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Abstract

:

A molecular dynamics (MD) simulation method is used to investigate the effect of grain boundary (GB) segregation on the deformation behavior of bicrystals of equiatomic nanoscale CoCrCuFeNi high-entropy alloy (HEA). The deformation mechanisms during shear and tensile deformation at 300 K and 100 K are analyzed. It is revealed that upon tensile deformation, the stacking fault formation, and twinning are the main deformation mechanisms, while for the shear deformation, the main contribution to the plastic flow is realized through the GB migration. The presence of the segregation at GBs leads to the stabilization of GBs, while during the shear deformation of the nanoscale CoCrCuFeNi HEA without the segregation at GBs, GBs are subject to migration. It is found that the GB segregation can differently influence the plasticity of the nanoscale CoCrCuFeNi HEA, depending on the elemental composition of the segregation layer. In the case of copper and nickel segregations, an increase in the segregation layer size enhances the plasticity of the nanoscale CoCrCuFeNi HEA. However, an increase in the thickness of chromium segregations deteriorates the plasticity while enhancing maximum shear stress. The results obtained in this study shed light on the development of HEAs with enhanced mechanical properties via GB engineering.
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1. Introduction


The development of modern technologies applies high standards to the characteristic and properties of new materials. In that sense, traditional metals are inferior to modern alloys in several characteristics. For example, aluminum-based alloys and austenitic steel are potential materials for use in cryogenic temperature applications. However, their main drawback is the insufficient fracture toughness and associated high brittleness at low temperatures [1,2]. Therefore, there is a need to search for advanced materials for applications at cryogenic temperatures. In this regard, high-entropy alloys (HEA), which are formed by mixing four or more elements, are actively being studied. Due to their unique characteristics, such as high specific entropy, slow diffusion, and strong lattice distortion [3], they demonstrate enhanced mechanical and physical properties [4] compared to traditional metals, which corresponds to the current demand of modern production. HEAs provide a vast design space for the creation of new compositions, leading to endless possibilities for novel materials with unique properties. Different combinations of elements to develop new HEAs with tailored characteristics are actively being explored reveling to have multifunctional properties such as catalytic activity, magnetic properties, and thermal stability. This provides possibilities for new applications in diverse fields such as energy storage, sensors, and biomedical devices.



The CoCrFeMnNi alloy, also called the Cantor alloy, is one of the most common HEAs [5]. One of the methods to obtain HEAs is casting, i.e., pouring molten metal into an empty-shaped space. However, since HEAs contain many elements, it is necessary to carry out several melts and control various process parameters. In addition to the casting method, vacuum arc melting [6,7,8,9], pressing [10], and laser cladding [11] can be recalled as common approaches of HEA production. Nevertheless, in addition to experimental studies [12,13] great efforts in the study of the mechanical and physical properties of HEAs are carried out by simulation methods, including first-principles [14] and molecular dynamics (MD) [15] approaches. In some cases, first-principles calculations can be an excellent approach to predict the experimental behavior of HEAs. Consideration of numerous correlation methods allows researchers to investigate an extensive range of physical properties of materials. First-principles calculations can be applied in completely different areas, from mineralogy [16] to vibrational spectroscopy [17]. Ab initio modelling can also be a very powerful tool for the design of materials. Instead of being just descriptive, the method allows analyzing and predicting material properties on an atomistic scale.



Experimental studies of HEAs are often time-consuming and costly; therefore, computational methods are crucial tools for analyzing and predicting the material behavior to facilitate an experimental study [18,19]. For instance, first-principles-based simulations can be used to study phase formation, diffusion, Gibbs free energy, excess entropy, and linear thermal expansion coefficient [20]. These results demonstrate high reliability and accuracy comparable to the experiment [21,22]. Structure evolution is often studied experimentally using differential scanning calorimetry, a scanning electron microscope, and an electron probe microanalyzer, and these results match well with those predicted based on first-principles calculations [23]. However, the ability of the ab initio method for the deep investigation of crystal lattice properties is usually limited by the size of the computational cell. This, in fact, eliminates the possibility of studying lattice defects in crystalline materials, except for vacancies and interstitial atoms. At the same time, other defect types, such as dislocations and grain boundaries, make an important contribution to the properties of HEAs and dictate their deformation behavior. This forces researchers to search for simulation methods capable of simulating crystals of a larger volume.



MD simulations are a well-known approach for the modelling of metals and alloys. This method often provides results that are in good agreement with both experimental data and first-principles calculations [24], while it is less time-consuming and computationally costly. MD simulations allow considering larger time and dimension scales when compared to first-principles simulations. This approach is becoming increasingly popular because it is an effective tool for studying crystal structure evolution under the influence of various internal and external factors, for example, for studying crowdions [25,26,27,28], the thermal stability of carbon nanomaterials [29,30,31], phase transitions [32], and electromagnetic effects in crystals [33].



Various properties of HEAs can be studied using MD simulations. For example, the implication of powder bed fusion process thermal conditions on the mechanical characteristics of Cantor alloys was studied in the work [34]. The authors varied the laser scan speed, laser power, and unidirectional and reversing laser passes in a wide range during the MD simulations to adjust the conditions to produce HEAs with the desired characteristics. The MD method is widely used for the investigation of the mechanical properties of HEAs, for example, cyclic plasticity [35]. This method allows considering the influence of the temperature and twin boundaries on the features of the structure formation of the CoCrFeMnNi HEA. However, for studying large systems of atoms with comparably high accuracy, it is important to choose the correct modelling parameters [36].



One of the main features of Cantor HEAs is their high impact strength, which reaches a value of 230 kJ/m2 at a temperature of 77 K, which is much higher than that of conventional alloys [37]. In works [38,39], atomistic studies were carried out for the CoCrFeMnNi alloy. The authors observed the ductile behavior of this Cantor under tension at cryogenic temperatures. It was revealed that the plastic deformation scenario is determined by the contribution of several components such as the transformation of the FCC lattice into the HCP martensite and the twinning and plasticity of GBs. The deformation of the Cantor CoCrFeMnNi alloy at low temperatures proceeds with the transformation of the crystalline phase into an amorphous one, which is accompanied by the formation of the so-called “amorphous bridge” leading to a separation of the cavities from the center of the crack origin [39,40]. This amorphization in the alloy occurs as a result of the formation of multi-dislocation compounds. The deformation mechanisms in these areas include partial dislocations of high-density Shockley, shear bands, and amorphous bridges, which are rarely found in conventional alloys at low temperatures. A detailed study on the effect of doping and diffusion processes at different temperatures on the evolution of HEAs’ structures under various conditions is important for their mechanical design. Because of the compositional complexity of HEAs, there is a lack of clarity in current experimental and analytical studies regarding the effects of GB segregation on the deformation mechanisms of HEAs. For example, in some HEAs, GB segregation can lead to the formation of a “soft skin” region at the boundaries, where the atoms are less strongly bound and, therefore, more easily deformable. This can lead to enhanced plasticity and ductility, which can be beneficial for some applications [41]. On the other hand, GB segregation can also lead to the formation of brittle phases or precipitates, which can cause cracking or fracture under stress. In some cases, GB segregation can also influence the deformation mode of the material. For example, in a nanocrystalline HEA, GB segregation can promote deformation through grain boundary sliding rather than dislocation motion [42].



Overall, the effect of GB segregation on the deformation mechanisms of HEAs depends on a variety of factors, including the specific alloy composition, processing conditions, and the nature of the segregation itself [43]. Understanding the underlying mechanisms of GB segregation formation and their impact on the mechanical properties is an active area of research in the field of HEAs. In this regard, this work aims to study the effect of GB segregations on the shear and tensile deformation behavior of equiatomic nanoscale CoCrCuFeNi HEA at room (300 K) and cryogenic (100 K) temperatures. The elemental GB segregation of each element type in the HEAs is considered. The mechanical characteristics of the nanoscale CoCrCuFeNi HEA with and without segregations are compared.




2. Simulation Details


The formation of GB segregations in metallic alloys is often observed during their solidification when they are cooled down from a high temperature and then held at a lower temperature [44]. However, due to limited spatial and temporal scales in atomistic simulations, it is difficult to capture the diffusion process in HEAs. The deformation mechanisms and effect of GB segregation in polycrystals are most appropriately studied using MD simulations for specific flat GBs with a certain geometry. Accordingly, in the current work, MD simulations of the shear deformation and stretching of the nanoscale CoCrCuFeNi HEA were carried out using bicrystals with tilt GBs.



The MD simulations were implemented with the Large-Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) software [45]. The visualization of the results was performed using Open Visualization Tools (OVITO) [46]. The CoCrCuFeNi HEA with a face-centered cubic structure was selected as the material of study [47]. Initially, the single-crystal model with orientations of [11–2], [111], [1–10] along the axes X, Y and Z, respectively, was created. Then, the bicrystal was obtained by rotating the upper and lower parts of the single crystal along the Z axis by ±15°, respectively (Figure 1a). Thus, the misorientation between the formed grains was set to be 30°. We set a misorientation of 30° between grains to form a general high-angle GB. Solute atoms more readily form GB segregations at high-angle GBs rather than at low-angle GBs or special GBs with lower GB energy and free volume [43]. The dimensions of the created bicrystal were 17.6, 23.0, and 4.6 nm along the three orthogonal directions. The considered bicrystal model consisted of 156,000 atoms.



The embedded-atom-method potential developed by Farkas D. and Carry A. [48] was used for the modelling. The integration of the atomic motion equations was carried out by the 4th-order extrapolation scheme with the Verlet method. A timestep of 1 fs was set. The initial samples were subjected to energy minimization with the conjugate gradient method by iteratively adjusting the atom coordinates and were further equilibrated at the considered deformation temperature. The minimization convergence criterion for the energy is 10−8 eV and for the force is 10−10 eV/Å. The structure optimization and subsequent deformation were modelled in the thermodynamic ensemble NPT (constant number of atoms in the simulation cell, as well as constant pressure and temperature) to control certain stress components at zero and maintain a constant temperature. The simulations were conducted at temperatures of 100 K and 300 K. Periodic boundary conditions were applied in all three orthogonal directions of the simulation cell. The tensile and shear loading were applied at a constant rate of 10−8 s−1. Such a high strain rate is acceptable [49,50], considering the limited temporal scale of MD simulations.



For analyzing the effect of GB segregation on the deformation behavior of the bicrystals under applied loading, the segregation of single element type (Co, Cr, Cu, Fe, and Ni) is introduced at the GB region. Thus, five different bicrystals were created depending on the type of the GB segregation. The thickness of the segregated layer was set to 1, 3, or 5 Å. For the HEAs subject to the tension, a rectangular crack was additionally introduced into the middle of the GB of the bicrystals (Figure 1b). During the shear deformation, all stress components, except σxy, were kept equal to zero, while for the tensile deformation, all the components except σyy were controlled to be zero. The results for the bicrystals with GB segregation were compared with those obtained for the case without any GB segregation.




3. Results and Discussion


3.1. Shear Deformation


The material can reveal different deformation behavior when subjected to shear deformation depending on the presence of segregations that can lead to localized stress concentrations and deformation heterogeneities. Figure 2a shows the stress–strain curves obtained for the considered bicrystals after subjected to the shear deformation at 300 K.



It is revealed that the segregation of copper and chromium at the GB had a noticeable strengthening effect on the nanoscale CoCrCuFeNi HEA. The shear yield strength increased by 2 and 1.5 times, respectively, compared to the segregation-free bicrystal. The segregations of nickel, cobalt, and iron increased the strength insignificantly. The drop in the shear stress with further shear loading was associated with the plastic flow and structure relaxation through the GB migration (Figure 2b). Unlike the bicrystal without the GB segregation, for the other bicrystals, the middle GB with segregation remained stable, while the second GB, without segregation, moved towards the middle one. In Figure 2a, the sharp decrease in shear stress down to negative values at 17% shear stain and its subsequent linear growth were due to the GBs approaching each other, forming a single crystal (Figure 2b). The subsequent linear growth of the shear stress is explained by the strengthening of the single crystal as a result of elastic deformation.




3.2. The Effect of Segregation Layer Thickness


In addition, to investigate the effect of segregation on the strength of the bicrystal under study, the impact of the thickness of the segregated layer was also examined. Specifically, three different variants of chromium segregation with the thickness values of 1 Å, 3 Å, and 5 Å were considered, and the simulation results are presented in Figure 3.



Figure 3 shows that a higher stress level was required to move the GB as the thickness of the layer increased. An increase in the segregation thickness by 3 times caused the maximum shear stress to increase by 1.5 times, while a 5-fold increase in the thickness of the segregated layer resulted in a 2-fold increase in the maximum shear stress for chromium segregation. However, based on the relationships depicted in Figure 2a and Figure 3, it can be inferred that the formation of a single crystal through the merging of two GBs was independent of both the thickness of the segregated layer and the type of segregated element.




3.3. Tensile Deformation


Furthermore, modeling the nanoscale CoCrCuFeNi HEA stretching process and the effect of segregation on its mechanical properties were considered. The thickness of the segregated layer was 3 Å. The tensile deformation was carried out for a strain value of 15%.



Figure 4 shows the dependence of the tensile stress on the magnitude of the applied deformation. The evolution of the structure during the application of the load was accompanied by twinning sharp stress jumps corresponding to the restructuring of the bicrystal structure due to twins. In addition to the twins, the migration of GB near the crack contributed to the development of the deformed structure. The structure with copper segregation with the crack introduced breaks at 4.5% strain, demonstrating the smallest plasticity values within all considered cases. The configurations with nickel and chromium crack + segregation combinations revealed higher plasticity. In these cases, the breaks occurs when the lattice is being deformed to 8.7% and 13.5%, respectively. Nevertheless, the segregation of iron and cobalt and the configuration where the crack was introduced in the initial structure revealed the highest plasticity levels, reaching 15% and above.



Figure 5 shows the bicrystal structure with chromium segregation before the break. The common neighbor analysis (CNA) method is used to display structural defects. Amorphous bridges [39,40] are clearly visible, which restrain the growing crack and lead to an increase in the plasticity of the bicrystal. The presence of disordered structure (grey area) near the crack indicates that the GBs slide and migrate. The twins are caused by the distortion of the crystal lattice under deformation slide and move throughout the bicrystal. For a more detailed study of mechanical properties under tension, the thickness of segregated layer was increased from 3 Å to 5 Å. In addition, the structure was deformed by up to 30%.



As can be seen from Figure 6, the bicrystal without segregation had the greatest plasticity—it broke when deformed by 16%. The segregation of nickel, cobalt, and iron reduced the plasticity of the bicrystal by 3–5%. The greatest decrease in plasticity was demonstrated by the bicrystals with copper and chromium segregation, the destruction of which occurred when they were stretched by up to 8%. Upon analyzing the dependencies presented in Figure 4 and Figure 6, it was discovered that increasing the thickness of copper and nickel segregations led to a rise in the plasticity of the bicrystal. On the other hand, an increase in the thickness of chromium segregations reduced the plasticity of the bicrystal. Thus, it can be inferred that the strength characteristics of the bicrystal will increase when the thickness of the chromium-segregated layer at the middle GB is increased. This conclusion is in good agreement with the findings in Figure 3, where an increase in the thickness of the segregated layer of chromium resulted in an increase in the maximum shear stress.



Figure 7 shows the considered cells of the bicrystals in the process of stretching, before the structures broke. The atoms are colored according to CNA. As mentioned above, structures with the segregation of iron, nickel, and cobalt, as well as a bicrystal without segregation, had the greatest plasticity. These structures have a large number of twin defects. As can be seen from Figure 7f, the bicrystal without segregation had structural defects only in the upper half of the bicrystal’s cell, but the spatial arrangement of the twins did not affect the deformation mechanism, since the twins actively migrated when the crystal lattice was distorted.



The bicrystal with copper segregation at the GB broke almost along a straight line (Figure 7c). A detailed examination of the bicrystal under the strain shows that there were no amorphous bridges formed next to the crack, which suggests an increase in the plasticity of the bicrystal. The bicrystal with the chromium segregation broke in the same way; however, we can observe small amorphous bridges along the X axis close to the edge of the crack (Figure 7b). The cases of cobalt, nickel, and iron segregations were characterized by a large number of atoms of the disordered structure around the crack. Therefore, we can observe several amorphous bridges that restrained the development of the main crack (Figure 7a,d,e). The structure without segregation had a plasticity level similar to the bicrystal with nickel or cobalt segregations; however, the mechanism of deformation, in that case, was different. The segregated atoms strongly distorted the crystal lattice during the deformation, thereby contributing to the formation of amorphous bridges. In the absence of segregation, fracture resistance occurred only due to chemical bonds existing between the phases of the bicrystal (Figure 7f).



The study did not reveal the specifics of the twin structure formation, which is dependent on the type of deformation, temperature, and thickness of the segregated layer. However, it is possible to gain a better understanding of this process by analyzing the deformation process with different ranges of element concentrations. These concentrations can be obtained through methods such as high cooling rates or doping.



By controlling the design of HEAs, the required mechanical properties can be achieved, depending on their intended application. It is important to note that the impact of doping elements on the alloy characteristics should be studied separately, as doping can lead to the formation of various phases with reduced physical and mechanical properties.




3.4. Deformation at 100 K


It is worth noting that modeling at 100 K did not reveal significant differences in the dynamics of the deformation-induced evolution of the structure compared to that at 300 K, as demonstrated in Figure 6 and Figure 8. The primary distinction lies in the fact that at 100 K, the bicrystal containing copper segregation exhibited weaker plastic properties than at 300 K. The decrease in temperature from 300 K to 100 K caused the elongation of the bicrystal to drop by 3% before breaking. However, the deformation mechanism of the bicrystal in the presence of other types of atoms at GB segregation remained similar at both temperatures.





4. Conclusions


In this study, we investigated the influence of segregations on the mechanical properties of an equiatomic nanoscale CoCrCuFeNi HEA using its bicrystal model. The results demonstrate that GBs with segregations are unstable and relocate under shear deformation, with the presence of a segregated layer fixing one of the GBs. During deformation, the structure evolves due to the formation and migration of twins and the migration of GBs in the vicinity of the crack. The bicrystal with copper and chromium segregations exhibited the highest strength under shear deformation, and the maximum shear stress increased with an increase in the thickness of the segregation layer. Conversely, the bicrystal without segregation had the greatest plasticity. An increase in the thickness of the segregated layer from 3 Å to 5 Å in the bicrystal with the crack led to a decrease in its plasticity. Additionally, an increase in strength during stretching was observed for the bicrystal with chromium segregation, while an increase in the thickness of nickel and copper segregations at the GB of the bicrystal made it more ductile. The simulation results indicate that the mechanical properties of the studied bicrystal are similar at both 300 K and a cryogenic temperature of 100 K. Only a slight decrease in plasticity was observed at 100 K for the bicrystal containing the copper segregation. Future studies are required to investigate the contribution of cryogenic temperature to the formation of amorphous bridges with a higher number of segregations. Additionally, the impact of misorientation between GBs in the CoCrCuFeNi HEA containing cracks near the GBs on its mechanical properties is an important aspect that requires further investigation.



Overall, our results provide important insights into the correlation between the structure and properties of new types of the nanoscale CoCrCuFeNi HEA demonstrating the potential to control the mechanical properties of HEAs through the manipulation of the thickness and type of segregations. Despite many experimental studies on the deformation behavior of various HEAs, to the best of our knowledge, there are few experimental results reporting on the influence of segregations at GBs on deformation mechanisms specifically in the CoCrCuFeNi HEA. Therefore, our results cannot be directly compared with experimental ones. However, the GB segregation of Cr in HEAs and its positive effect were discussed earlier in [51]. The authors reported that Cr has a strong self-bonding tendency leading to improved GB strength. Moreover, the strengthening effect of Cu atoms at the GBs of CoCrCuFeNi HEA was observed earlier in [52] using combined MD/Monte Carlo modelling. Similarly, we observed higher stress required for the plastic shear deformation of bicrystals with Cr and Cu at GBs compared with other cases. We believe that this study can be helpful for a better understanding of the effect of various GB segregations on the mechanical properties of HEAs. However, it should be noted that the impact of doping elements on HEAs’ characteristics requires further deep investigations, as doping may lead to the formation of various phases with reduced physical and mechanical properties.
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Figure 1. (a) The computational cell used for the simulations. (b) The bicrystal with the GB segregation of copper (colored in purple) and a crack in the middle of the GB. 






Figure 1. (a) The computational cell used for the simulations. (b) The bicrystal with the GB segregation of copper (colored in purple) and a crack in the middle of the GB.



[image: Applsci 13 04013 g001]







[image: Applsci 13 04013 g002 550] 





Figure 2. (a) The shear stress–strain curves for the considered bicrystals. The corresponding type of segregated element is indicated in the legend for each bicrystal, while the case without GB segregation is denoted as Bicrystal. (b) Structure of the bicrystal with GB segregation of Cr at 12% shear deformation. 






Figure 2. (a) The shear stress–strain curves for the considered bicrystals. The corresponding type of segregated element is indicated in the legend for each bicrystal, while the case without GB segregation is denoted as Bicrystal. (b) Structure of the bicrystal with GB segregation of Cr at 12% shear deformation.



[image: Applsci 13 04013 g002]







[image: Applsci 13 04013 g003 550] 





Figure 3. The shear stress–strain curves for the bicrystals with Cr segregation at GB. The corresponding thickness of the segregated layer (1, 3 or 5 Å) is indicated in the legend. The considered temperature is 300 K. 
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Figure 4. The tensile stress–strain curves for the considered bicrystals. The corresponding type of segregated element is indicated in the legend for each bicrystal, while the case without GB segregation is labeled as Bicrystal. The stress drop to zero corresponds to a break in the bicrystal. The considered temperature is 300 K. 
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Figure 5. Bicrystal with chromium segregation at 12% strain. Twins are shown in red. Atoms of the disordered structure are shown in grey. 
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Figure 6. The tensile stress–strain curves for the considered bicrystals. The corresponding type of segregated element is indicated in the legend for each bicrystal, while the case without GB segregation is denoted as Bicrystal. The stress drop to zero corresponds to a break in the bicrystal. The considered temperature is 300 K. 
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Figure 7. Bicrystals during stretching before breaking. Twins are shown in red, and atoms of the disordered structure are shown in grey. The figure shows the bicrystal with cobalt segregation (a), chromium segregation (b), copper segregation (c), iron segregation (d), and nickel segregation (e), and bicrystal without segregations (f). 
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Figure 8. The tensile stress–strain curves for the considered bicrystals. The corresponding type of segregated element is indicated in the legend for each bicrystal, while the case without GB segregation is denoted as Bicrystal. The stress drop to zero corresponds to a break in the bicrystal. The considered temperature is 100 K. The thickness of the segregated layer is 5 Å. 
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