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Face-centered cubic (fcc) high and medium entropy alloys (H/MEAs) have been shown to display superior mechanical properties at low temperatures, but significant improvement of their strength at high temperatures is required for industrial applications at extreme conditions. Recently, it has been shown that the breakthrough of the MEAs from equiatomic/near-equiatomic to non-equiatomic ratios leads to strong MEAs with good ductility. To design new H/MEAs, we consider two important factors that may influence strength: the chemical composition and chemical short range order (CSRO). In this study, we investigate the depinning stress (σc) as a criterion of strength of several compositions of VCoNi concentrated solid solution alloys (CSSAs) including V0.33Co0.33Ni0.33, V0.35Co0.2Ni0.45, V0.33Co0.17Ni0.5, and V0.17Co0.33Ni0.5 at 5 K and 300 K, using atomistic simulations. The chosen interatomic potential is shown to be reliable by comparing experimental/ab initio values and calculated parameters such as lattice constant, shear modulus, depinning stress, and temperature variation of stacking fault width for equimolar VCoNi. We find a good agreement between experimental friction stress and the depinning stress extracted from our results for equimolar VCoNi. Also, we find that Vclusters are the main pinning points of dislocations, and With a random distribution of atoms, we find that the alloy composition V0.33Co0.17Ni0.5 displays the largest depinning stress at both 5 and 300 K. Furthermore, to investigate how CSRO affects the strength of these alloys, we design CSRO into the microstructure using two different methods: In the first method, hybrid Molecular-dynamics/Monte-Carlo simulations were employed to simulate annealing at various temperatures. We observe that such simulations create CSRO so that it increases with decreasing annealing temperature. Recently, the CSRO motif and its concentration in an equimolar VCoNi have been determined by experiment. By modeling this experiment, we also implemented the CSRO into microstructure as the second method. By using both methods, the effect of CSRO on the magnitude of the depinning stress is discussed. It was shown that in both methods, CSRO significantly influences the strength of non-equimolar VCoNi alloys.
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1 INTRODUCTION
Concentrated solid solution high and medium-entropy alloys have been found to display excellent mechanical properties Senkov et al. (2011); Zhang et al. (2018); Jiang et al. (2022); Luoet al. (2021). Balancing between strength and ductility is an important issue in designing such materials and in general, body-centered cubic (bcc) high and medium entropy alloys (H/MEAs) have high strength while face-centered cubic (fcc) H/MEAs show high ductility Hu et al. (2021). According to solid solution strengthening theory Varvenne et al. (2016), the flow stress exhibits a decreasing trend with increasing temperature which is modulated by the zero temperature flow stress. Thus, improving the strength at low temperatures should lead to improving the strength at finite temperatures. One of the strategies to consider for designing new solid solution alloys (SSAs) could be related to increasing the strength of fcc solid solution alloys. Such a strategy may become possible by choosing compositional elements that increase lattice distortion based on the solid solution strengthening theory Esfandiarpour et al. (2022); Varvenne et al. (2016). One of the most characteristic cases is that of equiatomic CrCoNi solid solution alloys, that show higher yield strengths than traditional alloys, as well as more complex Cantor CrMnFeCoNi high entropy alloys at cryogenic and room temperatures Esfandiarpour et al. (2022); Wu et al. (2014). Deformation twins (especially at cryogenic temperature) Chen et al. (2021a) and larger atomistic mismatch (larger lattice distortion), induced by Cr atoms, are the main explanation for the exceptional behavior of CrCoNi solid solutions Varvenne et al. (2016). We propose that the design of new MEAs that have higher strength than CrCoNi, it is imperative to add elements that can induce higher local lattice distortion. Vanadium can play such an important role for strengthening in fcc HEAs due to its large atomic volume in the fcc matrix Esfandiarpour and Nasrabadi (2019); Yin et al. (2020). Furthermore, it has been shown that changing the concentration of H/MEAs from equiatomic/near-equiatomic to non-equiatomic ratios can improve the mechanical properties of these materials Coury et al. (2018); Yan et al. (2022). For instance, Coury et al. (2018) reported that Cr0.45Co0.275Ni0.275 alloy shows yield strength over 50% greater with equivalent ductility than equimolar CrCoNi MEA. In this work, we develop such alloys by altering the composition of VCoNi MEAs and calculate the depinning stress of edge dislocations through molecular dynamics simulations.
Recent experiments showed a high strength of VCoNi medium entropy alloys at low and room temperature Yang et al. (2021); Hu et al. (2021). For example, in Ref. Hu et al.(2021), mechanical properties of equimolar VCoNi with various different mean grain sizes were relatively compared with CrCoNi. Their main findings were focused on that VCoNi alloys display higher strength and friction stress than CrCoNi while their ductility still is much higher than bcc HEAs. In association, Ref. Yang et al. (2021) concludes that at cryogenic temperatures, twinning is absent in VCoNi under tension or impact, while pinning of dislocations is primarily observed. Furthermore, the strength of equimolar VCoNi may be predicted by the Labusch-Varvenne class of solid solution analytical models Labusch (1970); Varvenne et al. (2016); Yin et al. (2020), which use the large atomistic mismatch of vanadium, to show that strength shall increase with respect to equiatomic CrCoNi. A major contributor to the strength of VCoNi alloys has been conjectured to relate to chemical short range order (CSRO) that may form in the solid solution microstructure Antillon et al. (2020); Cheng et al. (2021). Atomistic simulations have already shown that nanoscale strength and hardness of CoCrNi MEAs increase with increasing the CSRO order parameter Chen et al. (2022); Li et al. (2019), while stacking fault widths decrease Zhang et al. (2020). MD simulations have been widely used to describe the microstructure of materials under deformation Antillon et al. (2020); Jia et al.(2022); Zhou et al. (2022); Esfandiarpour et al. (2022); Karimiet al. (2022). In this work, we focus on the understanding of the basic mechanism and dynamics of strengthening in non-equiatomic and equiatomic VCoNi single-crystal SSAs. We investigate the effect of CSRO and the strength of VCoNi alloys, by calculating structural features, the depinning stress, and stacking fault widths for edge dislocations in four fcc VCoNi SSAs including V0.33Co0.33Ni0.33, V0.35Co0.2Ni0.45, V0.33Co0.17Ni0.5, and V0.17Co0.33Ni0.5 at 5 and 300 K using molecular dynamics (MD) simulations. We choose these four alloys because they form single phase fcc solid solutions King et al. (2016), according to semi-empirical rules used for predicting the alloy phase of SSAs. The depinning stress (σc) appears as a very reliable quantity for the estimation of strength of SSAs Esfandiarpour et al. (2022) and more specifically, VCoNi alloys, given that friction stress estimates Sohn et al. (2019) are very close to σc calculations, as shown here. The depinning stress refers to the stress required to depin a dislocation in a single crystal, and can be accurately calculated using stress-controlled loading, using atomistic simulations Esfandiarpour et al. (2022); Antillon et al. (2020). In classical solute-dislocation hardening models, it is predicted that the required stress that is needed to move an edge dislocation is 1/(1−ν) greater than the screw dislocation. The theory of strengthening for edge dislocations has predicted the flow stress for fcc H/MEAs, in very good agreement with experiments, over a range of concentrations and temperatures Varvenne et al. (2016). For this reason, in this study, we calculate the depinning stress of edge dislocations. In the second part of this study, we investigate the effect of CSRO on depinning stress and lattice distortion. We investigate two different scenarios for the CSRO formation in these alloys, by using two different methods: In the first method, hybrid Molecular-dynamics (MD)—Monte-Carlo (MC) simulations are employed to facilitate thermally induced kinetics at high temperatures, and emulate thermal annealing effects in chemical ordering patterns. In this way, we investigate possible effects of annealing at various temperatures, and investigate the possible correlation to CSRO effects. In the second method, a recent experimentally identified CSRO motif for VCoNi alloys Chen et al. (2022) is used to model CSRO.
2 SIMULATION TECHNIQUES
2.1 Calculating depinning stress using molecular dynamics simulations
To calculate depinning stress, a stress-controlled loading method was applied using MD. The periodic array of dislocations (PAD) model Osetsky and Bacon (2003) was used to insert a perfect edge dislocation between two central [image: image] planes in the cell. This model was employed to have periodicity along the Burger vector (X = [110]), and dislocation line direction [image: image]. To apply the PAD model, one should join two crystals in the [image: image] direction, while one of them (top) contains an atomic column in excess, in the X direction, rather than the other (bottom). The top crystal is compressed by b/2 (b is the magnitude of Burger vector), while the bottom crystal is elongated by b/2 to both have the same length along X. For each composition, four simulation cells with fcc crystal and different random distribution of constituent elements were created along [image: image]Å), [image: image]Å), and [image: image]Å) containing 4,036,500 atoms (Figure 1). Periodic boundary conditions (PBC) are applied in both X and Z directions, while the fixed boundary condition was used in the Y direction. After minimization of the system using molecular statics, the system is equilibrated to the target temperatures (5 and 300 K) using NpT for 100 ps by considering the zero pressure in x and z direction, [image: image] fs, and [image: image] fs. Stress-controlled loading was considered where the force Fx = σAN±exz was applied to the top and bottom Y-layers with the area of A, and N± is the number of atoms in the top (bottom) layers. A time step of 4 fs was used. The temperature is controlled by a Berendsen thermostat at the target temperatures Berendsen et al. (1984). The loading stress increases with 20 MPa ramp till dislocation starts continuous moving. Dislocation and crystal structures are analyzed using dislocation extraction algorithm (DXA) Stukowski et al. (2012) and common neighbor analysis that are implemented in OVITO software Stukowski (2009). The simulations performed in this work use the large-scale molecular dynamics massively parallel simulator (LAMMPS) Thompson et al. (2022), and the modified embedded atom method (MEAM) interatomic potential has been recently developed by Choi et al. (2021). To evaluate this interatomic potential, elastic constants are calculated using LAMMPS. To estimate elastic constants at zero temperature, the derivative of stress with respect to strain is calculated by deforming the box in various directions. To estimate the elastic constants at room temperature, the variation in the average stress tensor for an NVT simulation is calculated when the cell volume is under finite deformation. Both methods are implemented in LAMMPS. Furthermore, shear modulus (μ) and Poisson’s ratio (ν) are calculated based on Liebfried’s effective isotropic elastic constants Eshelby (1955).
[image: Figure 1]FIGURE 1 | Simulation box for stress-control loading test. The red area represents the region between two partial dislocation lines dissociated from an edge dislocation. The stress is applied to the top and bottom Y-layer (grey area).
2.2 Modeling chemical short range order
Hybrid MD-MC is utilized in a canonical ensemble to simulate annealing of crystals at different temperatures. The details of the simulations are performed through several steps Antillon et al. (2020). In the first step, two different chemical compositions are selected randomly in the simulations and tried to swap the position so that the kinetic energy keeps constant by swapping. In the second step, Metropolis criterion is used and each swap attempt is accepted if [image: image], where ϵ is a random number between [0,1] and [image: image], where β is the inverse of kBT and Ui is the potential energy of the system. Swapping is tried 200 times for all pair-types. Since we have three distinct pairs, a MC cycle includes 600 swaps. To relax any local residual stress that is induced by swapping, 50 molecular dynamic time steps under constant pressure (NpT) conditions are performed. We repeat these hybrid MD/MC steps until we reach reasonable convergence of the system’s potential energy. These simulations have been done at 750, 1,000, and 1,400 K temperatures. Supplementary Figure S1A shows, for V0.35Co0.2Ni0.45 alloy, the potential energy per atom as a function of the parameter MCsteps, which is the number of swap attempts normalized by the total number of atoms. For example, in a small system containing 48600 atoms, at MCsteps = 10 (810 MC cycles), you can see convergence in the potential energy. In this work, we simulate 4.5 million atoms and four different compositions, for dislocation dynamics purposes. This is a computationally demanding task, so we follow the simulation till MCsteps = 2 (15000 MC cycles), while we can see a reasonable convergence of potential energy for three different temperatures. To characterize the degree of CSRO at the various annealed temperatures, we used the following formula Li et al. (2019):
[image: image]
where n means the nth nearest-neighbor shell of the central atom i, Pij is the average probability of finding a j-type atom around an i-type atom in the nth shell, Cj is the average concentration of j-type atom in the system, and αij is the Kronecker delta function. For pairs of the same types (i.e., i = j), a positive αn represents the clustering tendency in the nth shell and a negative αn means the opposite. While, we can have opposite interpretations for pairs of different types (i.e., i ≠ j).
2.2.1 Modelling from experimental chemical short range order motif
Recently for equimolar VCoNi, CSRO motif which has some similarity to L11 intermetallic compounds has been observed experimentally Chen et al. (2022). We modelled this motif (Supplementary Figure S2) and inserted it into the four compositions. It should be noticed that for non-equimolar VCoNi alloys we focus on just investigating the effect of CSRO on the strength of these alloys, if the CSRO motif is similar to the ones that formed in the case of equimolar VCoNi. In model 1 (CSROm1) we insert such motif so that 23.3% of the whole atoms (and thus with 0.132 V concentration) have such phases. This selection is close to the percentage observed for equimolar VCoNi in the experiments (25%) Chen et al. (2021b). To investigate how such a motif can affect mechanical properties, we considered another model (CSROm2) so that half of the Vanadium atoms in each composition belong to such motif.
3 RESULTS AND DISCUSSIONS
Table 1 shows the lattice constant, elastic constant, shear modulus μ, and Poisson’s ratio ν for four different VCoNi alloys at 0 K using the interatomic potential Choi et al. (2021). The available experimental values Hu et al. (2021) for equimolar VCoNi at room temperature are presented. To compare experiments and simulations, elastic constants, μ, and ν at room temperature have been calculated for equimolar VCoNi. The percentage differences between experimental values and calculated ones are presented. A reasonably good agreement between experiment and simulation values can be observed.
TABLE 1 | Lattice constant (a (Å)), atomic mismatch (δ), elastic constants, shear modulus (μ) and Poisson’s ratio (ν) are presented for four different VCoNi alloys at 0 K using MD simulations. For equimolar VCoNi available experimental values are presented at room temperature (RT). To compare the experiments and simulation, elastic constants, μ, and ν at room temperature have been calculated for equimolar VCoNi. The percentage differences between the experimental value and the calculated value are shown in the parenthesis.
[image: Table 1]First, we focus on the depinning stress dependence on composition. Figures 2A,B show the depinning stress for all the compositions in two different temperatures. The depinning stress for equimolar VCoNi at 300 K is 410 ± 20 MPa, which is in good agreement with the experimental value of friction stress (383 MPa) for VCoNi at room temperature. The results show increasing the depinning stress by decreasing temperature from 300 to 5 K. This trend is in agreement with the experimental result for VCoNi Yang et al. (2021); Hu et al. (2021). Atomic mismatch (δ) for different compositions is calculated by [image: image] where Valloy = a3/4, cn is concentration of each element and [image: image] with [image: image] Varvenne et al. (2016). The apparent volume [image: image] was obtained from DFT calculations Yin et al. (2020). [image: image] and [image: image] were deduced from experiments Varvenne et al. (2016). Although we can see a relatively good correlation between atomic mismatch and depinning stress, V0.33Co0.17Ni0.5 with lower atomic mismatch than V0.35Co0.2Ni0.45 shows higher depinning stress. If we compare equimolar VCoNi with V0.33Co0.17Ni0.5, we can see that by just changing the concentration of Ni and Co (decreasing Co concentration from 0.33 to 0.20 and increasing Ni concentration from 0.33 to 0.50), we can increase the depinning stress around 21.9% at 300 K and 27.2% at 5 K. Figure 5C represents the higher bond distances for Ni-V pairs rather than Co-V. It could be a source of higher depinning stress of V0.33Co0.17Ni0.5 rather than equimolar VCoNi, where the number of V-Ni pairs is higher than Co-V in V0.33Co0.17Ni0.5 which leads to higher lattice distortion. To see the effect of local atomic clusters on pinning dislocations, the atomic Virial stress in x-direction was calculated using lammps. Figures 2C,D represent the Virial atomic stress (σx) of random equimolar VCoNi at 5 K on the [image: image] glide plane for two local pinning stages when the applying external stress increased from 1,060 to 1,080 MPa. Supplementary Movie S1 [see Supplementary Material (SM)] shows a movie of a dislocation avalanche across pinning centers, combining snapshots such as the ones shown in Figures 2C,D, where dislocation transfers from one local pinning to the others. As it is obvious from this figure, V-clusters (with the highest atomic pressure) play an important role in dislocation pinning. In contrast to CrCoNi, deformation twinning has not been observed in deforming VCoNi at cryogenic temperatures Yang et al. (2021). As reported in Ref. Yang et al. (2021), this can be connected to fairly high stacking fault energy (SFE) associated with VCoNi at low temperatures. Furthermore, it was shown that planer dislocation glides remain almost insensitive to variations temperature owing to very minimal SFE differences within the temperature range of interest Yang et al. (2021). In this framework, we investigated the temperature-dependence of the stacking fault width. Figure 3 shows a slight increase of the stacking fault width [image: image] with temperature, measured as a distance between the two partial dislocations, slightly below the depinning transition. Given that [image: image] is proportional to the inverse of stacking fault energy Vaid et al. (2022), our finding is consistent with ab initio calculations of equimolar VCoNi Yang et al. (2021) indicating a slight decrease of stacking fault energy with temperature. It can be seen that random equimolar VCoNi shows the highest stacking fault widths than the other non-equimolar VCoNi alloys.
[image: Figure 2]FIGURE 2 | The depinning stress for all the random compositions at (A) 5 K. and (B) 300 K. The bars are ordered based on atomic mismatch (δ). Snapshot of two local pinning stages of dislocations in the random equimolar VCoNi at 5 K on the [image: image] glide plane when the applying external stress is (C) 1,060 MPa and (D) 1,080 MPa pining points are zoomed in and color coded by Virial atomic stress in the glide direction (σx) as well as atomic type.
[image: Figure 3]FIGURE 3 | (A) Stacking fault width slightly below the depinning transition [image: image] between two partial dislocations for four compositions at two different temperatures. (B) Atomic snapshot of four compositions at the verge of depinning. White line represents two partial dislocations. The red, blue and green, represent Co, Ni and V atoms respectively.
To see the effect of CSRO on the depinning stress, hybrid MD/MC simulations have been performed. Supplementary Figure S1B shows the acceptance rate as a function of MCsteps for different pair types in V0.35Co0.2Ni0.45 alloy. It can be seen that Co-Ni has the highest acceptance rate of swapping. It makes sense because the electronegativity and atomic radius of Co and Ni are much closer to each other rather than V. Figure 4A depicts CSRO in the first neighbor shell. The interpretation of the results tells us the CSRO originates from the nearest neighbor preference towards V-Co and V-Ni pairs and avoidance of V-V pairs. Figure 4A indicates that CSRO increases with decreasing annealing temperature, which is analogous to the behavior seen numerically and experimentally in CrCoNi solid solutions. Figure 4B shows the variation of α1 for different compositions which are annealed at 750 K. One can see from Figure 4B the same trend of CSRO for the three other compositions, where V0.17Co0.33Ni0.5 shows the lowest CSRO among all. Figures 5A,B show how the annealing at 750 K affects depinning stress at 5 and 300 K. These Figs indicate that annealing does not affect the strength of equimolar VCoNi and V0.17Co0.33Ni0.5, while it makes V0.33Co0.17Ni0.5 and V0.35Co0.2Ni0.45 softer. Softening by annealing was reported in another hybrid MD/MC study Antillon et al. (2020).
[image: Figure 4]FIGURE 4 | (A) The variation of α1 (CSRO at first shell) in VCoNi for three different annealing temperatures (750, 1,100, 1,400 K). (B) The variation of α1 for different compositions which are annealed at 750 K. (C) Equimolar VCoNi atomic structure in an x-z plane for random, the one that annealed at 750 K, and two CSRO models which experimental CSRO motifs are inserted into microstructure. The red, blue and green, represent Co, Ni and V atoms respectively.
[image: Figure 5]FIGURE 5 | The ratio of [image: image] (A) At 5 K and (B) 300 K for annealed compositions at 750 K as well as the compositions containing experimental CSRO motif (CSROm1 and CSROm1). (C) Bond distances in equimolar VCoNi random alloy and its fluctuation by analysing the radial pair distribution function in the first nearest neighbors and fitting it to normal distribution. (D) Effect of CSRO on bond fluctuations for different compositions by calculating full width at half maximum of the fitted normal distribution.
It should be mentioned that, despite softening of V0.35Co0.2Ni0.45 and V0.33Co0.17Ni0.5 due to annealing at 750 K, the depinning values remain higher than for equimolar random annealed VCoNi, especially at 5 K. The depinning values for annealed VCoNi, V0.33Co0.17Ni0.5, and V0.35Co0.2Ni0.45 at 5 K and 300 K are (1070, 1290, 1175) MPa and (400, 410, 400) MPa, respectively. To interpret the results, bond distance, and bond fluctuation in the first nearest neighbor are calculated using the radial pair distribution function and fitted to normal distribution functions (Figure 5C). Figure 5D shows such bond fluctuations for all compositions and the bonds with the highest fluctuations. Among the top-three highest fluctuation bonds, V-V and V-Ni with the bigger bond distance and fluctuations play an important role in lattice distortion, while V-Co shows a lower bond distance. It seems that annealing decreases bond fluctuations of V-V, Ni-V, and Co-V for all four compositions. These fluctuations are the least in V0.17Co0.33Ni0.5 which is consistent with Figure 4B where the CSRO is the least in this composition. We should notice that the difference in the populations of the bonds in the first shell gives a weight for the lattice distortion so that for V0.33Co0.17Ni0.5 and V0.35Co0.2Ni0.45 alloys, lower bond fluctuations leads to lower depinning stress. This can be more understood when we notice that in V0.35Co0.2Ni0.45 and V0.33Co0.17Ni0.5, the number of V-Ni bonds are more than V-Co bonds rather the concentration of these bonds in equimolar VCoNi.
We also investigate the effect of CSRO on the depinning stress by modeling the microstructure based on the recently experimentally identified CSRO motif for equimolar VCoNi alloy. It should be noted that for non-equimolar VCoNi alloys there are no experimental observations to date. For these alloys, we conjecture a similar CSRO motif to the one forming in the equimolar VCoNi alloy. The reason for this choice is the fact that in the hybrid MD/MC simulation, the SRO patterns for V0.35Co0.2Ni0.45 and V0.33Co0.17Ni0.5 are very close to the one forming in the case of equimolar VCoNi. However, we believe that in the case of V0.17Co0.33Ni0.5, such considerations may be far from reality, since there is a big apparent difference in the SRO pattern, compared to the one of an equimolar VCoNi alloy, based on hybrid MD/MC simulation. Figure 4C shows the atomic structure of the CSROm1 and CSROm2 models on x-z plane. The effect of such considerations on depinning stress and bond fluctuations is presented in Figure 5. The results show that the depinning stress of equimolar VCoNi is almost unchanged by considering the CSRO motifs. This is the same for V0.33Co0.17Ni0.5 and V0.35Co0.2Ni0.45 alloys, while for V0.17Co0.33Ni0.5 considering the CSRO motifs (especially in model 1) increase the depinning stress. The main reason for that could be the very high concentration of V (0.132 from 0.17) that belong to such pseudo L11 phase in V0.17Co0.33Ni0.5.
4 CONCLUDING REMARKS
In conclusion, we performed a thorough molecular dynamics study of the effect of V, Co and Ni in the mechanical properties of VCoNi MEAs, which are potentially significant for future industrial applications. In summary, we find that:
1) V0.33Co0.17Ni0.5 shows the highest depinning stress among the alloys studied, which means that changing Co and Ni concentrations from equimolar composition (decreasing Co concentration from 0.33 to 0.20 and increasing Ni concentration from 0.33 to 0.50) makes VCoNi alloys stronger.
2) Stacking fault width does not change significantly by decreasing temperature from 300 to 5 K.
3) V-clusters are the main source of dislocation pinning in solid solution VCoNi alloys.
4) We identify the emergence of chemical short range order that increases with decreasing annealing temperature.
5) CSRO affects the strength of non-equimolar VCoNi alloys
6) Annealing of V0.35Co0.2Ni0.45 and V0.33Co0.17Ni0.5 alloys leads to decreasing their depinning stress. This softening may be related to decreasing bond fluctuations in the annealed systems.
7) If the CSRO motif is similar to the experimental one in the equimolar VCoNi, it may lead to a meaningful increase in the strength of the composition with the lowest concentration of vanadium (V0.17Co0.33Ni0.5).
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