitic precipitates always have a tangential scatter of
reflexes on microdiffraction images, which means disorientation of the particles, sometimes quite substantial
(several degrees). Reflexes from ferritic particles look like long radial bands. Interphase precipitates
usually have superposition of both special characteristics of reflexes. The common distinguishing feature of
interphase precipitates is their arrangement in layers parallel to the moving front of the γ/α transformation.
Particles formed in austenite are characterized by the same orientation of particles in neighboring ferrite
grains with different orientations. Another indicator is the Baker–Nutting orientation relationship for
precipitates and the ferrite matrix. This relation occurs for ferritic particles, for austenitic—it is not fulfilled,
and interphase precipitates have only one orientation relationship [18].

The mechanical properties (yield strength, ultimate tensile strength, and relative elongation) were
determined using a HECKERT FP-100/1 tensile testing machine.

The thermodynamic analysis of the regions of phases existence in the studied steels was carried
out using the thermodynamic computer model [19] implemented on the basis of proprietary software,
by finding the conditions of thermodynamic equilibrium in multicomponent, multiphase systems with
given external and internal parameters (temperature, pressure, chemical composition). As a result,
the types of equilibrium phases, their quantities and compositions were determined by analysis of the
complete possible set for an alloying system of steel under consideration.

3. Results

The results of determining the mechanical properties of the samples of investigated rolled steels
are presented in Table 2.

Table 2. Mechanical properties of the studied rolled samples.

No. Steel Yield Strength, MPa Ultimate Tensile Strength, MPa Relative Elongation, %

1 615 680 15
2 535 600 18
3 585 655 16
4 650 765 15
5 555 625 15
6 610 700 14
7 605 665 16
8 600 700 12
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As can be seen from Table 2, the strength characteristics of the rolled samples vary over a wide
range, rising with increasing in V, Nb, and Ti concentrations and when Mo is present in the steel
composition. The values of relative elongation have close values in the absence of a definite correlation
with the strength characteristics. To clarify the noted features of the behavior of mechanical properties,
a study was carried out of structural state characteristics and present phase precipitates in rolled steels.

By means of SEM, it was found that all studied samples have a close ferrite microstructure. To establish
the mechanisms of the influence of chemical composition on the structure formation and properties of
the steels under investigation, a detailed study of their structural state and the carbide (carbonitride)
precipitates present was made by TEM methods. The results are summarized in Table 3. In all cases,
similar tendencies have been established for rolled steels containing Nb, Ti, and for steels of V, Nb, Ti,
and Mo complex microalloying. It was found that the metal matrix of rolled samples from steels of all
melts consists of ferrite of two morphological types: block and polygonal. Block ferrite, BF, (Figure 1) is
characterized by a dislocation density ranging from medium to high. The shape of the blocks is close to
equiaxed. The elongated shape of the blocks in the rolled steels No. 1, 2, 3 was not found, in samples of
steels containing molybdenum, except steel No. 6—was rarely observed. In rolled steel of smelting No. 6,
the shape of ferrite blocks is predominantly elongated and rarely close to equiaxial.Processes 2020, 8, x FOR PEER REVIEW 5 of 12 
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studied steels was not detected. In all melts, with the exception of No. 4, 6, 8, a small amount of 
cementite was detected. It has the form of separate precipitates along the boundaries of grains/blocks 
with sizes up to several micrometers (Figure 3). Precipitates of smaller sizes ~0.1–0.2 μm are 
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the case of smelting No. 7, their size in BF was, as a rule, no more than 0.2–0.3 μm, and in PF—up to 
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Figure 1. Typical views of block ferrite in rolled steel of smelting: (a)—No. 1, (b)—No. 6, ×15,000.

Polygonal ferrite, PF, (Figure 2a) has dislocation density varying from low to medium, grain size,
as a rule—up to 10–15 µm. In some cases (melts No. 2, 3, 5), there are separate grains larger than 15 µm.
In all steels, except No. 2 and 3, the volume fraction of block ferrite is predominant. In rolled steel
No. 1, rarely located regions of quasipolygonal ferrite are also detected (Figure 2b) with developed
blocking and dislocation density, which is intermediate between that characteristics for PF and BF.
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Table 3. A summary of the results of the microstructure and phase precipitates investigation of the studied steels.

No.
Steel

Characteristics of Microstructure Characteristics of Precipitates

Block Ferrite Polygonal Ferrite
Cementite,

Amount/size

Austenitic Interphase

Fraction, % Form Dislocations
Density, cm−2

Dislocations
Density, cm−2

Grain Size,
µm

Grain
Fraction, %

Size, nm
Length/
Width

Grain Amount/
Amount in a

Grain
Size, nm

1 65–75 Equiaxed ~6 × 1010 ~3 × 109 Up to
10–15

Few/
several µm 20 10/up to 3–4 In almost all

grains/ significant
Up to 3–4, rarely

up to 5–6

2 25–35 Equiaxed ~2 × 1010 ~3 × 109 10–15
there are >15

Few/
several µm 15–20 10/3–4

In almost all
grains/less than in

steel No 3

Up to 3–4, rarely
up to 5–6

3 20–30 Equiaxed ~2 × 1010 ~3 × 109 10–15
there are >15

Few/
several µm 15–20 10/3–4

In almost all
grains/less than in

steel No 1

Up to 3–4, rarely
up to 5–6

4 60–80 Equiaxed, rarely
-elongated ~6 × 1010 ~3 × 109 Up to

10–15 No 50 Up to 15/
up to 3–4

In all grains/
significant Up to 2–4

5 80–85 Equiaxed, rarely
-elongated ~2 × 1010 ~3 × 109 10–15

there are >15
Few/

several µm 10 Up to 10/
up to 3–4 Rarely/a few Up to 3–4

6 90 Elongated ~2 × 1010 ~1 × 109 Up to
10 No 75 Up to 15/

up to 3–4
In all grains/
significant Up to 3–4

7 80–85 Equiaxed, rarely
-elongated ~6 × 1010 ~3 × 109 Up to

10–15

Few/BF:
<0.2–0.3µm,

PF: up to 1µm
50 Up to 10/

up to 3–4
In all grains/
significant Up to 2–4

8 85–90 Equiaxed, rarely
-elongated ~6 × 1010 ~1 × 109 Up to

10 No 60 Up to 10/
up to 3–4

In all grains/
significant Up to 2–4
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By means of TEM study of thin foils, the presence of austenite in the rolled structure of all the
studied steels was not detected. In all melts, with the exception of No. 4, 6, 8, a small amount of
cementite was detected. It has the form of separate precipitates along the boundaries of grains/blocks
with sizes up to several micrometers (Figure 3). Precipitates of smaller sizes ~0.1–0.2 µm are practically
absent. Cementite precipitates were not found in rolled steel from smelting No. 6, and in the case of
smelting No. 7, their size in BF was, as a rule, no more than 0.2–0.3 µm, and in PF—up to ~1 µm.Processes 2020, 8, x FOR PEER REVIEW 6 of 12 
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Figure 3. Typical view of cementite precipitate in rolled steel of smelting No. 2, ×15,000.

Detected nanoscale carbide, carbonitride precipitates belong to two dimensional types. The first
type includes elongated austenitic precipitates up to ~10 nm in length (in the case of smelting No. 4,
6—up to ~15 nm) and not more than 3–4 nm in width (Figure 4a) formed in austenite. In the case of
steels No. 1, 2, 3, they were searched out in approximately 15–20% of ferrite grains, which have a
favorable orientation for their detection. Herewith, in those grains/blocks, in which they are present,
their number is usually small. In the case of smelting No. 4, 6, 7, and 8, austenitic precipitates are
significantly more representative and are found out in about 50–75% of ferrite grains, which have a
favorable orientation for their detection. The minimum amount of austenitic precipitates was observed
in steel No. 5.

Another size group consists of nanoscale precipitates of interphase/mixed type, which are
systematically present both in grains/blocks, in which austenitic precipitates are present, and in
grains/blocks, in which they are absent (Figure 4b). Except for steel No. 5, apparently, interphase
precipitates are localized in almost all ferrite grains/blocks. The size of precipitates observed in most
sections is up to 3–4 nm. Regions where interphase precipitates are larger—up to 5–6 nm are rarely
found. For interphase precipitates, the reflexes are noticeably blurred in the tangential direction.
Reflexes of complex shape correspond to nanoscale precipitates of a mixed type. Diffraction patterns,
in which reflexes from nanoscale precipitates would have the shape of a radially elongated strand (i.e.,
precipitates would form mainly in ferrite), were not detected.

The results of TEM analysis of carbide precipitates amounts can be explained using thermodynamic
calculation of the temperature dependences of the equilibrium phase composition of studied steels.
They are presented at Figure 5 for melts No. 2 and 4, which are characterized by minimum and
maximum strength properties, respectively. The fraction of titanium-based complex carbide in austenite
and ferrite in steel No. 4 is higher. This is consistent with TEM results of nanoscale precipitates (Table 3).
In addition, (Ti,Nb)C formation in steel No. 4 occurs at a higher temperature. Therefore, for this steel,
a greater degree of realization of grain refinement should be expected due to the inhibition of austenite
recrystallization caused by the deformation-initiated formation of precipitates, which is observed
experimentally. The conditions for the formation of Fe3C, a complex Fe7C3-based carbide, and Mo2C
occur at temperatures below 700 ◦C. As a result of the diffusion inhibition and the consumption of a
significant amount of carbon for the complex titanium-based carbide precipitation, the formation of
cementite, molybdenum carbide, and complex iron carbide M7C3 is almost completely suppressed.
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4. Discussion

The results of the present study indicate that the microstructure of complex microalloyed steels
of the ferritic class differ from the special features of Ti-Mo steels structure formation. Even at a low
cooling rate after the rolling end—10–15 ◦C/s, block ferrite is formed mainly, although the shape
of the blocks is closer to equiaxed, with the exception of smelting No. 6, where the blocks are
elongated. Only in rolled products of smelting No. 2, 3 the fraction of PF prevails over share of block
ferrite, as in Ti-Mo microalloyed steels [5,20]. This, most likely, is associated with a low content of
microalloying elements in the steels under consideration relative to other compositions, including
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the absence of molybdenum. According to [21], the addition of molybdenum to niobium-containing
steels with a manganese content of up to ~1.5 wt.% promotes obtaining of a homogeneous structure
of block (acicular) ferrite. It should be noted that microalloying with molybdenum also affects the
formation of nanoscale carbide precipitates: their number increases and their size decreases. This is
confirmed by a series of studies of steels with different base microalloying components and their
combinations [10,22–26]. The favorable effect of molybdenum is explained in [20,27] by the fact that
this element can suppress the annihilation of dislocations at high temperature and provide a larger
number of carbide nucleation centers. In addition, there is an acceleration of the process of formation of
precipitations. According to [20], the incorporation of molybdenum into carbide during the formation
of complex precipitates reduces the degree of mismatch between the lattices of the carbide and the
matrix due to a decrease in the lattice period, and, consequently, the energy of the carbide/austenite
interface. The effect of molybdenum observed in this study is completely consistent with the foregoing.

The amount of austenitic precipitates in steels No. 1, 2, 3 is relatively small compared to Mo
microalloyed steels, despite the close carbon content and high Nb concentration—0.11 wt.% in the
smelting metal No. 1. In samples of steels containing molybdenum, except steel No. 5, a significant
amount of austenitic carbide (carbonitride) precipitates of complex composition containing Nb and V
is formed, which is consistent with the data of [23,28]. The number of such precipitates in rolled steel
No. 6 is well over due to a significantly higher concentration of vanadium, and in steel of smelting
No. 4—titanium. However, the influence of austenitic precipitates on the formation of the structural
state and properties of the studied steels is apparently insignificant, since the size of the ferrite grain
is in all cases close and, as a rule, is less than 10–15 µm. Only in the case of rolled steels of melts
No. 2, 3, 5 in some samples there are grains larger than 15 µm. On the other hand, the amounts of
austenitic precipitates detected in steels No. 1, 2, 3 are rather close. Higher strength characteristics
and a smaller grain size of rolled steel No. 1 compared to No. 2, most likely, is associated with the
inhibition of recrystallization during hot rolling by niobium in solid solution [29], as well as grain
refinement during the formation of interphase precipitates [30]. The number of such precipitates
in rolled products of steel No. 1 is greater due to higher Nb and C concentrations, low N content
and is comparable with this indicator for steels No. 4, 6, 7, 8. This is associated with a significant
consumption of microalloying elements, especially in the case of smelting No. 6, for the formation of
carbide (carbonitride) precipitates in austenite.

The established special features of changes in the characteristics of the structural state and present
phase precipitates have a good correlation with the obtained values of the mechanical properties
(Table 2). Rolled steels of smelting No. 1, 6, 7, 8 are characterized by similar strength characteristics.
Slightly lower values in the case of smelting No. 2, 3, 5, most likely, are associated with slightly coarser
microstructure and fewer interphase precipitates controlling the dispersion hardening. The highest
yield and tensile strength were obtained for hot-rolled steel of smelting No. 6 having a complex
microalloying system of V, Nb, Ti, and Mo. The presence of high concentrations of V, Mo and an
increased Mn content facilitates the transformation of austenite to BF even at a low cooling rate, leading
to the formation of an elongated shape of blocks and creates the conditions for the formation of a large
number of austenitic and interphase precipitates based on V(C,N) [21,28]. This is in good agreement
with the results of [7,23], which showed that a significant contribution to hardening is achieved due to
the large number of nanoscale precipitates of vanadium carbide (carbonitride). In this case, a further
increase in strength properties is possible with an increase in the cooling rate and carbon content
in steel. When a high cooling rate after hot rolling of 50 ◦C/s was used in [7], the tensile strength
of steel with the composition (wt.%): 0.05C-1.7Mn-0.06Nb-0.15Mo-0.22V was 837 MPa. At a high
carbon content, hot rolled steel (wt.%): 0.09C-0.29Mn-0.093Ti-0.26Mo-0.14V had a tensile strength of
1000 MPa [23]. It should be noted that the concentrations of microalloying elements present in the
steel under consideration are sufficient to bind the present interstitial elements—C, N. As a result,
no cementite was detected in the steel microstructure. That means, there is a close analogy with IF
steels with a solid solution free of interstitial atoms. The properties of the steels No. 6 and 8 are similar.
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In this case, a decrease in the V concentration in the metal of smelting No. 8 is compensated by the
increased content of Ti and, to an insignificant degree, Nb and Mn.

The maximum strength properties were obtained for rolled steel of smelting No. 4, characterized
by a maximum Ti content and Mo microalloying. As follows from the results of TEM (Table 3) and
thermodynamic calculation (Figure 5), high values of yield and tensile strength are the result of
grain-boundary and dispersion hardening mechanisms due to the large number of complex nanoscale
carbide precipitates (Ti, Nb)C. The niobium content in this steel is small (0.024 wt.%), and the result is
in good agreement with the conclusions of the study of Ti-Mo microalloyed steels in [4] on the role of
titanium. An increase in the concentration of this element promotes an increase in the number of carbide
precipitates. At a higher carbon content (wt.%): 0.08C-1.39Mn-0.21Mo-0.165Ti and a similar regime of
thermo-deformation processing, the yield and ultimate strength of 770 and 840 MPa, respectively, were
obtained. At the same time, the presence of molybdenum in the composition of the steel stimulates,
as noted above, the acceleration of the nucleation of carbide (carbonitride) precipitates, but inhibits
their growth. This is well illustrated by the data obtained in the present study. In particular, a simple
increase in the Ti content in steel No. 3 led to a less increase in the strength characteristics of rolled
products compared to the metal of smelting No. 2 than in the case of smelting No. 4. On the other hand,
the amount of carbide (carbonitride) precipitates formed is directly related to the concentration of Ti in
the solid solution. Therefore, even if Mo is present in the steel composition, but Ti content is low, it is not
possible to form a sufficiently large number of precipitates and to obtain high strength characteristics.
This is evidenced by the relatively low yield and tensile strengths of rolled steel of smelting No. 5.
It is important that Ti remaining in the solid solution after binding at high temperatures of nitrogen
and sulfur can participate in the formation of carbide (carbonitride) precipitates [31], while S and N
content in steel of smelting No. 5 is quite high. As a result, only about 0.03 wt.% Ti remains in the
solid solution, which is not enough for the effective formation of a sufficiently large number of phase
precipitates. A significant consumption of titanium to bind the nitrogen present, in many respects, also
leads to a reduced level of strength properties of rolled steel of smelting No. 3. Thus, the presence of
increased concentrations of nitrogen and sulfur in the composition of the steels under consideration
is an unfavorable factor, since it leads to a decrease in the effectiveness of Ti and Nb. The effect of
phosphorus content is less significant, since the formation of complex phosphide precipitates in the
general form of FeTiNbP, as well as phosphorus segregation along grain boundaries, for example,
as in IF and IF-HS steels at the stage of recrystallization annealing, is of little significance in this case.
Therefore, the low phosphorus content obtained in laboratory smelting steels is not a significant factor,
since its increase to the level usually found in modern metallurgical practice of 0.006–0.010 wt.% will
not change the indicators of the structural state and properties of steel.

It should be noted that Ti and V have the highest propensity for the formation of the most effective
interphase carbide precipitates. These alloying metals have a small atomic diameter and, therefore,
a greater diffusion mobility [32], which allows the implementation of the process at higher rates of γ→
α transformation of steel. Moreover, Ti has a smaller atomic diameter, higher thermodynamic stability,
and, hence, the higher driving force for the formation of carbide precipitates in steel. This, in particular,
is indicated by the results of calculating the stability conditions for the carbide, nitride, and carbonitride
phases of the considered steel elements [30,33]. The formation of this type of titanium precipitates occurs
at incomparably higher temperatures than vanadium under other equivalent conditions. The noted
circumstances correlate well with the results obtained. From the data of Tables 1 and 2, it can be seen
that rolled products produced under equivalent conditions (steels No. 6 and 8) have higher strength
characteristics with a lower titanium content compared with vanadium. The participation of niobium
in the formation of interphase precipitates is greatly limited due to the significantly larger size and
lower diffusion mobility of atoms despite the high thermodynamic stability of carbonitride phases
comparable with titanium [30,32]. Values of the relative elongation of the studied rolled steels are
quite close. However, steels, which containing titanium as the main microalloying element (having the
highest concentration), in general, have slightly higher values than in the case of vanadium. Taking into
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account economic and cost indicators, the results obtained testify to the advantages of titanium-based
microalloying systems in comparison with vanadium-based.

5. Conclusions

Thus, a study of the microstructure, phase precipitates, and mechanical properties of separately or
jointly V, Nb, Ti, and Mo microalloyed low-carbon hot-rolled steels of the ferritic class made it possible to
establish the following special features. When they are cooled after rolling, even at a low cooling rate of
10–15 ◦C/s, unlike Ti, Mo microalloyed steels, block ferrite is formed mainly. The shape of the blocks is
closer to equiaxial, except for steel with a high content of microalloying components, where the blocks
have an elongated shape. On the contrary, in low microalloyed steels, the fraction of block ferrite is only
~20–35%, and PF predominates, as in Ti-Mo steels. In the metal of all melts, the presence of cementite
precipitates up to several microns in size was detected, except for steel with high Ti and V content.

The amount of austenitic carbide (carbonitride) precipitates in Nb, Ti microalloyed steels is much
smaller than in the case of complex V, Nb, Ti, and Mo microalloying, except for steel with a low V, Nb,
and Ti content. Their effect on the structural state and properties of steel is negligible. The presence
of more efficient nanoscale interphase/mixed type precipitates was detected in all steels, except steel,
characterized by low V, Nb, and Ti concentrations. In different areas of the metal, the ratio of volume
fractions of interphase and austenitic precipitates can vary significantly. In those grains (blocks)
where both types of precipitations are located, there are areas occupied exclusively by precipitations
of one type or another. The noted circumstance shows that the formation of austenitic precipitates
significantly reduces the potential of microalloying elements and prevents the formation of interphase
precipitates. The data obtained by TEM methods on the number of various types of phase precipitates
are confirmed by the results of a thermodynamic calculation of the temperature dependences of the
equilibrium phase composition of steels.

The established special features of changes in the structural state and present phase precipitates
correlate well with the obtained values of the mechanical properties. As in Ti-Mo microalloyed steels,
the strength characteristics of rolled products enhance upon obtaining the microstructure of block
ferrite and an increase in the number of nanoscale interphase and mixed type precipitates, the amount
of which grows with increasing V, Nb, and Ti concentrations and the presence of Mo in the metal
composition. In addition, the highest yield and tensile strengths were obtained for hot-rolled Nb, Ti,
and Mo microalloyed steel with a significant titanium content of 0.17 wt.%. It is shown that rolled
products obtained under equivalent conditions have higher strength characteristics at a lower titanium
content compared to vanadium. Values of the relative elongation of the studied rolled steels are quite
close. However, for steels with the titanium-based microalloying system, slightly higher values are
obtained than in the case of vanadium-based. Taking into account economic indicators, the obtained
results testify to the advantages of using titanium-based microalloying systems for the investigated
type of steels in comparison with vanadium-based.
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