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Abstract

:

High-strength microalloyed steels are widely used in various branches of technology and industry due to the simultaneous combination of high indicators of strength, ductility, fatigue, corrosion resistance, and other service properties. This is achieved due to the reasonable choice of the optimal chemical composition and parameters of temperature-deformation treatment of steel that provide a synergistic effect on the dispersed microstructure and characteristics of excess phase precipitates, which control the achievement of these difficult-to-combine properties of rolled products. Additionally, the improvement of the level and stability of these properties, as well as the prevention of the occurrence of defects, is largely determined by the indicators of the homogeneity of the composition, structure by volume and manufacturability of the metal, and primarily hot ductility, which are controlled by the presence of precipitation of excess phases, including microalloying elements. In accordance with the circumstances noted, in the present review, a generalization, systematization, and analysis of the results of the studies are conducted on the effect of phase precipitates on the hot ductility and homogeneity of composition and structure, depending on the chemical composition and parameters of the temperature-deformation treatment of steel.
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1. Introduction


The widespread use of high-strength microalloyed steels is due to a combination of high difficult-to-combine properties: strength, ductility, formability, fatigue, and corrosion resistance, with a relatively simple production technology and low cost. They are used in the manufacture of various vehicles, pipes, building, engineering structures, etc. [1]. The unique set of properties of these steels is ensured by the formation of a finely dispersed homogeneous structure and a system of precipitates of excess phases, including nanosized ones (Figure 1), as a result of a reasonable choice of composition, microalloying system, and parameters of the temperature-deformation treatment of steel. Advances in the development of these steels are based on many studies, summarized in a number of reviews [1,2,3], including those devoted to a specific microalloying system: Ti [4], Nb [5,6], V [7], and Ti-Mo [8].



It should be noted that the goal of most studies, and, as a result, reviews, is to achieve maximum strength while maintaining good ductility and a number of other properties [10,11]. However, recently, the attention of researchers has focused on the need to obtain a wider range of properties, including impact toughness [12], fatigue, and corrosion resistance [13], including against hydrogen and hydrogen sulfide cracking [14]. These properties also depend on the presence of precipitates of excess phases, as evidenced by the data in the Table 1. The results of [15] show that NbC nanoscale precipitates act as irreversible hydrogen traps that hinder the accumulation of hydrogen at potential crack nucleation sites. In [12], the deterioration of toughness was established as a result of the formation of a large amount of nanosized, especially interphase, precipitates in Nb, Nb-Mo, and Ti-Mo steels. Fatigue strength at low loads and a low number of cycles is improved due to nanosized precipitates of TiC [16], TiMoC [17], V(C,N) [18], and Fe3C [19], since cyclic hardening is associated with an increase in density dislocations and the interaction of dislocations with precipitates. At the same time, the level and stability of the obtained properties, including ductility, fatigue strength, and impact strength, directly depend on the homogeneity of the composition and structure over the volume of the metal [20,21]. In addition, in the production of steel products, technological characteristics, such as hot ductility, are of great importance. Hot ductility failure can lead to the premature failure of the metal — the appearance of hot cracks at different stages of the production of metal products.



This review presents a critical analysis of the data on the effect of precipitates of excess phases on the hot ductility and homogeneity of the chemical composition and microstructure of low-carbon microalloyed steels. In recent decades, considerable experience has been accumulated in ensuring a sufficient level of the hot ductility of steels, which is periodically systematized and summarized in the corresponding reviews [34,35,45,46]. Nevertheless, the technologies of metallurgical production are developing, the requirements for the properties of metallurgical products are increasing, and, therefore, studies of the factors affecting hot ductility are continuing and focusing on specific classes of steels. Reviews have recently been published on studies on the hot ductility of twinning-induced plasticity (TWIP) and transformation-induced plasticity (TRIP) steels [35,47]. However, high-strength microalloyed steels continue to occupy a leading position in terms of production and consumption. Therefore, it is relevant to generalize and analyze the available results of studying the hot ductility of precisely high-strength microalloyed steels, the structural state and properties of which are largely controlled by microalloying elements. Microalloying elements differ from alloying elements, not only in concentration (usually not more than 0.1 wt.%), but also in the physical mechanism of their influence: alloying elements mainly affect the steel matrix, while the influence of microalloying elements is largely associated with the formation of excess phases.



Therefore, when analyzing the influence of microalloying elements, we use the results of a thermodynamic calculation of the regions of existence of the corresponding excess phases conducted in this work and earlier studies. This was performed using a thermodynamic computer model [48], implemented on the basis of proprietary software, by finding the conditions of thermodynamic equilibrium in multicomponent multiphase systems with specified external and internal parameters (temperature, pressure, and composition). The basis of resolving this problem is a search for the nonlinear Gibbs energy functional for a multicomponent multiphase system with linear balanced limitations, i.e., the sum of fractions of the coexisting phases equals one, the sum of molar components in each of these phases also equals one, and, finally, each sum of the products of phase fractions in a molar fraction within the composition of the ith component equals the total molar fraction of this component within a system. For the approximation of the thermodynamic properties of phases of variable composition, a generalized sublattice model is used [49,50], taking account of the magnetic component of Gibbs energy [51]. The main parameters are borrowed from [52,53].




2. Effect of Precipitates of Excess Phases on Hot Ductility


To consider the features of the effect of excess phase precipitates on the hot ductility of high-strength low-carbon microalloyed steels, it was necessary to first briefly describe the main mechanisms that controlled the change in ductility at high temperatures.



2.1. Main Mechanisms of Ductility Decrease at a High Temperature


One of the most common methods for studying the ductility of steels at high temperatures is the measurement of the reduction in area (RA, %) of samples by tensile tests in the required temperature range, followed by the performance of the so-called hot ductility curves. The typical temperature dependence of ductility (RA) has a trough that starts at about 700 °C and can increase to the solidus temperature. Figure 2 shows the temperature dependences of RA with a plasticity trough and the corresponding microphotography of fractures.



The reasons for this phenomenon are due to a number of mechanisms, the implementation of which depends on the temperature interval. The authors of [55,56,57] distinguished three regions of ductility troughs in steels. Region 1 is at high temperatures, typically 20–50 °C below the mean solidus temperature [56]. Fracture surfaces are characterized by interdendritic fractures and the presence of precipitates, such as MnS. The low ductility in this region is associated with the formation of a liquid layer at the interdendritic boundaries and along the boundaries of austenite grains. In region 1, ductility does not depend on the intensity of deformation, but mainly depends on the chemical composition, in particular, on microsegregations of sulfur, manganese, and phosphorus [56].



Region 2 is between 900 and 1200 °C, depending on the composition and test conditions. This region is associated with intergranular fractures. The fracture edges are either covered with small dimples or microvoids, or they are smooth. This suggests two different mechanisms. In the first case, in areas close to the grain boundary, the deformation initiates the formation of voids at the grain boundaries, inclusions, or precipitates, which leads to intergranular fractures due to the merging of microvoids. In the second case, slip occurs along the grain boundaries in a single-phase austenite region, followed by wedge-shaped cracking.



Most often, region 2 is characterized by the formation of small intergranular precipitates of sulfides, oxides, and carbonitrides along the boundaries of austenite grains. This leads to the appearance of so-called “soft zones” — precipitate-free zones (PFZs) along the boundaries of austenite grains on both sides of the boundaries (width 500 nm), or to the formation of microcavities around precipitates and their subsequent coalescence [45,56]. Precipitate-free zones are places of strain concentration, which leads to failure, even for small strains in the continuous casting of steel [55].



In [56], this region was subdivided into two, depending on the stability of various types of precipitates and, accordingly, the mechanisms of ductility reduction. In region IIa, (Mn, Fe)S and MnS precipitates play the main role; in region IIb — Nb(CN), V(CN), Ti(CN), and AlN.



Such a division can be clearly explained from a thermodynamic analysis of the regions of existence of phases in the steels under consideration [48]. Figure 3 shows the results of the thermodynamic calculation for the steel of a model composition microalloyed with niobium. It can be seen that the precipitation of MnS begins at higher temperatures than Nb(CN).



Low ductility in region IIa is detected only at sufficiently high strain rates, while in region IIb, ductility worsens with a decreasing strain rate. In region IIa, at lower strain rates or at long holding times before testing, the ductility is quite good [56,58].



Ductility decreasing in region IIa is highly dependent on the composition, in particular, on the Mn/S ratio. In [59], it was suggested that the ductility loss in this case is due to the segregation of S at the boundaries of austenite grains.



Ductility loss in region IIb is initiated by slip along austenite grain boundaries [45,60] and the presence of precipitates of excess phases, such as Nb(CN), V(CN), or AlN. These precipitates play two main roles: they can delay the onset of recrystallization and reduce the stress required for failure.



The authors of reviews [45,56,57] noted that ductility failure in the temperature range of 1000–1150 °C may be associated with a delay in dynamic recrystallization, especially in microalloyed steels. It is well known that microalloying elements, especially niobium, can delay recrystallization [5,61]. If recrystallization can occur before fracture, any developing cracks along the grain boundaries become isolated and no further propagation is possible. Due to the absence of dynamic recrystallization, the austenite grain size increases, thereby reducing the total length of the boundaries, increasing the concentration of inclusions and precipitates along the boundaries of austenite grains. In turn, this leads to intergranular fracture.



The decrease in the fracture stress in the presence of precipitates of microalloying elements can occur through a number of possible mechanisms. First, precipitate-free zones are often observed near austenite grain boundaries, which can lead to strain concentration at the grain boundary. Second, particles (or groups of particles) at grain boundaries can act as crack initiation sites. In addition, the formation of inclusions and precipitates throughout the matrix can lead to an increase in strength and a general decrease in ductility [45,46].



As mentioned above, intergranular fracture can occur not only due to the merging of microvoids, but also through sliding along grain boundaries, which is due to plastic deformation of austenite grain boundaries [45]. The destruction of the grain boundary occurs when the stresses in the triple junctions of the grains exceed the maximum allowable stress. This failure mechanism is usually associated with creep. As a rule, this takes place at strain rates below 10−4 s−1. However, cracks characteristic of grain boundary slip failure are often found at the strain rate commonly used in hot tensile testing (10−3 s−1).



Grain boundary slip is enhanced by the presence of various precipitates at the austenite grain boundaries [45]: sulfides, oxides, nitrides and/or carbides act as stress concentrators and promote crack formation. If the stress concentration at such grain boundary particles is produced by grain boundary sliding alone, the dislocation pile-up distance corresponds to the interparticle spacing, so that large applied stresses are required for particle fracture or particle–matrix decohesion. However, for the case of intergranular slip band impingement against a grain boundary particle, much smaller applied stresses are required for particle fracture, since the slip distances are much greater [45].



Region 3 is in the low temperature range of austenite existence, including the austenite to ferrite transformation, and occurs over the approximate temperature range 600–900 °C, depending on the chemical composition of the steel. It is believed that this region of low ductility is associated with the austenite to ferrite transformation. On cooling below the transformation temperature, the formation of ferrite begins at the boundaries of the austenite grains, leading to the formation of ferrite films around the austenite grains with a thickness of 5–20 µm [45]. At temperatures within the transformation range, ferrite is softer than austenite; therefore, there is a concentration of strain within the ferrite along the grain boundaries. The nucleation of voids on phase precipitates (often MnS) are located at the boundaries of austenite grains, and the growth of these voids continues inside the ferrite film.



Strain-induced ferrite can form at temperatures above the undeformed Ar3 temperature (the transformation start temperature at a constant cooling rate) and often reaches Ae3, since the deformation process accelerates the transformation kinetics [62]. Below the Ae3 temperature, the ferrite thickness does not change significantly with temperature [62] until the Ar3 value is reached. At temperatures just below Ar3, there is a thickening of the ferritic films and/or a decrease in the relative differences in strength between the austenite and ferrite phases. Further lowering the test temperature rapidly thickens the ferrite film and the ductility recovers completely when ~50% ferrite is present prior to testing.



Review [45] summarized the following explanations for the accelerating effect of deformation on the nucleation rate of ferrite:




	(a)

	
Deformation causes local grain boundary migration leading to bulges at the austenite boundaries, which act as nuclei;




	(b)

	
Subgrains are formed near the boundaries, which locally increase the stored energy;




	(c)

	
Increased dislocation density in the deformed austenite increases the strain energy, promoting ferrite nucleation.









Thus, the failure of hot plasticity can be caused by various mechanisms depending on the temperature range. As the temperature decreases, these mechanisms can be arranged in the following order:




	–

	
Formation of a liquid layer at the interdendritic boundaries and along the boundaries of austenite grains;




	–

	
Formation of (Mn,Fe)S along the boundaries of austenite grains;




	–

	
Formation of precipitates of excess phases (Nb(CN), AlN, V(CN), etc.) along the boundaries of austenite grains;




	–

	
Inhibition of dynamic recrystallization of austenite;




	–

	
Sliding along the grain boundaries;




	–

	
Formation of zones free from precipitation of dispersed particles adjacent to the boundaries of austenite grains;




	–

	
Formation of the ferrite film along the boundaries of austenite grains.









The implementation of all these mechanisms depends both on the chemical composition of the steel and on the deformation conditions, parameters that also control the formation and growth of phase precipitates.




2.2. Effect of Sulfides


A detailed review of the effect of sulfur on hot ductility is given in [45]. According to the general opinion of researchers, sulfur worsens the hot ductility of steels. In this case, the degree of effect depends both on the form and on the place where sulfur is present: grain boundaries or matrix. This causes the implementation of various embrittlement mechanisms, which are summarized in Table 2. First of all, the weakening of the strength of the austenite grain boundaries can be caused by the segregation of sulfur at the grain boundaries [59,63]. For high-strength microalloyed steels, the hot ductility is dominated by sulfides precipitated along the austenite grain boundaries. Any sulfides present in the matrix have little effect on hot ductility. In this case, the Mn/S ratio plays an important role [63,64,65,66,67].



At a low manganese content, a FeS phase with a low melting temperature forms as a liquid interlayer along the grain boundaries, causing intergranular fracture [66]. The implementation of this embrittlement mechanism is determined by several factors. The mobility of sulfur is about 1000 times greater than the mobility of manganese at 1090 °C. Therefore, upon rapid cooling to a temperature below the solubility limit of sulfur in pure iron, metastable FeS will form at the grain boundaries. At lower cooling rates, manganese has time to diffuse to the grain boundaries and the FeS precipitates will be enriched in Mn. At a sufficiently slow cooling rate, stable MnS will be nucleated. A continuous flat array of small solid particles or small liquid droplets along the grain boundary can result in low ductility and serve as an easy path for crack propagation.



As the Mn/S ratio increases, the hot ductility improves, but the ductility trough remains and the embrittlement mechanism changes. Very small (Fe,Mn)S and MnS precipitates are formed at the boundaries of austenite grains, which leads to the appearance of microcavities around the precipitates (PFZs) and their subsequent coalescence [45,58,68]. Finely dispersed segregations of sulfides inside the grains and the presence of PFZs along the grain boundaries enhance the localization of deformation near the boundaries during deformation. According to [45], the favorable effect of increasing the Mn/S ratio above 2 or 3 by lowering the sulfur level is attributed to a decrease in the volume fraction of MnS inclusions. In [69], to reduce precipitation at grain boundaries, it is recommended to use Ca and/or Ce additives, which cause precipitation of sulfides in the melt.



As the Mn/S ratio is further increased up to 60, the hot ductility continues to improve [66,70]. According to [66], there is an additional positive factor. With an increase in manganese content, the driving force of MnS precipitation increases, contributing to its precipitation in the matrix, and not at a more harmful place—austenite boundaries.




2.3. Effect of Niobium Carbonitride


According to many studies, steels containing niobium are highly susceptible to transverse cracking during continuous casting [34,36,40,55,56,68,71,72,73]. The works [34,36] indicate three main reasons:




	
Niobium has a strong effect on reducing the Ar3 temperature that expands the trough in the low temperature interval.



	
The precipitation of Nb(CN) in a finely dispersed form during the deformation of austenite in the temperature range of the straightening operation facilitates the connection of cracks, which leads to intergranular fracture. Precipitation also widens the trough in the higher temperature interval.



	
Larger NbCN precipitates at the austenite grain boundaries cause the formation of precipitate free zones. As a result, poor ductility persists at temperatures above Ae3; therefore, the trough expands in the high temperature interval.








Reducing the carbon content in Nb-containing steels leads to a decrease in the amount of harmful precipitates and, thereby, improves hot ductility. However, above 0.1% C, niobium has only a negligible detrimental effect on hot ductility [72]. Not only the amount of precipitates, but also their composition depends on the nitrogen content. The greater the N/C ratio in the steel, the more nitrogen there is in the carbonitride [5]. In [72], it was shown that, at a low nitrogen level (0.002% N), niobium carbide was formed, resulting in good ductility; at higher levels (0.006% N), niobium carbonitride was formed and the ductility deteriorated markedly. It has been suggested that this was due to the easier precipitation of Nb(CN) compared to NbC in the higher temperature region where the straightening operation occurs.



Indeed, as studies show, at higher temperatures, a more nitrogen-saturated carbonitride is formed [5]. Figure 4 shows the results of the thermodynamic calculation of the temperature of formation of niobium carbonitride precipitates at various Nb and N contents conducted using a computer program [48] for steel of basic composition, wt.%: 0.08 C–0.60 Mn–0.10 Si–0.045 Al–0.005 S–0.005 P. It can be seen that, with an increase in the nitrogen content at each given concentration of niobium, the temperature of the beginning of Nb(CN) precipitation increases.



The presence of strong nitride-forming elements, such as titanium and aluminum, in the composition of steel affects both the composition of niobium carbonitride and the temperature of its formation. In addition, it was found in [74] that the hot ductility of Nb-microalloyed steel is improved by adding 0.12 wt.% Cr. Chromium atoms prevent the diffusion of carbon atoms, which reduces the thickness of the grain boundary ferrite. The number of fractions of high-angle grain boundaries increases with increasing chromium content, which prevents the propagation of cracks and improves the ductility of the steel.




2.4. Effect of Titanium Nitride and Carbonitride


Studies of the titanium effect on the hot ductility of steels were conducted in many works, including [37,38,39,56,75,76]. It was found that this influence can be both positive and negative. Table 3 summarizes the results of the works [37,38,39,75,76].



The main factor that improves hot ductility is the precipitation of titanium nitride at a high temperature. These particles, on the one hand, are larger; on the other hand, they serve as a substrate for the subsequent precipitation of niobium carbonitride. As a result, the size of the precipitates present in the microstructure is larger and their quantity is reduced. This can be clearly explained from a thermodynamic analysis of the regions of phase existence in the steels under consideration. Figure 5 shows the results of a thermodynamic calculation of the equilibrium phase composition of steels containing, wt.%: 0.8 Mn, 0.3 Si, 0.045 Al, and 0.007 N with varying concentrations of C (0.08 and 0.11), Nb (0.02, 0.04, and 0.07), Ti (0.010 and 0.025), and V (0.05 and 0.07). It can be seen that Nb(C,N) precipitation during cooling begins much later than TiN. In addition, according to the results of [77], the formation of carbide, carbonitride precipitates of niobium, even during deformation, is kinetically inhibited. Therefore, in the absence of titanium, the formation of more dispersed niobium precipitates occur.



An Investigation of two Nb-microalloyed steels showed that the addition of 0.015 wt.% Ti significantly improves hot ductility from a minimum RA value of 19.4% at 750 °C to 41.4% at 800 °C [39]. The failure of hot plasticity is mainly associated with the formation of a ferrite films at the boundaries of austenite grains. In steel without titanium, Nb(C,N) precipitates form at the grain boundaries, which greatly increase the sensitivity to cracking and leads to a failure of hot ductility. When titanium is added, only (Ti, Nb)(C, N) particles are observed inside the grain. In this case, (Ti, Nb)(C, N) nucleation occurs on the surface of the existing TiN precipitates.



Similar results were obtained in [75] when studying the distribution of precipitates at a cooling rate of 25 K/min: large TiN particles serve as a substrate for the precipitation of niobium at high temperatures. As a result, there remains a smaller amount of niobium available for precipitation during deformation in the temperature range of 800–1000 °C. In addition, in steels containing aluminum, the formation of TiN prevents the precipitation of more harmful AIN and contributes to the improvement of ductility, which was observed in [75] at a cooling rate of 60 K/min.



In contrast to the results [39,75] in [38], even at a cooling rate of 25 K/min, titanium had a negative effect on the hot ductility of Nb-microalloyed steels. The levels of titanium and nitrogen varied within 0.014–0.045 and 0.004–0.011 wt.%, respectively, which made it possible to study a wide range of Ti/N ratios. An improvement in hot ductility was observed with coarsening precipitates due to a decrease in the cooling rate and an increase in the Ti/N ratio above the stoichiometric one, which increases the amount of Ti in solution and promotes particle growth.



Thus, when large TiN precipitates may form, such as in the case of low cooling rates or high Ti/N values, hot ductility can be slightly improved by titanium addition. However, under conditions where a high volume fraction of TiN fine particles is formed, such as the stoichiometric Ti/N ratio in low-nitrogen steels, hot ductility may deteriorate when titanium is added [56]. In addition, as noted in [56], when studying the effect of titanium on hot ductility, it is important to take into account the size of the austenite grain, since, when adding titanium, an increase in hot ductility can occur due to a decrease in grain size.



In addition to the previous studies, in [37,79], it was shown that the effect of titanium on Nb-microalloyed steels depends on the cooling conditions. The ductility of Ti-containing steels, upon melting and cooling, to the test temperature at a constant cooling rate, as a rule, decreased due to the appearance of smaller and more numerous Ti-containing precipitates. At the same time, under production conditions, a positive effect of titanium is observed. The difference between the cooling mode under production conditions is as follows. In the commercial casting operation, the primary cooling underneath the mold is very rapid. The temperature at the foot rolls reaches a minimum, rises again, and then falls gradually during secondary cooling until the unbending temperature is reached. Additional temperature losses are also incurred when the strand passes over the guide rolls. A cooling mode similar to that of industrial continuous casting was used in [37]. In this case, cooling from the melt stability temperature starts rapidly, reaches a minimum, and then reheating occurs, after which the temperature drops more slowly to the test temperature. The use of such a mode led to an improvement in the hot ductility of steels below 900 °C. At the same time, the Ti/N ratio was of great importance. With the addition of 0.01 wt.% Ti, this improvement, although noticeable, resulted in only a slight improvement in ductility compared to steel without Ti, and then only in the temperature range of 800–900 °C. In steel with a high niobium content (>0.03 wt.% Nb), increasing the Ti content to 0.036 wt.% so that the Ti/N ratio is high (7.5/1) resulted in much better ductility in the temperature range of 800–900 °C, while the RA value was 60%. The ductility was now significantly better than the ductility of steel with the same composition, but without titanium.




2.5. Effect of Aluminum Nitride


According to [34], for C-Mn-Al steels with a low N content, by having a C content in the peritectic range (0.10–0.17 wt.% C) with an Al content <0.04 wt.% (solubility product of [Al][N] < 20 × 10−5) as a rule, there is no significant problem with transverse cracking. An increase in the solubility product of [Al][N] leads to both the deepening and widening of the through. A significant negative effect of aluminum is observed when [Al][N] exceeds 30 × 10−5.



The hot ductility of Al-containing steels in the as-cast state can often be worse than when examining samples after solution treatment (1350 °C). This appears to be because casting results in the segregation of Al towards the boundaries, and high supersaturation promotes AlN precipitation there, a situation that is not present when samples’ tensile specimens are only solution-treated. In [80], AlN precipitation was observed in a slab made of steel with composition, wt.%: 0.1–0.2 C, 0.3–0.4 Si, 1.0–2.0 Mn, <0.02 P, <0.015 S, <0.04 Al. AlN particles precipitate at the grain boundary and inside the grains when the steel is cooled. As the temperature increased, the AlN precipitates’ size increased and the number of AlN precipitates decreased. The most intense formation of AlN precipitates with a size of about 20 nm occurred at 850 °C. At the same time, hot plasticity was the lowest: RA was 15%.



The work [45] considered the implementation of two embrittlement mechanisms in the case of the influence of aluminum. At the high-temperature end of the through, the samples with cracks showed intergranular fractures with flat faces and no signs of coalescence of microvoids or ferrite formation. Therefore, it was assumed that embrittlement occurred due to the slip of grain boundaries in austenite, which was accompanied by the initiation of cracks at triple points. In the case of steels with high [Al][N] product, it was likely that AIN precipitates formed at the austenite grain boundaries, pinning them and allowing grain boundary slip cracks to join. Lowering the temperature below Ae3 leads to strain-induced ferrite, resulting in embrittlement due to the coalescence of microvoids. Thus, in these steels, the ductility trough is the result of both slip along the grain boundaries and the coalescence of microvoids in the ferrite. It is interesting to note that the transition from one type of fracture mechanism to another, as a rule, Is not accompanied by any discontinuity in the hot plasticity curve, which indicates that both mechanisms involve the same stress intensification at the boundaries.



In Nb-microalloyed steels, the addition of aluminum leads to a marked deterioration in hot ductility [46,73]. It was suggested that the lower ductility obtained with the aluminum addition is not only due to AlN precipitation [46]. The presence of aluminum slows down the precipitation of Nb(CN), which leads to finer Nb(CN) precipitates. Possibly, this is due to the fact that the precipitation of niobium carbonitride is kinetically difficult [77], and the difference in the start temperatures of AlN and Nb(CN) precipitation is small. Figure 6 shows the results of a thermodynamic calculation of the phase composition of two low-carbon steels microalloyed with niobium [81]. It can be seen that the difference in the start temperatures of AlN and Nb(CN) precipitation is only a few tens of degrees. Therefore, it can be assumed that the precipitation of these two phases occurs in competition; therefore, the particles of niobium carbonitride do not have time to grow.



The study [82] described the symbiotic character of MnS and AlN co-precipitation in the austenitic region of low-carbon steel with composition, wt.%: 0.104 C–0.044 Si–0.43 Mn–0.009 S–0.046 Al–0.025 Cu–0.0009 Ti–0.004 N. The effect of two different heat treatments was investigated: “mild cooling”, which simulates the usual cooling conditions for the concast strand and “rapid cooling with reheating”. It was shown that almost no MnS/AlN co-precipitation was observed during mild cooling. Instead, only pure MnS precipitates were found, which were predominantly nucleated at dislocations. After rapid cooling with reheating, most precipitates were MnS/AlN co-precipitations on dislocations. In this case, there was a significant widening of the ductility trough compared to the mild-cooling heat treatment.




2.6. Effect of Vanadium Carbonitride


The peculiarity of the influence of vanadium is due to the higher solubility in austenite and the lower temperature of the precipitation of its carbonitride compared to titanium and niobium. Figure 7 shows the calculated phase composition of low-carbon steels for 0.05 wt.% Nb and 0.05 wt.% V. It can be seen that the difference in the temperature of the onset of carbonitride precipitation is about 400 degrees. Due to low temperatures and competition with the simultaneous reaction of cementite formation, V(C,N) precipitation is kinetically inhibited. At the same time, the temperature of the beginning of its precipitation falls within the temperature range of straightening in the industrial production process; therefore, the presence of these particles affects the hot ductility.



With an increase in the vanadium and nitrogen concentration, the temperature of the beginning of the vanadium carbonitride precipitation increases. At the same time, the fraction of nitrogen in its composition increases, approaching VN. As a result, its effect on hot ductility is stronger, approaching that of niobium carbonitride. However, under the same test conditions, the hot ductility of V-containing steels is superior to that of steels with Nb [56]. For example, steel containing 0.16 wt.% V and 0.011 wt.% N had better hot ductility than steel with 0.039 wt.% Nb. This is explained by the fact that vanadium forms a smaller amount of precipitates with nitrogen than niobium. Moreover, the VN particles are larger than the NbCN particles, which is less harmful to the hot ductility of the steel [83]. At the same time, when comparing V-Ti and Nb-Ti microalloyed steels, it was found that both types of steel had the same hot ductility.



The results of [56] show that additions of vanadium up to 0.1 wt.% with a low-nitrogen content (<0.005 wt.%) had only very little detrimental effect on hot ductility by widening the ductility trough. At higher nitrogen levels, the effect of vanadium additions becomes more pronounced and the ductility trough becomes deeper and wider. In [47], it was also noted that the effect of vanadium on the hot ductility of steel was detected only with an increased vanadium content (0.095 wt.%) in a complex with a high nitrogen content (0.014 wt.%).



The authors of [34,46,83,84] attributed the influence of vanadium to the presence of nitrogen in steel. Steels with a carbon content in the peritectic range in the case of V-microalloying had better ductility than 0.03% Nb-containing steels with 0.005 wt.% N, provided that the [V][N] product did not exceed 1.2 × 10−3 (corresponds to 0.1 wt.% V and 0.012 wt.% N). However, an increase in the concentration of vanadium or nitrogen led to a deeper and wider trough with low plasticity, which was due to a large amount of precipitates.



In [85], for steel with 0.07 wt.% V, as the nitrogen concentration increased from 0.0053 to 0.016 wt.%, the ductility trough became wider and deeper. The low ductility intervals were 780–860 °C and 770–920 °C, and the minimum RA value was 47% and 35% at 800 °C, respectively. A similar situation occurred with an increasing vanadium concentration.



Two steels with various vanadium contents, wt.%: 0.151 C–0.374 Si–1.520 Mn–0.047 Nb–0.020 Ti–0.029 V and 0.156 C–0.370 Si–1.601 Mn–0.047 Nb–0.020 Ti–0.041 V, were studied in [41]. Steel with a high vanadium content (0.041 wt.%) has a deeper trough: the smallest redaction of area is 66.5% at a fracture temperature of 700 °C, while steel with 0.029% V has 75.5%. Figure 8 shows the decrease in the minimum value of RA for steel of the base composition, wt.%: 0.11–0.13 C, 0.3–0.34 Si, 1.39–1.43 Mn, 0.016–0.02 P, 0.003–0.004 S, 0.005–0.0053 N, with increasing concentration V from 0.009 to 0.1 wt.% [42]. The best ductility was in steel with 0.009 wt.% V: the minimum redaction of area was about 53% at 800 °C.



It should be noted that the effect of the size of precipitates in low-carbon vanadium microalloyed steels was studied in the works [43,44]. An analysis of the hot ductility loss in [43] showed that small particles (~6 nm) were more harmful than larger ones (~20 nm), since they slowed down dynamic recrystallization more strongly. The results of the study [44] of steel with composition, wt.%: 0.06 C–0.4 Si–1.0 Mn–0.01 P–0.005 S–0.01 Ti—0.07 V–0.2 Cu–0.5 Cr–0.25 Ni, show that hot ductility changes dramatically from 975 up to 825 °C, when the size of the precipitates changes in the range from 10 to 30 nm. The authors explained this by the fact that finer precipitates weakened the grain boundaries and were the sites of nucleation of ferrite films.



In [84], vanadium was found to be a useful additive for Nb-microalloyed with a low nitrogen content, probably because vanadium retards niobium precipitation by increasing Nb(CN) solubility. A positive effect of niobium addition on V-microalloyed steel was also established. Although a small addition of niobium (0.015 wt.%) to steel with 0.05 wt.% C, 0.0065–0.012 wt.% N, and 0.085 wt.% V increased the temperature at which ductility began to deteriorate, in the low-temperature region of austenite (800–900 °C), ductility improved. Studies have shown that this was due to the fact that niobium delays dynamic and post-dynamic NbV(CN) precipitation.




2.7. Effect of Boron Nitride


Since boron can form BN with nitrogen, the presence of these dispersed precipitates adversely affects hot plasticity. Therefore, the influence of boron strongly depends on the rate and cooling conditions, which determines the form of the presence of boron, as well as the size of BN precipitates. Table 4 shows examples of the results of some studies showing the opposite effect of boron, depending on the cooling conditions. Slow cooling promotes boron segregation at the austenite grain boundaries, therefore leading to better ductility.



In 2010, Mintz et al. [34], based on a summary of a large number of works on the study of the hot ductility of steels, identified the following reasons for the favorable effect of boron:




	–

	
Since the boron atom is a small atom, it segregates easily at austenite grain boundaries, reducing the boundary slip, which improves creep ductility. In addition, it may take up vacant sites that would otherwise form nucleation sites for fine precipitates, such as Nb(CN) and TiN;




	–

	
Boron prevents the formation of ferrite at the austenite grain boundaries causing it to precipitate within the matrix allowing the strain to be accommodated more uniformly;




	–

	
Boron causes a coarse precipitation to occur at the boundaries instead of a fine precipitation within the matrix reducing the stress acting on the boundaries.









Ductility generally improves with an increasing B/N ratio, and a ratio of 0.8:1 (stoichiometric) has been found to provide the greatest ductility at high cooling rates. While there is a window in which boron additions are beneficial to ductility and can help avoid cracking, it is quite narrow and explains the increased cracking often seen when conditions are not tightly controlled.



In addition, the benefit of adding boron is to prevent the formation of aluminum nitride. Although AlN is much more thermodynamically stable than BN, its precipitation is very slow and on cooling it always forms BN first. Then its effect on hot ductility depends on the particle size. Of the two, AlN is the more harmful. Perhaps this is due to the fact that the nucleation and growth of AlN is much slower, and the dynamic precipitation is usually more dispersed, and AlN precipitation occurs mainly at the boundaries.



The results of [86] show that adding 0.002 wt.% B to 0.08 C–1.0 Mn–0.02 Nb steel greatly improves hot ductility at a cooling rate of 1 °C/s. RA values were >90% over the entire temperature range of 700–850 °C. Large Fe23(BC)6 particles were found at the boundaries and in the matrix. Another possibility that boron addition leads to an increase in the ductility of steels containing niobium is that these coarse Fe23(BC)6 particles contain a significant amount of nitrogen, which should reduce the amount of N and C available for the precipitation of fine Nb(CN) precipitates during deformation.



More recent works have focused on studying the effect of co-microalloying with boron and titanium [91,92,93,94,95,96]. In the experiments, a cooling rate of 3 °C/s was used. This combination has been shown to be highly effective. This was due to the inhibition of the formation of intergranular ferrite by the segregation of dissolved boron at the grain boundary, since titanium prevented the binding of boron to nitride due to the formation of TiN. Moreover, the addition of Ti reduces the amount of AlN and NbN [95,96]. It should be noted that, with an increase in the strain rate from 10–4 to 10–2 s–1, a decrease in the amount of BN and TiN precipitates and an increase in their size was observed, which was accompanied by an improvement in hot ductility [96].



In a study [93] for steel with base composition No. 9 indicated in Table 4, the best results were obtained at 58–100 ppm B and 35 ppm Ti. The value of the reduction in area in the temperature range of 800–1250 °C was 80–50%. The authors also noted that the hot ductility of the steel was favorably affected by iron boride Fe2B, which precipitated along the boundaries of austenite grains.



The authors of [94] suggested that the positive effect of boron during the joint microalloying of steel with boron, niobium, and titanium results in the modification and refinement of the initial austenite grain.





3. Effect of Excess Phases on the Homogeneity of Composition and Microstructure


The problem of increasing the homogeneity of the composition, structure, and properties of metal in modern metallurgical technologies is one of the most important, since it largely controls the properties and quality of steel. It applies to all stages of the metal, from smelting to the production of finished metal products [20,21,32,33,97,98,99]. For example, in [100], based on the testing of samples taken from four places within the product, i.e., front-centre, back-centre, centre-centre and centre-edge, it was shown that there was at least 10% variation in mechanical properties within one roll. This phenomenon is directly related to modern steel production technology and the phenomena and transformations that occur. In the smelting and ladle processing of liquid steel, this problem is mainly solved by using treatment of the melt with an inert gas. The main contribution to the formation of chemical and structural inhomogeneity is made by segregation processes during steel crystallization. Despite the use of special technological methods of soft reduction, electromagnetic mixing, introduction of macrocoolers into the axial zone of a continuously cast billet, etc., it is not possible to completely prevent the development of segregation processes. It is known that the formation of certain types, including glassy non-metallic inclusions at the final stages of ladle processing during the continuous casting of steel, leads to a significant inhibition of heat and mass transfer processes and, accordingly, the development of segregation processes during steel crystallization [101,102,103].



It is known that the steel is in a non-equilibrium state. The formation of dispersed precipitates of excess phases, which improve the properties of steel, increases the degree of non-equilibrium of its state due to an increase in surface energy. This review aimed specifically to establish the role of the precipitation of excess phases formed during the processing of solid steel on the indicators of the homogeneity of the composition and structure of rolled products. The high importance of obtaining a homogeneous composition and structure of rolled products was due to a significant improvement in the indicators of its properties and quality. In particular, for steel composition, wt.% 0.098 C–0.305 Si–1.28 Mn–0.033 Al–0.019 Ti–0.070 Nb–0.0068 N, the relative elongation during the formation of an inhomogeneous microstructure decreased from 27% to 20% [32].



Chemical and structural inhomogeneity is also formed in the process of hot rolling due to uneven cooling of the rolled product along its thickness. According to the estimates made in [99], when studying rolled products with a thickness of 80 mm, the cooling rate in the surface layer was 7–15 °C/s, at 1/4 of the thickness—1–3 °C/s, and in the central part—1 °C/s. In many respects, the heterogeneity of the composition and structure of the metal was due to the precipitation of carbonitride phases. For the steel of a given chemical composition, the equilibrium temperatures at the beginning of the formation of carbonitrides were first reached in the surface layers, which cool faster than the areas remote from the surface. Herewith, in the areas adjacent to the surface, carbonitride precipitates began to form and a concentration gradient of carbon and microalloying elements in the solid solution increased along the thickness of the rolled product—their content (chemical potential) in the solid solution in the near-surface layers became lower than in the axial zone. This led to the intense diffusion of carbon and other elements from the axial zone to the surface, as a result of which the content of these elements in the steel (primarily carbon, due to its greater diffusion mobility) became inhomogeneous over the thickness of the rolled product. Such inhomogeneity of the chemical composition also leads to structural inhomogeneity in the thickness of rolled products. At the same time, due to the formation of different amounts of carbonitride precipitates of microalloying elements in various zones along the thickness of the rolled products, a significant difference also occurred in the dispersion of the microstructure over the cross-section of the rolled products.



In the work [98], sheet steel with the composition, wt.%: 0.15 C–0.98 Mn–0.28 Si–0.02 Al–0.08 Ti–0.0027 N with a thickness of 40 mm was studied. It was found that the near-surface layer and the mid-thickness region differed both in grain size and in the size of titanium carbide precipitates. The grain sizes were 13.2 and 18.6 µm, respectively. The TiC precipitates were 5–20 nm in size near the surface, and larger in the region of the middle thickness of the precipitates: 10–30 nm. This was the reason for the difference in mechanical properties. The strength and hardness in the surface layer was higher and the ductility was lower. The yield strength, tensile strength, and elongation differed by 50 MPa, 37 Mpa, and 7.2%, respectively. To improve the homogeneity, the authors used the thermos-deformation treatment mode with a higher cooling rate.



As a result of the study [21], a correlation was established between the uniformity of the microstructure and the toughness of the steel with composition, wt.%: 0.05 C–1.6 Mn–0.06 Si–0.029 Nb–0.01 Mo–0.028 Al–0.005 N. It has been shown that, as the coiling temperature is lowered, the toughness improves. The best performance was obtained at 450 °C.



In the study of high-strength low-alloyed steels of various microalloying systems in [32,33], it was shown that the uniformity of the composition and microstructure can be significantly influenced by changing the temperature of the beginning of hot rolling in the finishing group of stands, Tbf, which leads to a change in the intensity of mass transfer processes and formation of carbide, carbonitride precipitates. As a result, the chemical structural inhomogeneity of the metal formed at the stage of continuous casting of billets can be largely eliminated during hot rolling.



It was found in [32,33] that, for low-carbon Nb, Nb-Ti, Nb-V microalloying steels, similar regularities are observed (Table 5). At low values of Tbf, the concentration of carbon detected near the surface is equal to or even somewhat lower than its content in the axial zone of the rolled product. An increase in Tbf leads to the formation of surface layers much more enriched in carbon compared to the axial zone of the rolled product. Despite the closeness of the established regularities, the mechanisms of this phenomenon are different depending on the microalloying system.



3.1. Influence of Precipitation in Nb-Microalloyed Steels


Figure 9 shows the result of calculating the equilibrium composition of steel with composition, wt.%: 0.088 C–1.44 Mn–0.39 Si–0.034 Al–0.073 Nb–0.007 N. The concentration of MnS precipitates changes little with temperature. With a decrease in temperature, in the range of hot rolling, a region of stability of niobium carbonitride precipitates first appears, and then aluminum nitride. Since the AlN formation is kinetically hindered and requires a high degree of supersaturation of the solid solution with aluminum and nitride, it may not occur during hot rolling due to the competitive formation of Nb(CN) precipitates. In the range of low temperatures of ferrite stability, the formation of cementite and carbide of complex composition Me7C3 is possible. Thus, the main phase that precipitates during hot rolling is niobium carbonitride. Its precipitation begins at a temperature of about 1250 °C. Consequently, by the beginning of rolling in the finishing group of stands Tbf = 950–1050 °C, in the case of thermodynamic equilibrium, its predominant fraction should precipitate. Therefore, at high values of Tbf = 1020–1050 °C, there is already a sufficiently high thermodynamic stimulus for its formation, and at the same time, a high diffusion mobility of atoms of the phase-forming components, primarily carbon and nitrogen, is maintained. As a result of redistribution, the surface layers of rolled products are enriched in carbon and other elements. However, due to kinetic and time constraints, the state of thermodynamic equilibrium was not reached. Therefore, the actual amount of Nb(CN) precipitates formed is less than it follows from the data in Figure 9.



Accelerated cooling of the metal, in the case of lower values of Tbf = 950–980 °C, led to a decrease in the number of Nb(CN) precipitates that were able to form and, accordingly, the stimulus for the diffusion redistribution of carbon and other steel components. In addition, a lower temperature corresponded to a lower diffusion mobility of atoms. In accordance with the above points, a decrease in Tbf led to a decrease in the intensity of carbon redistribution to the surface of the rolled product. As a result, its concentration observed at the surface of the rolled product corresponded to or was even slightly lower than in the axial zone of the rolled product (Table 5).



It should be noted that the key goal of microalloying steel with niobium is aimed at restraining recrystallization during rolling in order to obtain a more dispersed microstructure. This occurs both due to the niobium present in the solid solution due to diffusion deceleration, and due to Nb(CN) precipitates blocking the movement of grain boundaries. The intensity of the formation of Nb(CN) precipitates increases significantly when deformation is applied [77]. For these reasons, a decrease in Tbf is a favorable factor for obtaining a more finely dispersed uniform microstructure. Indeed, the retention of a higher concentration of niobium in the solid solution and the presence of a larger amount of dispersed Nb(CN) precipitates more effectively restrain recrystallization during rolling in the finishing group of stands and, as a result, refine the grain structure.



In accordance with the abovementioned points, at low values of Tbf, a uniform fine-grained structure of rolled products is observed both at the surface and in the axial zone of the rolled product, and at high values of Tbf, a pronounced grain size inhomogeneity of rolled products is observed near the surface and in the axial zone [32,33]. This is clearly seen in the optical micrographs (Figure 10). The average grain size when using Tbf = 950 °C in the axial and surface zones is 3–5 µm (Figure 10a,b). The appearance of grain size inhomogeneity (Figure 10c,d), as is known, first of all leads to a decrease in ductility. Relative elongation at low values of Tbf = 950 °C is 24%, at Tbf = 1020 °C it is 22% [32].



The results obtained are explained by the predominant formation of Nb(CN) precipitates in the near-surface zone of rolled products, which leads to more efficient grain refinement. Due to the significant redistribution of carbon and, to some extent, niobium, the content of Nb(CN) precipitates in the axial zone of the rolled product is significantly less and the grain size is larger.




3.2. Influence of Precipitation in Nb-Ti and Nb-V Microalloyed Steels


Figure 11 shows the results of calculating the equilibrium composition of steels microalloyed together with Nb-Ti or Nb-V. Just as in the case of microalloying only with niobium, the concentration of MnS precipitates changes little with temperature. In Nb-Ti steel (Figure 11a), at high temperatures, titanium is almost completely bound to TiN nitride, the content of which remains unchanged with a decreasing temperature. The formation of AlN precipitates does not occur due to the almost complete binding of nitrogen by the titanium present in steel. In the range of low temperatures of ferrite stability, the formation of cementite and carbide of complex composition Me7C3 is possible.



In Nb-Ti microalloyed steel, due to the presence of titanium, precipitates of almost individual NbC carbides are formed. It is well known that a decrease in the nitrogen content in Nb(CN) increases its effectiveness on restraining recrystallization, apparently due to kinetically more favorable conditions for the formation of carbide rather than carbonitride of niobium. As a result, this leads to a more intense formation of carbide precipitates at high Tbf and the most significant redistribution of carbon from the axial zone to the surface of the rolled product is observed (Table 5). However, rolled steel of the considered composition contains the largest amount of carbide precipitates, which lead to the most effective refinement of the grain structure. Interrelated is the fact that, in order to obtain a structure uniform in the cross-section of the rolled product for steel of this composition, the most significant decrease in Tbf is necessary.



To a lesser extent, formulated tendencies were observed in Nb-V microalloyed steel rolled products. Due to low formation temperatures (Figure 11b), V(CN) precipitates provided a much smaller contribution to the formation of structure inhomogeneity. Therefore, the degree of chemical heterogeneity was mainly due to the intensity of the formation of niobium carbonitride.




3.3. Influence of Precipitation in Mo-Microalloyed Steels


Studies of the effect of molybdenum additions to Nb-microalloyed steels [20,21] have shown that molybdenum can lead to a deterioration in the uniformity of the microstructure due to the formation of martensite–austenite islands. Similar results were obtained for steels additionally microalloyed with boron [20]. At the same time, it is known that molybdenum significantly accelerates the nucleation and inhibits the growth of carbonitride precipitates [104]. Therefore, an increase in the intensity of the nucleation of precipitates will contribute to the redistribution of carbon and, as a result, an increase in heterogeneity. This was observed when adding molybdenum to Nb-V microalloyed steel [33].



The results of the study of rolled products from Ti-Mo microalloyed steel [33] showed patterns, which were opposite for the features of carbon redistribution and structure formation in Nb, Nb-Ti, Nb-V steels. The inhomogeneous composition and structure of rolled products occurs at low values of Tbf. Its increase leads to an improvement in the indicators of chemical and structural homogeneity (Figure 12) [33].



The noted feature was due to the specific kinetics of the formation of TiC precipitates. The formation of these precipitates in austenite was kinetically difficult and occurred at a significant rate only at relatively low temperatures of about 850 °C [105]. As a result, at Tbf = 950 °C, their formation and, accordingly, the redistribution of carbon from the axial zone of rolled products with the formation of a heterogeneous composition, structure, and reduced properties of rolled products were characterized by the greatest intensity. At higher temperatures, the formation of TiC precipitates is kinetically hindered and prevents the possibility of a reverse redistribution of carbon, which controls the change in the structure and properties of rolled products.





4. Conclusions


The study and analysis of the effect of precipitation of excess phases on hot ductility, homogeneity of composition, and structure of high-strength low-alloy steels made it possible to establish the following regularities.



	–

	
Sulfide precipitates reduce hot ductility due to the formation of an FeS liquid layer along the grain boundaries and the appearance of microcavities (PFZs) around small precipitates of (Fe,Mn)S and MnS. To improve hot ductility, it is advisable to reduce the sulfur content and increase the concentration of manganese in order to achieve favorable forms of the presence of sulfur.




	–

	
Precipitation of niobium carbonitride adversely affects hot ductility by facilitating the joining of cracks at large precipitate sizes and the formation of precipitate-free zones at a small size. This effect is enhanced with an increase in the nitrogen content in the steel.




	–

	
Under conditions close to production, the formation at a high temperature of TiN precipitates of large sizes capable of serving as a substrate for the subsequent deposition of niobium carbonitride is a factor that improves hot ductility. An additional positive factor is the prevention of the formation of unfavorable precipitates of AlN, BN.




	–

	
The negative effect of AIN precipitates is realized by two mechanisms: sliding along the grain boundaries as a result of their precipitates and microvoid coalescence in ferrite. In steels microalloyed with Nb, the precipitation of AIN inhibits the formation of Nb(CN) precipitates, which leads to their smaller size. The deterioration of the hot ductility value is also possible due to MnS/AlN co-precipitation on dislocations occurring after rapid cooling and reheating.




	–

	
The negative effect of V(CN) precipitates on hot ductility is similar to Nb(CN) and increases with increasing nitrogen content in steel.




	–

	
At high cooling rates, the stoichiometric ratio B/N = 0.8:1 obtained in BN precipitates provides the highest steel ductility, including by preventing the formation of AlN, Nb(CN).




	–

	
The chemical and structural inhomogeneity of high-strength low-alloy steels formed at the stage of continuous casting of billets can be largely eliminated during hot rolling by controlling the formation of carbide (carbonitride) precipitates of microalloying elements. The most intense redistribution of carbon from the axial zone to the surface of the rolled product occurs in Nb-Ti microalloyed steels due to the more effective action of NbC precipitates and requires the greatest reduction in Tbf.




	–

	
The formation of Nb(CN) precipitates in Nb-microalloyed steel is kinetically more complicated, and their effect on structure formation is less effective. Therefore, there is less intensive carbon redistribution and structure change, which allows the use of higher Tbf.




	–

	
With complex Nb-V microalloying, only Nb exhibits the effect of action. The presence of Mo in the composition of steel accelerates the nucleation, but inhibits the growth of carbide (carbonitride) precipitates, which leads to the intensification of carbon redistribution processes and, accordingly, changes in the structure of rolled products.




	–

	
For Ti-Mo microalloyed steel, the features opposite to those presented above are characteristic of the redistribution of carbon, the formation of structure and properties, depending on Tbf. An inhomogeneous composition and structure occur at low values of Tbf. Its increase leads to an improvement in the chemical and structural homogeneity of steel. This is due to the specific kinetics of TiC formation, which proceeds most intensively at relatively low temperatures.
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Figure 1. Precipitation of excess phases in high-strength low-carbon microalloyed steels: (a) (Ti, Nb)(C, N); (b) TiC. Reprinted with permission from ref. [9]. Copyright 2023 Metallurgizdat. 






Figure 1. Precipitation of excess phases in high-strength low-carbon microalloyed steels: (a) (Ti, Nb)(C, N); (b) TiC. Reprinted with permission from ref. [9]. Copyright 2023 Metallurgizdat.
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Figure 2. (a) Temperature dependences of reduction in area; (b) corresponding microphotography of fractures for steel containing wt.%: 0.1 C, <1.2 (Mn + Si), 0.06 Cu, 0.04 Al, <0.03 (Nb + V + Ti), 0.005 S, 0.006 N. Reprinted with permission from ref. [54]. Copyright 2023 Stal’. 
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Figure 3. Temperature dependence of the phase composition of steel containing wt.%: 0.08 C, 0.60 Mn, 0.10 Si, 0.045 Al, 0.005 S, 0.005 P, 0.005 N, 0.035 Nb. 
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Figure 4. Temperature of the beginning of Nb(CN) precipitation depending on the concentration of nitrogen and niobium during cooling. The base composition of steel, wt.%: 0.08 C–0.60 Mn–0.10 Si–0.045 Al–0.005 S–0.005 P. 
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Figure 5. Equilibrium phase composition of steels containing, wt.%: 0.8 Mn, 0.3 Si, 0.045 Al, and 0.007 N. Reprinted with permission from ref. [78]. Copyright 2023 Metallurgizdat. 
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Figure 6. Equilibrium phase composition of steels, wt.%: (a) 0.08 C–0.027 Si–0.34 Mn–0.022 Al–0.011 Nb–0.0032 N; (b) 0.08 C–0.024 Si–0.71 Mn–0.032 Al–0.032 Nb–0.0048 N. Reprinted with permission from ref. [81]. Copyright 2023 Metallurgizdat. 
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Figure 7. Temperature dependence of the phase composition of model steel containing, wt.%: 0.08 C, 0.60 Mn, 0.10 Si, 0.045 Al, 0.005 S, 0.005 P, 0.005 N and (a) 0.05 Nb, (b) −0.05 V. 
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Figure 8. Dependence of the minimum value of hot ductility on vanadium content for steel of basic composition, wt.%: 0.11–0.13 C, 0.3–0.34 Si, 1.39–1.43 Mn, 0.016–0.02 P, 0.003–0.004 S, 0.005–0.0053 N. 
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Figure 9. Temperature dependence of the phase composition of steel containing, wt.%: 0.088 C–1.44 Mn–0.39 Si–0.034 Al–0.073 Nb–0.007 N. Reprinted with permission from ref. [33]. Copyright 2023 Metallurgizdat. 
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Figure 10. Ferrite–pearlite microstructure of steel with composition, wt.%: 0.121 C–0.394 Si–1.63 Mn–0.039 Al–0.0079 N–0.054 Nb: (a) at Tbf = 950 °C on the surface, (b) at Tbf = 950 °C in the axial zone, (c) at Tbf = 1020 °C on the surface, (d) at Tbf = 1020 °C in the axial zone. ×500 Reprinted with permission from ref. [32]. Copyright 2023 Metallurgizdat. 
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Figure 11. Temperature dependence of the phase composition of steel containing, wt.%: (a) 0.085 C–1.40 Mn–0.35 Si–0.038 Al–0.071 Nb–0.018 Ti–0.005 N, (b) 0.091 C–1.09 Mn–0.34 Si–0.029 Al–0.064 Nb–0.057 V–0.005 N [33]. 
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Figure 12. Dependence of the difference between the carbon content in the surface layer and the axial zone in rolled products on the temperature at the beginning of finishing rolling for steel, wt.%: 0.061 C–0.07 Si–1.57 Mn–0.045 Al–0.005 N–0.092 Ti–0.20 Mo. 






Figure 12. Dependence of the difference between the carbon content in the surface layer and the axial zone in rolled products on the temperature at the beginning of finishing rolling for steel, wt.%: 0.061 C–0.07 Si–1.57 Mn–0.045 Al–0.005 N–0.092 Ti–0.20 Mo.



[image: Metals 13 01066 g012]







[image: Table] 





Table 1. Influence of phase precipitates containing microalloying elements on the properties of high-strength microalloyed steels.
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Property

	
Microalloying System

	
Effect of

Precipitates

	
Ref.






	
Strength

	
Ti

	
Positive

	
[4,22]




	
Nb

	
[5,6]




	
V

	
[7]




	
Nb-Ti

	
[9,23,24,25]




	
V-Ti

	
[26]




	
Ti-Mo

	
[8]




	
Ti-Nb-Mo

	
[9,23,27]




	
Ti-Nb-V-Mo

	
[9]




	
Impact toughness

	
Nb, Nb-Mo, Ti-Mo

	
Negative

	
[12]




	
Fatigue strength

	
Ti

	
Positive

	
[16]




	
Ti-Mo

	
[17]




	
V

	
[18]




	
Nb-Ti

	
[19]




	
Corrosion resistance

	
Nb

	
Negative

	
[28,29]




	
V

	
[28]




	
Stress corrosion cracking

	
Nb

	
Positive

	
[30]




	
Hydrogen-induced cracking

	
Nb

	
Positive

	
[15]




	
Homogeneity

	
Nb

	
Negative

	
[31]




	
Nb, Nb-Ti, Nb-V

	
[32,33]




	
Ti-Mo

	
[33]




	
Hot ductility

	
Nb

	
Depends on size

	
[34,35,36]




	
Ti, Nb-Ti

	
[37,38,39,40]




	
V, Nb-V

	
[41,42,43,44]
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Table 2. Influence of the form of presence of sulfur on the hot ductility failure.
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	Form of

Presence
	Mechanism
	Features of the

Conditions
	Ref.





	S
	Segregation along grain boundaries
	High temperatures,

20–50 °C below solidus
	[59,63]



	FeS
	Liquid layer along the grain boundaries
	Low Mn/S ratio,

high cooling rate
	[66]



	(Fe,Mn)S
	Finely dispersed precipitates along the grain boundaries. Formation of PFZs
	Low Mn/S ratio,

medium cooling rate
	[58,66,68]



	MnS
	Finely dispersed precipitates along the grain boundaries. Formation of PFZs
	Low Mn/S ratio,

low cooling rate
	[59,66,69]
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Table 3. Effect of titanium on the hot ductility of low-carbon steels.
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Chemical Composition, wt.%

	
Effect

	
Cooling

	
Ref.




	
C

	
Si

	
Mn

	
Al

	
S

	
P

	
Nb

	
N

	
Ti

	
Fe






	
0.06

	
-

	
1.6

	
0.021

	
-

	
-

	
0.035

	
0.006

	
0.006

	
Bal.

	
Positive

	
900 K/min

	
[76]




	
0.03–0.04

	
-

	
1.6

	
-

	
-

	
-

	
0.03

	
0.0042–0.0077

	
0.012–0.013

	
Bal.

	
Negative

	
300 K/min

	
[37]




	
0.04–0.05

	
-

	
1.6

	
-

	
-

	
-

	
0.013–0.016

	
0.0044–0.0081

	
0.01

	
Bal.

	
Negative

	
[37]




	
0.04–0.05

	
-

	
1.6–1.72

	
-

	
-

	
-

	
0.044–0.055

	
0.0048–0.0072

	
0.013–0.036

	
Bal.

	
Negative

	
[37]




	
0.04–0.05

	
-

	
1.6

	
-

	
-

	
-

	
0.013–0.016

	
0.0044–0.0081

	
0.01

	
Bal.

	
Weakly positive

	
Cooling—

heating—

cooling

	
[37]




	
0.04–0.05

	
-

	
1.6–1.72

	
-

	
-

	
-

	
0.044–0.055

	
0.0048–0.0072

	
0.013–0.036

	
Bal.

	
Positive

	
[37]




	
≤0.15

	
0.14–0.15

	
<2

	
0.039–0.054

	
-

	
-

	
0.041–0.042

	
Not specified

	
0.015

	
Bal.

	
Positive

	
300 K/min

	
[39]




	
0.11

	
0.32–0.38

	
1.48–1.54

	
0.023–0.035

	
0.004

	
0.015–0.019

	
0.023–0.029

	
0.008–0.009

	
0.02

	
Bal.

	
Positive

	
25 K/min

	
[75]




	
0.051–0.052

	
0.37–0.38

	
1.51

	
0.030

	
0.009–0.010

	
0.014–0.015

	
-

	
0.0094

	
0.02

	
Bal.

	
Weakly positive

	
60 K/min

	
[75]




	
0.086–0.098

	
0.31–0.35

	
1.41–1.44

	
0.008–0.036

	
0.002–0.019

	
0.009–0.019

	
0.032–0.042

	
0.0040–0.0110

	
0.014–0.045

	
Bal.

	
Negative

	
25, 100, 200 K/min

	
[38]
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Table 4. Effect of boron on the hot ductility of low-carbon steels.
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Chemical Composition, wt.%

	
Effect

	
Cooling

	
Ref.




	
No

	
C

	
Si

	
Mn

	
Al

	
Nb

	
Ti

	
Mo

	
S

	
P

	
N

	
B

	
Fe






	
1

	
0.081

	
0.139–0.149

	
0.974–0.983

	
0.020–0.031

	
0.02

	
-

	
-

	
0.003

	
0.010–0.011

	
0.005–0.006

	
0.002

	
Bal.

	
Positive

	
1 °C/s

	
[86]




	
2

	
0.05–0.15

	
0.14–0.23

	
0.95–1.65

	
0.02

	
0.035–0.05

	
0.02–0.03

	
0.03, <0.017

	
0.007–0.008

	
0.009–0.012

	
0.0048–0.0092

	
0.002–0.0043

	
Bal.

	
Positive

	
10 °C/s–heating–cooling

	
[87,88]




	
3

	
0.040–0.048

	
0.062–0.070

	
0.495–0.540

	
0.023–0.028

	
-

	
-

	
0.040–0.041

	
0.011–0.012

	
0.015–0.016

	
0.0048–0.0049

	
0.0027

	
Bal.

	
Positive

	
1 °C/s

	
[89]




	
4

	
Negative

	
20 °C/s




	
5

	
0.039–0.043

	
0.60–0.65

	
0.495–0.530

	
0.023–0.027

	
-

	
-

	
0.040–0.041

	
0.011–0.012

	
0.015–0.017

	
0.0011–0.0049

	
0.0016–0.0026

	
Bal.

	
Negative

	
20 °C/s

	
[90]




	
6

	
Negative

	
20 °C/s–heating–cooling




	
7

	
0.15–0.17

	
0.19

	
1.42–1.44

	
0.028–0.029

	
0.024–0.029

	
0.012–0.014

	
-

	
0.018

	
0.013

	
0.0060–0.0065

	
0.0025–0.0045

	
Bal.

	
Positive

	
3 °C/s

	
[91]




	
8

	
0.071

	
0.1–0.8

	
1.807–1.936

	
0.0306–0.0387

	
0.047–0.048

	
0.085–0.117

	
-

	
0.002–0.003

	
-

	
Not specified

	
0.002–0.0024

	
Bal.

	
Positive

	
1 °C/s to 910 °C–soaking–0.01 °C/s

	
[92]




	
9

	
0.10

	
0.29–0.32

	
1.96–1.99

	
0.023–0.030

	
0.031

	
0.0035

	
-

	
0.005–0.006

	
0.005

	
0.0030–0.0035

	
0.005–0.01

	
Bal.

	
Positive

	
3 °C/s

	
[93]




	
10

	
0.09

	
Mn+Si < 2.1

	
0.03–0.04

	
Nb+V+Ti < 0.17

	
0.011–0.016

	
0.005

	
-

	
0.005–0.006

	
0.003, 0.0002

	
Bal.

	
Negative

	
Natural

	
[94]




	
11

	
Positive

	
10 °C/s + thermal cycling
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Table 5. Chemical homogeneity (carbon content) in steels of various microalloying systems according to [33].
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The Content of Microalloying, wt.%

	
Tbf,

°C

	
Carbon Content, across the Cross-Section of

Rolled Products, wt.%




	
Surface

	
Axial Zone






	
0.073 Nb

	
960

	
0.087

	
0.090




	
990

	
0.088

	
0.089




	
1030

	
0.092

	
0.086




	
0.071 Nb–0.018 Ti

	
950

	
0.084

	
0.085




	
990

	
0.088

	
0.083




	
1040

	
0.089

	
0.082




	
0.064 Nb–0.057 V

	
970

	
0.089

	
0.091




	
1000

	
0.090

	
0.091




	
1030

	
0.093

	
0.089
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