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Abstract: (The abstract must be structured and must not exceed 250 words in length).
· Problem to deal with: The paper presents an overview of modern corrosion steels, the main producing countries, consumption by industry. The main trends in improving the complex of properties of corrosion-resistant steels are also considered.
· Aims: The purpose of the work is to develop a concept for controlling the structure of corrosion-resistant steels and alloys in order to obtain the optimal combination of corrosion resistance and structural strength.
· Methodology: The work uses traditional metal-physical research methods implemented on modern equipment..
· Results and Discussion: The paper describes the main scientific results of the laboratory of heat-resistant and corrosion-resistant alloys based on nickel and iron of the Ural Federal University.
· Conclusions: Based on this review the potential for controlling the structural-phase state of corrosion-resistant steels and alloys in order to increase their corrosion resistance and structural strength was shown.

Abstract: • Problema a tratar: El artículo presenta una visión general de los aceros de corrosión modernos, los principales países productores y el consumo por industria. También se consideran las principales tendencias en la mejora del complejo de propiedades de los aceros resistentes a la corrosión.
• Objetivos: El objetivo del trabajo es desarrollar un concepto para controlar la estructura de aceros y aleaciones resistentes a la corrosión con el fin de obtener la combinación óptima de resistencia a la corrosión y resistencia estructural.
• Metodología: El trabajo utiliza métodos tradicionales de investigación metal-física implementados en equipos modernos.
• Resultados y discusión: El artículo describe los principales resultados científicos del laboratorio de aleaciones resistentes al calor y a la corrosión a base de níquel y hierro de la Universidad Federal de los Urales.
• Conclusiones: Con base en esta revisión, se demostró el potencial para controlar el estado de la fase estructural de aceros y aleaciones resistentes a la corrosión para aumentar su resistencia a la corrosión y su resistencia estructural..
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1. Introduction
The processes of corrosion behavior of metals and alloys in various environments are described in some detail in a number of classical monographs [1, 2]. This generalization and the creation of a solid theoretical base was facilitated by a large amount of experimental data accumulated over the years of research in this area. Currently, there are new results of research devoted to this problem. In general, they do not contradict classical works and often have an applied character. A major class of construction materials for use in different oxidizing environments are various corrosion-resistant steel.  Сorrosion-resistant steels are the main class of structural materials for operation in various environments. While the iron-chromium system is the basis, modern stainless steels also contain a range of alloying elements that improve the specific properties of the material. For example, molybdenum increases resistance to pitting corrosion, nickel stabilizes austenite. In corrosion-resistant steels, three main types of microstructure are possible: ferritic, austenitic, and martensitic. These microstructures can be obtained by appropriate control of the chemical composition. Depending on the type of steel microstructure, the following classes are divided: 1) ferritic corrosion-resistant steels; 2) austenitic corrosion-resistant steels; 3) martensitic corrosion-resistant steels; 4) two-phase (austenitic-ferritic) corrosion-resistant steels; 5) precipitation hardening corrosion-resistant steels; 6) Mn-N replaceable corrosion resistant steels. According to the classification of the American Iron & Steel Institute, the main brands are indicated by a three-digit number with "2", "3" or "4" in the first position. Steels of the 300th series are chromium-nickel. They are used in the food, medical industry (for example, steel AISI-304, AISI-316), oil and gas, gas industry, shipbuilding (AISI-316, AISI-316T). The 200th series are chromium-manganese steels that are used for the production of dishes, cutlery, tanks, food industry equipment, consumer goods (for example, AISI-201). Chromium steels of the 400th series (for example, AISI-430) are used in the oil and gas industry, and as a decorative material for finishing buildings and premises. The use of duplex austenitic-ferritic steels is limited to areas such as pressure vessels, tanks, bridge structures, pool frames. Steels of different classes have, respectively, different properties. These properties have been studied for a long time, and the results are detailed in the literature [1–4]. Approximately half of the world's consumption of stainless steels is in various sectors of the engineering industry (Figure 1), where they are used as high performance structural materials. Corrosion-resistant steel is primarily used for those parts of industrial equipment and machines for which corrosion resistance is especially important, including at high temperatures. In particular, the chemical and pharmaceutical industries that work with aggressive media: acids, alkalis, etc. Corrosion-resistant steel is used for the manufacture of containers operating under high pressure, process pipelines, production and measuring equipment and tools. Corrosion-resistant pipes are used in offshore oil and gas production, as well as in the extraction of sour oil or natural gas with a high content of hydrogen sulfide from the depths. Corrosion-resistant steel is widely used in the food industry, where not only equipment, but also tanks and containers are made from it. Nickel-chromium steels are used in the form of forgings, long products and sheets, hot-rolled pipes, shaped profiles and castings in aviation and nuclear engineering, in the chemical industry and energy, as well as in other very diverse fields of technology. [5].
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Figure 1. Applications of stainless steel in 2020 [6]
Figure 2 shows data on the production of corrosion-resistant steels in 2010-2021. As you can see, this figure is steadily growing. Asia, a rapidly growing economy, accounts for most of the world's stainless-steel production. Among Asian countries, China has a particularly large production of stainless steels (Figure 3).
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Source: International Stainless-Steel Forum (ISSF), MEPS.
Figure 2. World production of stainless steel [6]
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Figure 3. Shares of the largest stainless steel-producing countries in world steelmaking [6]
Despite the wide range, large volume of products produced and the variety of properties of corrosion-resistant steels, their scope is usually limited to dilute solutions of salts, acids and alkalis, the operating temperature rarely exceeds 250 °C. For more aggressive environments and high temperatures, superalloyed iron-nickel alloys have been developed [7]. The main alloying components of these alloys are chromium and molybdenum. In oxygen-containing media, chromium ensures the formation of a protective oxide film, and in oxygen-free media, it prevents the formation of embrittling intermetallic compounds such as Ni3Mo, Ni4Mo. Molybdenum is the most effective element that increases the corrosion potential of the alloy in such aggressive ones as molten chlorides, fluorides, etc. [8]. Therefore, alloys of the Ni-Cr-Mo and Fe-Ni-Cr-Mo systems have been selected mainly for work in aggressive environments at temperatures above 550 С. The corrosive behavior of alloys under these conditions is described in a sufficient number of works, for example [8-15]. Basically, they discuss the effect of the chemical composition on the corrosion rate and the sequence in which different components emerge from the alloy. From this point of view, chromium turns out to be the least stable, which is consistent with the data [8, 15]. However, in these works, practically no attention is paid to the influence of structural factors: phase composition, morphology of precipitates of second phases, density of defects, nature of their distribution, texture, grain size, grain boundaries, their type and distribution - on the corrosion behavior of alloys. At the same time, there is evidence of a significant potential for increasing the corrosion resistance of steels and alloys by controlling their structural-phase state. It is known that the formation of second phases leads to a depletion of the solid solution in alloying elements, which reduces the corrosion potential of the alloy and increases the corrosion rate [16-19]. It should be noted that we are talking mainly about the precipitation of the second phases along the boundaries. At the same time, there are works on the positive effect of intermetallic compounds on the corrosion resistance of steels and alloys [20, 21].
In addition to the phase composition, the structural state of the alloys also affects the corrosion resistance. It is known [22] that defects in the crystal structure increase the diffusion mobility of atoms in alloys, which leads to a change, including the corrosion behavior of alloys.
Basically [1] it was noted the negative effect of defects on the corrosion resistance of metals. For example, in [23] it is noted that for corrosion-resistant steels, the density of dislocations is a determining factor for a tendency to pitting. According to [2], a decrease in the grain size should lead to an increase in the corrosion resistance of the alloys. This is confirmed by studies [24, 25], however, in [26], an absolutely opposite effect was recorded: an increase in the grain size reduces the tendency of the alloy to intergranular corrosion, and the authors also note the positive effect of a large number of twin boundaries. In this aspect, it is interesting to study the influence of the boundary energy on the corrosion behavior of alloys. The works [27-29] noted the positive influence of special boundaries of the Σ3 type and other Σ≤29 both on the resistance to pitting, and to intergranular corrosion and intergranular stress cracking. The work [30] similarly indicates a lower tendency to telluric embrittlement of nickel samples, where a larger number of boundaries of the Σ3 type have formed. In some works [31, 32], the authors draw attention to the fact that the jagged structure of grain boundaries is even better from the point of view of corrosion resistance of alloys.
Approaches to managing the type of grain boundaries or "boundary engineering" are given in the works [33, 34]. Basically, it is proposed to carry out deformation-heat treatment with parameters at which the alloy does not recrystallize. It is recommended to select small degrees of cold plastic deformation followed by prolonged annealing at temperatures below the recrystallization temperature. The authors of the work [35] gave a physical description of the processes of formation of special boundaries during thermomechanical processing of alloys with a face-centered cubic lattice. Another aspect that should be considered within the framework of the possibility of increasing the corrosion resistance of alloys is the control of their texture. In works [36, 37] it is shown the effect of surface texture on the tendency to intergranular cracking of ferrite- pearlitic pipe steel and pitting of austenitic corrosion-resistant steel of type 316L. In the latter case, the orientations {111} and {100} have a positive effect. The authors of [38] note that an increase in the degree of reduction during cold rolling increases the proportion of grain boundaries of the Σ3 type due to the formation of crystal planes {110} and {111} on the surface of the samples. That is, texture control is also carried out by deformation and heat treatments. Also, here it is possible to realize the potential of additive technologies. For example, in [39] it is shown that by changing the strategy of building the sample during selective laser melting, it is possible to control the texture of the alloy. Thus, to provide favorable orientations of crystallites from the point of view of corrosion resistance and physical and mechanical properties. But at the same time, one should not forget about the features of the samples obtained by 3D printing: non-fading, high porosity, excess phases, boundaries of melt baths, etc. All these defects lead to a deterioration in the corrosion resistance of the samples in comparison with the samples obtained by traditional metallurgical technology, as shown for the example of steel 316L [40]. In this case, recrystallization annealing made it possible to improve the corrosion resistance of SLM steel 316L due to the homogeneity of the structure and a thicker passive film.
2. Methodology
In this section, we provide a list of equipment and the main research methods that the laboratory team uses to study corrosion-resistant steels and alloys. In the field of structural studies and microanalysis of the obtained materials:
- transmission electron microscope JEM 2100 with Oxford Instruments Inca EnergyTEM 250 energy-dispersive X-ray analysis system;
- JEOL JSM-6490LV scanning electron microscope with Oxford Instruments Inca Energy 350 combined wave and energy dispersive X-ray spectral analysis system, as well as EBSD system;
- two-beam electron-ion scanning microscope Zeiss Auriga with Oxford Instruments Inca Energy 350 energy-dispersive X-ray spectral analysis system, as well as EBSD system;
- X-ray diffractometers Bruker D8 Advance, equipped with a texture attachment, position-sensitive detector, AntonPaar HTK1200N temperature chamber for operation at temperatures up to 1200 ℃ in protective media and vacuum;
- optical light microscopes Olympus GX51, Nikon Epiphot 200, with image display on a computer screen and the ability to calculate the resulting structures using specialized programs such as SIAMS-700, NIS Basic.
In the field of determining the physical and mechanical characteristics of the materials obtained:
- device for synchronous thermal analysis STA 449 C Jupiter with the ability to determine thermophysical properties (heat capacity, enthalpies of transformations), temperature intervals of phase transitions and mass changes from room temperature to 1600 ℃;
- device for dynamic mechanical analysis DMA 242 C with the ability to determine the characteristics of the modulus of elasticity and internal friction and others in the temperature range from minus 170 to 600 ℃;
- laser flash device LFA 457 MicroFlash to determine the characteristics of thermal diffusivity and thermal conductivity in the temperature range from room temperature to 1100 ℃;
- Linseis L78VD1600C dilatometer for determining the coefficient of linear thermal expansion and plotting thermokinetic diagrams of transformations during heating and cooling (from room temperature to 1600 ℃, from minus 170 to 600 ℃);
- Instron 3382 testing machine for determining mechanical properties at room and elevated temperatures (up to 1200 ℃);
- universal electrodynamic test stand Instron CEAST.
There is an MBraunUnilab box in the corrosion test area.
In the area of material handling and sample preparation:
- sample preparation devices for transmission and scanning electron microscopy Struers TenuPol-5;
- press for hot fitting of samples Struers CitoPress;
- semi-automatic polishing and grinding machine Struers LaboPol;
- electroerosive automatic machine Ecocut;
- disk cutting machine ATM Diamond 220;
- electric oven with controlled atmosphere Naberterm 8/16 Mo;
- Installation of plasma-spark agglomeration of powder materials FCT Systeme HP D 25.

3. Results and Discussion
The scientific results of the laboratory team are presented in this section. Work on the study of phase and structural transformations, as well as the properties of corrosion-resistant alloys based on nickel and iron, was started by the project team at the end of the first decade of the 21st century. In [41, 42], the regularities of the formation of intermetallic phases in austenitic alloys of the Fe-Ni-Cr-Mo system, depending on the parameters of deformation and heat treatments, were established. Using modern metal-physical research methods it was determined that the main intermetallic phase in these alloys is the σ-phase. Orientation relationships between it and the austenitic matrix have been established. The development of these works was the study of the features of the formation of excess phases in highly alloyed austenitic nickel and iron-nickel alloys. The effect of preliminary cold plastic deformation (CPD) on the morphology of the precipitates of the σ-phase was established. A small degree of deformation (e = 0.1...0.4) does not have a significant effect on the morphology of the σ-phase at the beginning of precipitation: lamellar particles are formed along the grain boundaries; during long exposures, intragranular lamellar precipitates appear, which grow along the austenite (111) planes. A large degree of deformation (e = 0.5...1.22) increases the density of defects and, accordingly, the number of nuclei. This provides a reduction in the average particle size. This provides a reduction in the average particle size. Their equiaxed shape does not change upon annealing. A scheme of the morphology of the precipitation of the σ-phase in corrosion-resistant γ-alloys based on Fe and Ni is constructed depending on the degree of efficiency, temperature, and aging time (Figure 4) [43–46]. 
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Figure 4. Change in the morphology of the σ-phase in austenitic alloys EK77 and G35 depending on the degree of CPD and annealing modes [41, 42]
Several works [47–50] are devoted to the study of the properties of such materials. On the example of the alloy VDM ® Alloy C-4, the prospects of using physical research methods to determine the temperatures of formation and destruction of both short-range and long-range orders in nickel-chromium-molybdenum alloys are shown. These methods are less expensive and more efficient than microstructural studies. The physical properties should be studied in a complex because their sensitivity to the appearance of short-range ordering differs and is not always sufficient. Formation of structures with short-range ordering affects the most strongly the elastic modulus, while degradation of the ordered structures is manifested well on the curves describing the heat capacity and on the dilatometric curves. Texture studies were also carried out [51]. Orientation microscopy (EBSD) was used to study the structural and textural states of a nickel-based alloy (Ni - Cr - Mo) after cold rolling and subsequent annealing. It is shown that a multicomponent rolling texture is formed during deformation. The special boundary Σ3 formed at the beginning of deformation is preserved during deformation as an energetically stable object. During recrystallization, a crystallographic texture is formed, the main components of which are associated with deformation orientations through special misorientations [52]. Several original experiments in the effect of iron-nickel alloy melting regimes on their phase-structural state in the solid state during subsequent heat treatment have been carried out. Using the EK77 alloy as an example, it has been established that a significant melt overheating above the liquidus temperature (by 305 ℃) during aging of the homogenized ingot increases the incubation period for the σ-phase formation. It has been determined that in an ingot smelted at a slight overheating above the liquidus temperature (by 43 ℃), an accelerated precipitation of the σ-phase occurs, the first portions of which gravitate towards the former interdendritic regions. This effect is leveled at the stage of precipitation growth. The degree of superheating of the liquid metal above the liquidus temperature strongly affects the austenite structure. In the case of a slight overheating of the melt above the liquidus temperature (by 43 ℃), austenite is tend to delamination during aging, and dislocations form flat accumulations. Increasing the superheat temperature to 305℃ reduces the tendency to delamination and leads to the formation of a polygonized structure at long exposure times [53]. It was also determined that the initial structure of the alloy before remelting determines its resistance to the separation of second phases after crystallization and homogenization. In the initially two-phase alloy, active precipitation of intermetallic compounds was recorded after aging at 900 ℃ for 5 hours. For the initially single-phase alloy, this time was 7.5 hours. Moreover, a high overheating over TLiq does not significantly increase the stability in the case of an initially two-phase state. [54]. Works on the influence of melt processing before crystallization of metals contribute to a deeper understanding of the relationship between the liquid and solid states of alloys, which is especially important in the development of selective laser melting and other additive manufacturing methods. The team also has research experience in this direction [55,56]. Using steel 316L as an example, the effect of selective laser melting on the kinetics of precipitation of the intermetallic phase was shown. It was found that with an increase in the energy density, the volume fraction of χ-phase precipitation increases. The volume fraction of χ -phase precipitation reached its maximum values in the SLM mode, which provides an energy density of 160 J/mm3 [57].
At the same time, work was carried out to study the corrosion resistance of nickel and iron-nickel alloys in various aggressive media at temperatures above 550 ℃ [58-70]. In particular, the influence of the morphology of second-phase precipitates on the corrosion resistance of alloys and their mechanical properties was studied [71, 65]. It was found that the formation of a fine-grained structure with dispersed equiaxed precipitates of the σ-phase, uniformly distributed over the volume of the y-solid solution along the boundaries of recrystallized austenite grains (Figure 7), ensures a decrease in the corrosion rate of the Hastelloy® G-35® alloy in the KCl-AlCl3 melt during 100 hours at 550℃ compared with single-phase state by 2 times from 0.53 to 0.26 mm/year. Such a phase-structural state of the alloy also provides an increase in strength properties by 30% (YS = 598 MPa, UTS = 964 MPa) relative to that declared by the manufacturer (YS = 348 MPa, UTS = 745 MPa) while maintaining the overall elongation at the level of 33%. In this case, the main hardening mechanism is the grain boundary [68].
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Figure 1. Microstructure of Hastelloy® G-35® after CPD (e = 1.0) and subsequent annealing (1000℃, 30 min).

4. Conclusions
This review of the literature and our own scientific results shows the potential for controlling the structural-phase state of corrosion-resistant steels and alloys in order to increase their corrosion resistance and structural strength.
However, there are also obvious problems that need to be solved for the successful realization of this potential:
1.	There is no systematic analysis of the influence of structural factors on the corrosion behavior of alloys: information is heterogeneous and not structured;
2.	In general, research is focused on considering one of the factors, without studying their mutual influence and joint effect on the properties of alloys;
3.	There are practically no data on the stability of a particular structural-phase state at elevated (above 500 С) temperatures.
In accordance with this, it is planned:
1.	To systematize a large amount of accumulated experimental data and develop on the basis of this physical models of the influence of both individual structural factors on the corrosion behavior of alloys, and their combined effect.
2.	On the basis of the proposed models, develop a strategy for obtaining the required structural-phase state that provides an optimal combination of corrosion resistance and structural strength of alloys.
3.	To develop specific modes of manufacture and deformation and heat treatment of alloys to obtain the best structural- phase state from the point of view of a set of properties
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