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Abstract

:

This paper investigates the behavior of transverse defects under significant total strain in conditions of complex vortex metal flow implemented through the radial shear rolling (RSR) method. The aim of this study is to assess the applicability of RSR processing for the in-depth transformation of small ingots of special steel into bars, particularly for the manufacturing of structural elements in specialized construction projects such as nuclear power plants. Although a substantial total strain is anticipated to enhance the steel structure and contribute to defect closure, the question of the development or closure of potential casting defects remains unclear. To address this issue, model tests were conducted to simulate the implementation of RSR processing. Defect behavior data under very complex vortex metal flow and high strain conditions were obtained for the first time and have scientific merit. A small steel ingot with a 32 mm diameter, containing a simulated artificial defect in the form of a transverse through-hole with a 5 mm diameter, was employed. During rolling, the workpiece diameter was progressively reduced by 2 mm with each subsequent pass, reaching a final diameter of 20 mm. Additionally, to provide a more detailed visualization of the defect evolution process, the same defect was modeled in an aluminum bar over six passes, and changes in defect volume and shape were analyzed after each pass. A highly detailed 3D visualization of the actual defect evolution was achieved based on cross-sections from experimental workpieces. These data corresponded to the total strain levels obtained by finite element method (FEM) simulation. Notably, a consistent similarity was observed between the test results for both metals, revealing a reduction in defect volume of up to 67.7%. The deformational welding of defects in the outer sections, encompassing one-third of the rod’s radius, occurred in the initial passes. However, defects in the axial zone of the rods remained unclosed, lengthening and gradually decreasing proportionally to the elongation of the rod, akin to conventional rolling. Consequently, the radial shear rolling (RSR) method is unsuitable for ingots with substantial discontinuities in the axial zone post-casting. Nevertheless, the method ensures the total welding of defects located in the outer zones of the ingots, even with minor applied deformations and a slight decrease in the diameter of the deformed ingot. Such data were obtained for the first time and should contribute to future investigations in this field.
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1. Introduction


The validation of new alloys as structural products is a resource-intensive process, incurring significant expenses and demanding extensive labor. This is particularly evident when the research focuses on validating materials to meet the specific requirements of the nuclear industry. Such endeavors necessitate thorough testing, encompassing not only compliance with technical specifications but also including pre-reactor and reactor tests.



The materials destined for the core of nuclear reactors are distinguished by a specific level of purity concerning impurity composition. As a result, these materials are typically subjected to advanced melting techniques, including vacuum arc melting and electron beam melting [1].



The resultant materials exhibit elevated costs, and the subsequent deformation–heat treatment processes such as hot forging, hot pressing, cold rolling, and drawing contribute significantly to the overall expense of the final product. Typically, during the substantiation of new alloys, multiple compositions of ingots are concurrently melted. Moreover, these ingots are relatively small in size. Ingot variants with distinct chemical compositions demonstrate varying manufacturability characteristics; consequently, non-optimal parameters during subsequent deformation–heat treatment can compromise the quality and result in substantial metal losses in the form of chips [2].



To minimize material and time expenditures, it is recommended to employ deformation processing methods with a high intensity of deformation for treating the cast structure, coupled with minimal metal loss in chip form. The optimization of technological process parameters is most effectively achieved through the application of physical and mathematical modeling methods, validated by experimental testing conducted on actual equipment [3,4].



The main method for alloy steel manufacturing is founding. However, for specialized applications, steel is subjected to melting processes such as vacuum arc melting and electron beam melting. But casting has a number of disadvantages in terms of the discontinuity of ingots. The main defects in steel produced by casting are considered to be porosity, shrinkage cavities, microscopic gas bubbles in the volume of the material, etc. [5,6]. The authors of [7] demonstrate that gas pores in ingots produced through vacuum arc remelting (VAR) can vary in size, typically ranging up to 1.0 mm, and in certain instances, extending up to 10.0 mm. All of the acronyms used are available in Supplementary Materials S1-Acronyms list.



Plastic deformation is used in the defect treatment of casting or mechanical defects. The most popular method of plastic deformation in the mass production of steel bars is hot and cold rolling [8,9,10,11]. This technique is widely employed for the production of rods, reinforcement, wires, and various materials featuring a circular cross-section [12,13]. Drawing [14] and hot pressing [15] are alternative methods. Drawing finds its primary application in wire production [16] and occasionally in bar production [17], while hot pressing is mainly utilized for the production of complex cross-section short profiles [18]. However, these methods are labor-intensive and relatively low-tech. Additionally, they share a common drawback related to welding internal defects into the workpiece, attributable to elevated tensile stresses that hinder defect closure. While these methods are effective for welding small pores, they are less suitable for addressing larger defects [19,20,21,22]. The implications of these limitations extend to the properties of the final product and impact the economic aspects [22,23,24].



Besides the described conventional methods of plastic deformation, there is a separate type of material processing—severe plastic deformation (SPD) [25,26,27]. The most famous methods are equal channel angular pressing (ECAP), invented by Segal in 1972 [28,29]; high pressure torsion (HPT) [30,31], which is considered an improved version of the classic Bridgman anvil, invented in the beginning of the 20th century [32,33,34]; and isothermal all-round forging [35,36]. All of these methods began to gain popularity in the late 1990s with the start of the research by Prof. Valiev [37] and Prof. Langdon [38] and their work to achieve ultra-fine-grained (UFG) materials [39]. Subsequently, research began on the effect of SPD on the behavior of macro- and microdefects in the material. However, it is worth noting that the first two types of SPD (ECAP and HPT) cannot be used in the construction and industrial sectors with high consumption of materials, due to the impossibility of scaling the process, thereby showing their main drawback—limitations on the size of the workpiece and low manufacturability [40,41]. Another important disadvantage of ECAP is the inhomogeneity of processing of the sample’s edge sections during deformation, which are subsequently cut off and lead to a decrease in the metal utilization rate, which in turn shows the uneconomical nature of the process on an industrial scale [42]. As for the HPT process, the size limitation is completely unacceptable, usually 10 mm in diameter and 0.25–0.5 mm thick; it is noteworthy that experiments on the deformation of cylindrical samples were unsuccessful, which confirms the disadvantage of this method in terms of scaling up to industrial level [42]. The third type of SPD—isothermal all-round forging—is difficult to use due to the need for numerous turning operations and strict adherence to temperature conditions, which is very difficult to achieve on an industrial scale for the production of materials [43]. The main disadvantages of all of the types of SPD described above are limitations in the size of the workpieces and the inflexibility of the processes, which have actualized the search for new ways to use SPD to improve the structure of ingots.



A less conventional form of severe plastic deformation (SPD), which has yet to be widely adopted but is increasingly garnering interest among metallurgists and scientists, is radial shear rolling (RSR) [44,45,46]. This SPD method stands out for its potential scalability to an industrial level and its versatility in bar production, a particularly crucial feature for the manufacturing of structural elements in special construction industries, such as nuclear power plants (NPPs). The essence of this method lies in inducing substantial shear deformation, creating a vortex flow of metal during ingot processing, and establishing a favorable stress–strain state [47].



The three-roll RSR rolling scheme provides an extremely high level of deformation (more than 50 mm/mm for a full processing cycle). The stress–strain state of this process is different from conventional two-roll helical rolling for pipe piercing [48,49]. In RSR, there is no high level of tensile stresses in the central zone; they are balanced by compressive stresses. This fact, as well as the huge level of accumulated total strain, makes it possible to significantly change the sample structure to the UFG state, which was demonstrated in the work [50]. This, in turn, should have a positive effect on the closure and welding of macro- and microdefects. RSR was used for rolling stainless steel workpieces [51]. However, almost no one has studied the evolution and welding of defects in an ingot using RSR. This method has great flexibility of application, and the small size of the production machines makes it a suitable candidate for the flexible production of small batches of high-quality rods from special materials for the specific needs of a special facility under construction [52].



Studying the effect of deformation by the RSR method on the welding of casting defects in order to substantiate the possibility of using the method for processing small ingots of special steels is the goal of the work. The significance to the field of the conducted research lies in the fact that the data obtained on the behavior of volumetric defects during radial shear rolling will be useful for further modernization of this SPD method, in particular, when creating new roll designs that make it possible to increase the level of metal processing in one deformation cycle.




2. Materials and Methods


An experimental study of the artificial through transverse defect (in diameter) evolution was carried out to study the radial shear rolling process applicability range for special materials ingot processing. Such defect models are the most used for these purposes [53,54]. The main material for physical modeling was a small ingot of steel grade AISI-403 (12% Cr) smelted under the program for the development of new materials for nuclear power plant structures. In the future, this material is expected to be modified with yttrium to increase radiation resistance [55,56,57,58]. For this experiment, ordinary AISI-403 steel was melted in a vacuum furnace under a pressure of 100 Pa into an ingot with a diameter of 32 mm to fully match the cast dendritic structure of the real conventional ingots. This part, including the ingot properties, is described in more detail in the source [59].



In the ingot, a through transverse hole with a diameter of 5 mm (length 32 mm) was drilled along its diameter line. Experimental rolling was carried out on a radial shear rolling mill RSP-10/30 (MISIS, Moscow, Russia) and included hot rolling from one heating to 1200 °C along the route of reducing the diameters of the workpiece (mm) 32–30–28–26–24–22–20. The rolling mill technically allows for rolling workpieces up to a diameter of 13 mm. A final diameter of 20 mm was chosen to characterize the intermediate stages of the process. Heating was carried out in a Nabertherm LH-30/14 heating furnace (Nabertherm, Lilienthal, Germany). Each of the samples at the defect site was cut into disks with a cross-sectional thickness of 1 mm on a QATM Brilliant-220 precision cutting machine (QATM, Mammelzen, Germany) with a disk thickness of 0.6 mm. Then, the cut disks were numbered, scanned with a resolution of 1200 DPI, and imported into CAD KOMPAS-3D (version 22, ASCON, Saint Petersburg, Russia) to convert the drawings into vector graphics. Based on these sections, a 3D model of the defect was created, allowing us to visualize the shape evolution stage and determine the volume change. X-ray tomography methods were not used due to the low spatial resolution of most X-ray tomographs, which are limited by low accuracy—more than 1 mm [60,61]. This is especially important since a very complex defect shape is expected. The experimental setup RSR-10/30 and the method scheme are presented in Figure 1.



Due to the small amount of cast material and the laboriousness of working with it, an additional experiment was conducted to physically model the stages of evolution of a through transverse defect along rolling passes on AA1080 aluminum. The material under investigation was AA1080, an aluminum alloy consisting of Al (99.8 wt.%), Si (0.15 wt.%), Fe (0.15 wt.%), Zn (0.060 wt.%), Cu (0.030 wt.%), Ga (0.030 wt.%), Mn (0.020 wt.%), Ti (0.020 wt.%), and Mg (0.020 wt.%). The elastic (Young’s, tensile) modulus was 68 GPa, and the elongation at break was up to 34%. The fatigue strength was up to 50 MPa. The shear modulus was 26 GPa. The tensile strength at yield (proof) was up to 120 MPa [62].



In the workpieces, transverse holes with a diameter of 5 mm (length 25 mm) were drilled at equal distances. Additional modeling included sequential hot rolling of 2 workpieces (3 artificial defects in each) with one heating to 500 °C along the route of reducing the workpiece diameters (mm) 25–23–21–19–17–15–13. After reaching a diameter of 23 mm, the section containing the defect was cut off from the workpiece, and the workpiece was heated again and rolled to the next diameter of 21 mm. The steps were repeated according to the rolling pattern until the final diameter of 13 mm was achieved. Thus, data were obtained on 6 stages of closing a through defect when rolling a workpiece from 25 mm to 13 mm every 2 mm of diameter reduction. These data were then compared with rolling data from a real steel ingot containing the defect. Figure 2 shows images of rolled samples from both experiments.



To evaluation the completeness of the defect welding and changes in the microstructure, some sections were examined by scanning electron microscopy (SEM) on a JEOL JSM IT-200LA microscope (Jeol, Tokyo, Japan). Medium disc sections of 23 mm (first pass) and 13 mm (last pass) of aluminum and the medium disc section of the last pass of steel were studied. For sample preparation, these sections were additionally polished using a QATM SAPHIR 520 (QATM, Mammelzen, Germany) automatic grinding machine with a QATM RUBIN 500 head (QATM, Mammelzen, Germany).



Finite element method (FEM) computer simulations, so often used to study these processes, have had limited applicability here [63,64,65,66]. The fact is that, usually, the through defect closure simulation assumes uniform deformation by forging or conventional rolling with longitudinal workpiece section metal flow symmetry. Closure of the defect occurs (or does not occur) simultaneously throughout the entire volume of the defect, as shown in the work [63]. In the case of radial shear rolling, as was shown earlier [66], there is a large gradient of directions and velocities of metal flow across the cross section of the sample. The defect closes at the edges, forming a closed cavity, and after this, the simulation proceeds inadequately. A closed cavity having a closed volume does not change this volume, but only its shape. In reality, the air, of course, can compress and the cavity volume always decreases. Therefore, computer models were used only to visualize the stress–strain state at each stage of the experiment for a more correct interpretation of the experimental results obtained.



Computer simulation was carried out using the finite element method (FEM) in the Deform-3D software package (version 13.1.1, SFTC, Columbus, OH, USA). General parameters for both experimental simulations was next. The number of finite elements in both cases was set to 100,000. Workpiece type: plastic; tool type: rigid; finite element type: tetrahedral; thickening coefficient for finite elements in complex geometry zones (size ratio): 6 (i.e., the volume of elements in the hole zones was 6 times less than in the rest of the workpiece); calculation type: non-isothermal; ambient temperature: 20 °C; convective heat transfer coefficient to the environment: 20 W/(m2K); heat transfer coefficient between the workpiece and the rolls: 5000 W/(m2K); the angular speed of rotation of the rolls was 60 rpm; a time increment of 0.001 s per step was utilized. For contact interaction between the workpiece and the rolls, Siebel friction was employed with a coefficient of 1.0, representing the maximum roughened surface in the absence of lubrication. The calculation was conducted using a direct iterative method employing a sparse matrix solver for enhanced convergence at each step. The listed model interaction coefficients were selected according to those recommended in the program for the case of hot processing.



The simulation included sequential rolling along a route of decreasing billet diameters (mm) 25–23–21–19–17–15–13 for aluminum and 32–30–28–26–24–22–20 for a steel ingot and repeated the main experiment. The rolling temperature for aluminum was 500 °C, and for steel 1200 °C.



Modeled material selection was also different. The model for the aluminum-based experiment used the DEFORM-3D built-in database material—AA1080 aluminum alloy. The steel-based experiment used the self-created database in a previous experiment [59]. Based on Gleeble 3800 (Dynamic systems Inc., Austin, DX, USA) plastometer plastometric test results, the steel ingots’ stress–strain flow curve graphs regarding the 0.5–15 s−1 strain rate range and 600–1200 °C temperature range were plotted. To construct each curve, 3 tests were carried out. A total of 30 tests were carried out. The flow curves are also available in Supplementary Materials S2-Flow curves for steel.




3. Results and Discussion


The FEM simulation of RSR rolling for simple non-defected bars revealed a stress–strain distribution and shape-changing results corresponding to known data [66,67,68]. A high strain level on the periphery of the bar can be seen with a gradient to the first experiment (aluminum model) combined outputs in the axial zone. The stresses also have a gradient, but the tensile stresses are not over the compressive stresses. That is why defect welding by this method is possible. The velocity gradient of metal particles and the gradient in their direction of movement are important factors influencing defect closure and structural refinement. Figure 3 displays this point.



The simulation of the defective bar, as was described, failed, but we can show the results in Figure 4. Until the defect closes, it corresponds to a normal process, but afterward has problems.



It was one of the reasons for full-scale physical modeling conducted using aluminum as the model material. In unclear conditions, preference was given to the physical model, with verification on steel ingot. The defect-containing cross-section aluminum bar slices used for the through defect evolution visualization are shown in Figure 5. The full-scale images are available in Supplementary Materials S3-High-resolution cross-section images. The first experiment (aluminum model) combined outputs are shown in Figure 6. The 3D models’ STL files of defects are available in Supplementary Materials S4-Origianl STL-files for 3D models of defects. They are the results of the defect shape and volume evolution with the corresponding strain level data by FEM simulation.



The most obvious feature observed is that the through defect does not achieve complete closure. However, there was a substantial closure of the defect. The defect volume decreased from the initial 480 mm3 to 155 mm3. This is more than 67.7% of the original defect volume. The defect shape was transformed into the long and narrow state with the general volume decrease. It also can be seen that defect shape-changing is not simple and generally corresponds to Figure 3, which characterizes the moving directions of the metal particles. Also, it can be compared with the results of work [60]. The helical shape of the defect in the Ø17 bar can be clearly seen.



The other point is the abnormal defect disclosure outlier in Ø17 bar and its normal continuous closure afterward. It can be described by the general dynamic instability of the RSR process [68]. Also, according to the FEM simulation, the axial zone had a significant elongation trend, and the defect also was elongated like in a normal rolling process. The existing axial empty volume could be the stress concentration point. We suggest that this effect is not mandatory for each RSR case, but it is possible for some. The possibility of this effect should be accounted for in the industrial RSR implementation.



The next point is the correspondence between the defect closure process and the FEM simulation outputs. The strain level data alone have a bad connection. In this case, the most valuable is the metal flow direction mainly and connected stresses. For instance, the strain level for the outer zones of the 21 mm diameter bar and the axial zone of the final 13 mm diameter bar were the same, but in the first case, the defect zone was welded, unlike the second case. The high turbulence shear deformation outer zone provided the faster defect treatment in comparison with the most monotonous metal flow zone in the axial part, which resembled a normal conventional rolling process elongating defects with their slow closure. The last effect corresponded to [46] data and can be found in works for normal rolling transverse defects modeling [11,19]. These outputs were very similar. This scope proves that radial shear rolling is not worse than conventional rolling regarding the defect closure effect. Outer ingot zones had much better treatment, and the axial zone had the same treatment as achieved through conventional rolling. The modeled defect was very large and real casing defects were much smaller. Such processing should be sufficient for their treatment.



The last point is that the symmetrical peripheral through defect zones were completely welded very quickly in the first polling pass. In all stages, the defect volume was inside. The outer one-third of the bar radius was closed well for all of the RSR processing stages. The RSR method could be used for closing any surface defects within the outer one-third of the bar radius.



A microscopic study of an aluminum sample after the first rolling pass with a welded defect demonstrated a visually inconspicuous, incomplete closure of the defect on one side. Such microcracks could be not detected by non-destructive methods and serve as evidence for the selected study’s direct method. The area is shown in Figure 7.



The outer uncovered millimeter of the sample can be explained by a sticking deformation zone influenced by the interaction with the rolls. As can be seen from the evolution of the defect, these defects also closed (welded), but the closing process began at a depth of 1–3 mm from the edge. The defect was welded simultaneously over several millimeters of the radius. A recrystallized joint of short length was found in two places at once. The cross-section of the rod after the final rolling process exhibited a complete recrystallized joint. There were no cracks, as demonstrated in Figure 7.



The verification experiment with real stainless steel ingot RSR processing was conducted for 32 mm diameter ingots with the same 5 mm diameter perforation for transverse through defect modeling. The combined outputs of the second experiment (steel ingot model) are shown in Figure 8. The full-scale images are available in Supplementary Materials S3-High-resolution cross-section images. The 3D models (STL files) of defects are available in Supplementary Materials S4-Origianl STL-files for 3D models of defects.



As can be seen in the FEM simulation results for this experiment and the first experiment described in Figure 6, the final stage strain levels for both cases were similar. The defect shape was also generally similar, but in this case, a non-symmetrical, very thin (less than 1 mm) strip-shaped outlier could be observed. This outlier shape corresponds to the metal flow distribution through the bar cross-section shown in Figure 3. It can be described by the metal flow’s non-monotonous character and the RSR process’s dynamic instability due to the three-roll scheme used and the workpiece rotation [68]. Also, some of the local tensile stresses could occur when the helical shape of the defect did not correspond with the main metal flow helical trajectories of the next pass, potentially leading to a shift. We suggest that this effect can occur only for the through defect case only. A non-symmetric defect zone deformation probably occurs at that time. One part of the through defect perforation was already deformed, but the other part was still not deformed and caused some non-symmetry, which was the reason for the observed phenomena. The other fully welded bar half and the first experiment data can indirectly confirm this hypothesis. A separate experiment with non-through surface defects of various depths and juxtapositions could help to make this point clear.



On the other hand, a significant reduction in the defect volume was reached. The defect volume decreased from 620 mm3 to 380 mm3. This is a 40.3% reduction of the original defect volume.



The initial casted structure of the ingot and its after-rolling transformation are shown in Figure 9a. An after-rolling microscopic study was performed on the cross-sectional point highlighted in Figure 8 and shown in Figure 9b. This point was selected for checking for the possibility of microcracks, such as found in Figure 7. There were no microcracks. All of that wing of the defect was welded and recrystallized. There was a seamless and homogeneous mass of metal, indicating a successful fusion of the material. The initial classical dendrite casted structure was also completely transformed. No small gas bubbles—only small non-metallic inclusions—were detected.



The data obtained show the promise of the RSR method, but also reveal many new previously unknown problems that require further research. It is necessary to determine the effect of defect symmetry on its complete closure without cracks, and it is necessary to more accurately determine the scale factor for the depth and size of the surface defect.




4. Conclusions


Based on an analysis of the results of processing artificial drilled-through transverse defect models by radial shear rolling, the following conclusions were drawn, as summarized below:




	
The use of radial shear rolling processing led to decreases in defects and a change in the structure of a small ingot of stainless steel.



	
The artificial defect (by workpiece diameter) shape evolution showed significant elongation with a generally monotonous decrease in volume. The axial zone of the defect had elongation in the rolling direction, while the outer part of the defect underwent closure. The shape evolution and its helical peculiarities corresponded to solid workpiece radial shear rolling FEM simulation outputs. Radial shear rolling is not worse than conventional rolling regarding the defect closure effect. Outer ingot zones displayed much better treatment results, while those for the axial zone were similar to the results achieved with conventional rolling.



	
The modeling of artificial defect evolution demonstrated the possibility of decreasing defects by more than 67.7% of their original defect volume. The outer one-third of the bar radius in most cases was found to be defect-free. The modeled defect was substantial, whereas real casing defects were much smaller. Such processing should be sufficient for their treatment. However, the modeling outputs raised some new questions regarding the symmetry of the defect closure and the occurrence of microcracks. Further research in this direction is necessary. It can be concluded that processing can be improved.



	
The strain level data alone were insufficient for defect closure prediction. This process for radial shear rolling cases mainly depends on the metal flow directions by the cross-section and their non-monotonicity.



	
The radial shear rolling process could be used for the improvement of small, special steel ingots intended for the direct manufacturing of bars for special structural elements.



	
Scientific data concerning the behavior of defects under very complex vortex metal flow and high strain conditions have been obtained for the first time and should contribute to future investigations in this field. This work will continue, especially with regard to clarifying the limits on the size of defects, taking into account the scale factor.
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Figure 1. Experimental setup RSR-10/30 (a) and the radial shear rolling method scheme (b). 
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Figure 2. The after-rolled samples by the rolling stages for both experiments. 
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Figure 3. FEM simulation RSR processing stress–strain and metal flow characterization. 
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Figure 4. The transverse through defect by RSR processing simulation. 






Figure 4. The transverse through defect by RSR processing simulation.



[image: Metals 14 00053 g004]







[image: Metals 14 00053 g005] 





Figure 5. The defect-containing cross-section aluminum bar slices used for the through defect evolution visualization. 
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Figure 6. Visualization of the defect-containing aluminum bar evolution. 
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Figure 7. Various scale microscopic images of the defect closure zone after the first RSR processing pass. 
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Figure 8. The through defect shape on the stainless steel ingot model after rolling by RSR. 
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Figure 9. Various scale microscopic images of steel ingot: (a) initial structure; (b) after the final RSR processing pass. 
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