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Abstract

:

In this paper, we used molecular dynamics simulations to study the atomic mechanisms of phase transformations, plasticity features, and mechanical properties of two-phase Fe95Ni5 (at. %) samples with a gradient nanograined structure under uniaxial deformation and shear. The simulated samples with a uniform distribution of Ni atoms are composed of fcc grains from 10 to 30 nm in size, which in turn contain bcc interlayers in the form of lamellae of various distribution and size. It was shown that uniaxial loading or shear causes the bcc-fcc phase transformation in the lamellae. In the vast majority of cases, phase transformations are initiated at the junction of lamellae and grain boundaries. Deformation-induced phase transformations in lamellae occur at the front of bands propagating from grain boundaries. Grains larger than ~15 nm can have several bands or regions with differently orientated fcc lattices, whose meeting results in grain fragmentation. It was found that the atomic volume increases abruptly during the bcc-fcc structural phase transformation. The Kurdyumov–Sachs orientation relation is valid between the initial bcc and formed fcc structures. It was shown that the volume fraction and spatial distribution of the bcc phase significantly affect the yield stress of the sample. The yield stress can be increased by forming the bcc phase only in large-grained layers. This behavior is associated with the fragmentation of large grains, and consequently with grain refinement, which, in accordance with the Hall–Petch relation, improves the strength of the material.
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1. Introduction


At present, more and more researchers, concerned with mechanisms of a simultaneous increase in strength and ductility, improvement of the fatigue limit, and decrease of friction and wear in metallic materials, are addressing the idea of designing various classes of heterogeneous and hierarchical structures. Among them are bimodal [1,2,3], multimodal [4,5] and gradient grained structures [6,7,8,9,10,11], harmonic structures (conglomerates of coarse grains in the nanostructured matrix) [12], two-phase materials [13,14], twinned [15,16,17] and lamellar structures [18], laminates [19], etc. The main principle of designing heterogeneous materials, which have very different structures, is the formation of regions with specific mechanical and strain characteristics. The interaction between such regions gives a heterogeneous material with unique combinations of physical and mechanical properties exceeding those of its individual constituent regions.



Numerous experimental data have shown that high strength and ductility of heterogeneous materials result from additional strain hardening [9,20,21,22]. In turn, higher strain hardening is caused by a significant increase of back stresses, which is the case with gradient nanograined metals and alloys [18,20], two-phase materials [13,14], etc. Long-range back stresses are induced by piling-up of geometrically necessary dislocations at interfaces. The emission of new dislocations by the pile-up is possible only with increasing stress. In heterogeneous materials, the back stress is correlated with the strain gradient initiated by strain partitioning between adjacent structural elements [18,22]. The experimental data have shown that strain gradient, strain partitioning, pile-ups of geometrically necessary dislocations, and back stress play a key role in resolving the dilemma between strength and ductility of heterogeneous metallic materials [18,21,22,23]. The mentioned deformation properties can be controlled by adjusting the size and shape of grains and their spatial distribution, by forming phases with significantly different physical and mechanical characteristics, etc.



Considerable study is currently given to heterogeneous metallic materials with a gradient grained structure, combining high strength and fracture toughness [23,24,25]. The calculation results showed that a higher grain size gradient improves the strength of materials [25]. Despite the nonuniform distribution of stresses in such a sample, plastic deformation begins almost simultaneously in layers with different grain sizes. In this case, the dominant deformation mechanism in each layer depends on the grain size. For coarse-grained layers, the main plasticity mechanism is the slip of dislocations emitted by grain boundaries. Grain boundary processes, such as grain boundary sliding and/or grain rotation, are the prevailing plasticity mechanism in fine-grained layers.



Based on the experimental data, a new model was proposed for a heterogeneous two-phase material with sufficiently different strain properties in each phase [14]. According to the model, the hard phase occurs in fine grains whose volume fraction is much larger than that of coarse grains, which contain the soft phase. The calculations showed that loading causes geometrically necessary dislocations to pile up at the phase boundary and back stresses to increase in the soft phase. As a result, the soft phase is strengthened, contributing to interphase strain hardening and the overall strain hardening of the composite. Despite the above achievements, the mechanism of strain hardening in heterogeneous materials invites further investigations.



The dilemma between strength and ductility of heterogeneous metallic materials can be resolved by designing and studying samples with combined unique properties of gradient grained metals and alloys and heterogeneous two-phase nanostructures. In our work, we study atomic mechanisms of phase transformations, plasticity features, and mechanical properties of the gradient nanograined Fe95Ni5 alloy, with bcc lamellae differently distributed in fcc grains, under shear, uniaxial tension, and compression.




2. Computational Procedure and Interatomic Potential Validation


The studies are based on molecular dynamics simulations in the LAMMPS software (version 29Mar19, Sandia National Laboratories, Livermore, CA, USA) package [26]. The interatomic interaction in the Fe-Ni system is described by a many-body potential developed within the embedded atom method [27]. The potential correctly describes the phase diagram of the Fe-Ni system, elastic moduli, and stacking fault energies in a wide range of concentrations of chemical elements. The simulated Fe95N15 (at. %) samples with a uniform volume distribution of Ni atoms have a two-phase gradient nanograined structure. Grains with the fcc lattice contain bcc interlayers in the form of lamellae. The volume fraction of bcc interlayers in the simulated samples varies from 10 to 50%; each grain contains from 0 to 2 interlayers. Each interlayer is modeled by cutting the grain with two parallel planes, with the bcc structure being specified between them. In this case, the Nishiyama–Wasserman orientation relation is valid between the bcc and fcc phases. As for two interlayers in a grain, they are set parallel to each other, and a fcc interlayer is placed between them. The volume fraction of the bcc phase is calculated as the ratio of the number of atoms in the bcc lattice to the number of atoms in the fcc lattice, excluding atoms belonging to grain boundaries. The fraction of the bcc phase in the sample is varied by changing the thickness and number of bcc interlayers, which is realized by changing the distance between the secant parallel planes. The grain structure is modeled by partitioning the space into polyhedra using the Laguerre–Voronoi tessellation method, which, in contrast to the Voronoi tessellation, makes it possible to accurately control the grain size in samples with a gradient grained structure. All grains in a sample have the same crystallographic direction [123] of the fcc lattice, coinciding with the texture axis of the sample (Y axis in Figure 1). The grain orientation is set by rotation around this axis by a random angle provided that the angle between adjacent grains is no less than 30°.



The gradient grained structure of a sample is composed of five layers with approximately equal grains: small- (10 nm), medium- (15 nm), large- (30 nm), medium-, and small-grained layers (Figure 1) lying along the Z axis starting from the free surface. The centers of grains in layers of the same grain size are located at the sites of a conditional triangular lattice. Periodic boundary conditions are used along the X and Y axes, and the free surfaces are specified in the Z direction. The simulated samples measure 60 nm × 53 nm × 80 nm along the X, Y, and Z axes, respectively. The designations and characteristics of the simulated samples are given in Table 1.



Loading of samples by uniaxial uniform tension or compression along the Y axis at a constant velocity of 5 m/s is specified by scaling the Y coordinates of atoms and the linear size of samples. For shear loading, rigid grips with the thickness of four lattice parameters are set on the free surfaces, which move in the opposite directions along the Y axis at a velocity of 2.5 m/s. A thermostat and barostat are used in the calculations to keep a temperature of 300 K and zero stress along the X axis during relaxation and mechanical loading.



Structural defects in the simulated samples are searched for and identified on the basis of common neighbor analysis [28], which locally determines the crystal lattice symmetry around each atom. Thus, intrinsic stacking faults in the fcc lattice are represented as two neighboring planes of atoms with the hcp nearest neighbor symmetry. Atoms at grain boundaries, interphase boundaries, and in dislocation cores are identified as atoms with uncertain nearest neighbor symmetry. The atomic volume of each atom is calculated as the volume of the corresponding Voronoi polyhedron. The structure of the samples is visualized using the OVITO package (version 3.0, OVITO GmbH, Darmstadt, Germany) [29].



Our test simulations with chosen interatomic potential [27] showed that the stability of the bcc lattice in the Fe-Ni system depends not only on the Ni concentration, but also on the grain size. At room temperature, the bcc phase in the simulated single crystal is stable as the Ni concentration increases to 25%. In nanocrystalline samples with the Ni concentration more than 10%, the bcc-fcc transformation occurs under the influence of grain boundaries. Such behavior of the material is consistent with the results [30] derived, both experimentally and thermodynamically, for the Fe88Ni12 alloy powder and report an increase in the stability of the fcc phase with decreasing grain size.




3. Results and Discussion


3.1. Uniaxial Tension


General information on the mechanical response of a material to loading can be received from the analysis of the stress–strain dependence. Figure 2 plots such dependence for the bcc30_L1 sample. From the curve it is seen that the sample is elastically deformed up to the tensile strain of ~2.50%. Structural analysis shows that a flatter slope of the curve in the strain range from 2.50 to 3.25% is due to the activation of such processes as grain boundary migration, nucleation, and propagation of stacking faults in grains. The most intensive rearrangement of the sample structure occurs at the strain 3.25–4.25%, which is associated not only with the active generation of various defects, but also with bcc-fcc/hcp structural phase transformations within lamellae, which leads to an abrupt drop in the curve. At higher strains, plastic flow is established in the sample.



The calculation results show that, in the bcc30_L1 sample, structural phase transformations in lamellae are initiated either in the region of their contact with grain boundaries or at the phase interface within the grain. In this case, phase transformations proceed differently in different layers. For example, in the large-grained layer, the bcc lattice of lamellae begins to transform into the fcc lattice at the tensile strain of ~3.25%. Phase transformations in this layer appear as the generation and propagation of bands. Figure 3 shows the evolution of an fcc band with numerous stacking faults and hcp regions in a lamella of the large grain. During propagation, the fcc/hcp band uniformly widens throughout its length until it reaches the opposite grain boundary (Figure 3a,b). Under further loading, the phase transformation develops due to the band expansion in both directions by almost flat fronts until it occupies most of the lamella (Figure 3c). Along with the band expansion, another front of the bcc-fcc transformation is initiated at the junction of the lamella with the lower grain boundary (Figure 3d). When the fronts of structural phase transformations from different regions meet, the lamella is fragmented into two parts, being misoriented by several degrees relative to each other. The boundary between these fragments presents a wall of partial dislocations. Its active migration and change is observed during subsequent deformations. As can be seen from the XY cross-sections of the lamella, the transformation of the bcc lattice leads to the formation of an fcc/hcp subgrain with the boundary composed of partial dislocations. The reorientation of the subgrain lattice relative to the surrounding fcc grain is shown in Figure 3c by a dotted line.



A somewhat different scenario is observed in a lamella of the adjacent large grain. Structural phase transformations in this lamella are generated at the phase interface within the grain and are caused by the phase transformation in the bcc lamella of the neighboring grain, which is accompanied by intense emission of dislocations from the boundary between the grains. These dislocations arrive at the bcc/fcc interface, considerably changing its shape and forming a stress concentrator responsible for the bcc-fcc/hcp transformation in the lamellae (Figure 4a,b). Further structural phase rearrangements in this lamella proceed according to the same scenario as in the previous lamella (Figure 4c,d).



In the process of deformation, two bands of structural phase transformations with the same or different orientations of the fcc lattice can simultaneously form in a lamella of the large grain. First, the bands propagate from one grain boundary to another and then widen within the lamella. The number of bands, their nucleation sites, and growth directions in the grain are determined by structural features of the grain boundary region brought into contact with the lamellae.



The generation and propagation of fcc and hcp bands is, as a rule, accompanied by migration of the grain boundary region that comes into contact with the lamella. It was found that the subgrain boundaries composed of phase interfaces experience significantly larger displacements during deformation than the grain boundaries. The higher mobility of subgrain boundaries is associated with their structure: they have the misorientation angle at about 15°, refer to tilt boundaries, and are formed by partial Shockley dislocations. The mechanism of the subgrain boundary migration consists in the coordinated motion of dislocations forming the boundary along their slip planes.



In the medium-grained layer, the process of generation and development of structural phase transformations is closely similar to that in large grains. Phase transformations in lamellae are also initiated at the junction with grain boundaries and propagate in the form of one or two bands (Figure 5).



In the small-grained layer, structural phase transformations in lamellae are realized through the propagation of one band generated at the grain boundary or near the free surface. Phase transformations in lamellae of small grains can start, develop, and end on various deformation intervals. Whereas the structure of some lamellae is completely transformed into the fcc lattice, other grains retain the initial bcc lamellae (Figure 6).



It was found that the density of the formed defects depends significantly on the grain size (grain boundary density) in the sample. The smaller the grain size, the lower the density of structural defects formed in it. Small-grained layers are characterized by the lowest density of structural defects throughout the process of sample deformation. This deformation feature of different material layers is explained by the fact that grain boundaries act as effective sinks of various defects.



The phase transformation intensity in different layers and at different strains has its own pattern, which is illustrated in Figure 7. It can be seen that a large-grained layer corresponds to the central Z-coordinate interval 25–55 nm, two medium-grained layers are on the intervals from 12 to 25 and from 55 to 68 nm, and small-grained layers occupy the edge intervals. Figure 7 shows that the fraction of the bcc phase in the large- and medium-grained layers changes rather non-uniformly along the Z axis during loading. The comparison of the bcc phase fractions in different layers during loading shows that the transformation intensity depends on the grain size. The maximum intensity of structural phase transformations is observed in the small-grained layer, and the minimum intensity in the large-grained layer.




3.2. Uniaxial Compression


With reference to Figure 8, it can be seen that structural transformations in lamellae of the bcc30_L1 sample under uniaxial compression cause an abrupt stress drop at the strain at ~3.75%. In this case, the transition to the plastic flow stage occupies a longer strain interval as compared to uniaxial tension.



The calculation results show that the bcc-fcc/hcp phase transformation in lamellae of large grains is initiated almost simultaneously in different contact regions of the lamellae and grain boundaries. This results in the formation of differently oriented fcc bands in the lamellae (Figure 9a). Several such bands initiated in the same lamella expand until they meet each other, causing fragmentation (Figure 9b). The phase transformation front velocity is much higher in the direction parallel to the phase interface than that in the direction normal to it. However, deformation-induced structural transformation in the lamellae of large grains could proceed without fragmentation. This is because most lamella have one phase transformation front or several fronts providing equally oriented fcc lattices. The phase transformation of a lamella with the single front ends much faster than that with two or more fronts.



On the entire strain interval, the intensity of structural phase transformations in the medium-grained layer is significantly lower than that in the large-grained layer. The bcc phase is retained in a significant volume of the lamellae of medium grains at 20% of strain. At the same time, some lamellae in medium grains undergo fragmentation into regions with differently orientated fcc lattices (Figure 10).



In the small-grained layer, the bcc-fcc transformation in lamellae begins at lower strains than in the medium-grained layer. This could be due to the contact of small grains with the free surface. The generation and development of structural phase transformations in different lamellae of small grains occurs on significantly different strain intervals. Whereas the structure of some lamellae is completely transformed into the fcc one, the phase transformation just starts in other lamellae (Figure 11).



The analysis of the simulation results shows that the phase transformation intensity in different layers of the sample changes significantly during deformation. Thus, up to approximately 7.50% compression, the maximum phase transformation intensity is observed in the small-grained layers. At higher strains, the most intensive phase transformations occur in the large-grained layer (Figure 12). The bcc structure in the large-grained layer is almost completely transformed into the fcc structure at the 20% compression.



Under compression, the volume fraction of the bcc phase is found to decrease more slowly as compared with the sample under tension. In addition, a large volume of the bcc phase is retained in the sample up to the 20% compression, while, under tension, the bcc lattice is almost completely transformed into the fcc/hcp one up to the ~15% strain.




3.3. Shear


The deformation behavior of samples under shear loading differs markedly from the behavior under uniaxial tension and compression, which is illustrated by the stress–strain curve in Figure 13. No stress drop associated with intensive phase transformations and defect generation is observed at the critical strain. Phase transformations in the sample begin at the shear strain 0.0125, changing the slope of the curve (Figure 13). In the strain range from 0.0125 to 0.0500, the phase transformation intensity in lamellae, especially in the medium-grained layer, increases, which is evident from Figure 14. However, even more intensive phase transformations in lamellae occur starting from the strain 0.0500. The almost linear portion correspondingly gives way to a much slowly increasing portion of the curve in Figure 13. The greater the distance between the curves in Figure 14 plotted at equal strain intervals, the higher the phase transformation intensity in the corresponding sample layer. In the strain range from 0.0500 to 0.1125, the maximum phase transformation intensity is observed in the medium-grained layers. At higher strains, phase transformations become more intensive in the large-grained layer. In general, up to the strain 0.1500, the slope of the curve in Figure 13 correlates well with the phase transformation intensity throughout the sample.



A distinctive feature of the deformation behavior of samples under shear loading is twinning during the phase transformation in most lamellae of large grains. Before loading, the phase interface between the grain and the lamella presents a thin layer consisting of 2–3 atomic planes with alternating bcc, fcc, and uncertainly structured regions (Figure 15a), which are formed by the periodic arrangement of the misfit dislocation network between the fcc and bcc lattices. Under shear loading, these dislocations begin to move, and, as the bcc structure of the lamella transforms into the fcc structure reoriented relative to the parent grain, a twin boundary is formed at the interface. The position of the phase transformation front in the lamella during loading is shown in Figure 15b,c. It can be seen that phase transformations generate in separate regions at the interface (Figure 15b) and straighten out during propagation into the lamella (Figure 15c).




3.4. Atomic Mechanism of the bcc-fcc/hcp Structural Phase Transformation


Atomic mechanisms of the bcc-fcc and bcc-hcp phase transformations are studied based on the analysis of structural rearrangements in the vicinity of atoms A and B, shown by arrows in Figure 16 in a lamella of the large grain during tension of the bcc30_L1 sample. Investigation is given to changes in the atomic volume of atoms A and B, the magnitude and direction of displacements of their neighbors in the bcc {110} planes, and the angle α between adjacent <111> directions in the bcc {110} planes (Figure 17). It is clearly seen (black curve) that the atomic volume increases abruptly during the phase transformation. This behavior is in good agreement with the previous experimental and simulation data [31,32], which show that the generation of structural defects and phase transformations are always accompanied by the formation of an excess atomic volume. The volume of the Voronoi cell for atom A increases by ~2.7% during the bcc-fcc transformation. The angle α decreases from about 70° to 62°, which is typical for the bcc-fcc lattice transformation [33].



Atomic mechanisms of the bcc-fcc phase transformation are revealed from the analysis of changes in the magnitude and direction of displacement of atomic cells during sample loading. The structure of three bcc {110} atomic planes and the considered atomic cell at different time instants is displayed in Figure 18. Red solid lines connect the cell atoms in plane I, and black solid lines connect the cell atoms in plane III. Phase transformations cause the relative displacement of these cells in the bcc <111> direction by ~1.0 Å. The direction of displacement of the atomic cells is very close to the tension direction of the sample (Figure 16). The dynamics of relative displacement of these cells is shown by the red curve in Figure 17. The time interval from 2.5 to 5.0 ps is characterized by a simultaneous significant change in the studied characteristics, and corresponds to the beginning and end of structural rearrangements of the nearest neighbors for the considered atoms.



The Kurdyumov–Sachs orientation relation is valid between the formed fcc structure and the initial bcc lattice:



{110}bcc || {111}fcc;



<111>bcc || <110>fcc.



The cross-section shown in Figure 16 reveals the formation of hcp regions and stacking faults at the front of the structural transformation band. The mechanism of formation of the hcp phase and stacking faults is studied through mutual displacements of atoms in a cell located in the three bcc {110} atomic planes around atom B (Figure 19). The analysis shows that the bcc-hcp transformation occurs mainly due to displacements of atoms of the bcc {110} planes in the <110> direction. Relative displacements of planes I–III are pronounced on different projections in Figure 19. It was found that, during the phase transformation, the atoms of plane II experience the maximum displacement relative to the neighboring planes. In addition, the phase transformation is accompanied by the cell deformation, in particular, the angle α decreases from approximately 70 to 58°. Changes in the Voronoi cell volume for atom B, displacements of plane II atoms, and angle α are shown in Figure 20. It can be seen that these characteristics behave similarly to those during the bcc-fcc transformation. The structural analysis at the phase transformation front shows that the formation of hcp bands with the thickness of more than two layers in the fcc <111> direction is due to the simultaneous passage of two or more stacking faults in the neighboring fcc {111} planes.



As in the case of tension, the bcc-fcc/hcp structural phase transformations in a sample under compression are realized according to the Kurdyumov–Sachs scheme. In both cases, the displacements of the bcc {110} planes are close to the tension direction and the normal to the compression direction.




3.5. The Role of the bcc Phase Distribution in the Structural and Mechanical Response of the Simulated Samples


The performed calculations reveal significant differences in the processes of phase transformation and plastic deformation in layers with different grain sizes. This suggests that strength characteristics of the material can be controlled by varying the volume fraction and distribution of bcc lamellae in different layers. Our calculations show that bcc lamellae decrease the yield stress, when introduced into nanocrystalline samples with the grain size 10 nm, and increase it, when introduced into samples with the grain size 15 and 30 nm. Such behavior of nanocrystalline samples is explained by the formation of subgrains within grains due to the bcc-fcc phase transformation in lamellae. In a large-grained sample, the phase transformation results in the formation of fragments larger than 10 nm, which increases strength characteristics of the newly formed structure. If grains are small enough, they are fragmented into subgrains smaller than 10 nm, which, according to the inverse Hall–Petch effect, reduces the strength of the material [34]. From the calculations, it was found that nanocrystalline samples with the grain size 15 nm and 30 nm have maximum strength characteristics at the 10% and 50% volume fraction of bcc lamellae, respectively. These data were used to build sample bcc0-10-50_L0-1-1, in which lamellae of optimum size were introduced only into large- and medium-grained layers. The calculation results on the deformation behavior of the samples presented in Table 1 report that the maximum yield stresses are exhibited by samples without bcc lamellae in small-grained layers. The calculation results for the simulated samples are plotted in Figure 21. The minimum strength is found in a sample whose grains contain two bcc lamellae with the total volume fraction 50%.



The physical nature of strength characteristics is revealed by a comparative analysis of structures of deformed samples that initially had 50% of bcc lamellae in large grains and different fractions in the other layers.



Cross-sections of different layers of the simulated samples are shown in Figure 22. Small-grained layers of the samples have a qualitatively similar structure. Differences become evident in medium-grained layers and are significantly enhanced in large-grained layers. This is due to the fact that thicker lamellae in the bcc50_L1 sample (middle column in Figure 22) are transformed into subgrains, causing grain fragmentation. Thinner lamellae of the bcc50_L2 sample (right column in Figure 22) in tension are transformed in such a way that their structure coincides with the fcc lattice of the host grain. Medium grains of the bcc0-10-50_L0-1-1 sample strained to 20% contain no subgrains that could be formed by bcc interlayers (left column in Figure 22). The structure of thinner interlayers occupying 10% of the medium grains is transformed into the fcc lattice similar to that of the parent grains, thus increasing the ductility and retaining the strength of the bcc0-10-50_L0-1-1 sample. Thicker interlayers occupying 50% of the medium grains in the bcc50_L1 sample are fragmented into small subgrains, thus making them weaker as compared with the initial medium grains.





4. Conclusions


The calculation results showed that uniaxial deformation or shear causes the bcc-fcc/hcp phase transformation in lamellae of two-phase gradient nanograined Fe95Ni5 samples. In uniaxial tension, phase transformation bands, at whose front the bcc structure is transformed into the fcc/hcp one, are generated in the region of contact of lamellae with grain boundaries in large and medium grains. Bands propagate and widen within the lamellae. Much less often, bands in the large-grained layer generate at the phase interface. The meeting of the band fronts with differently orientated fcc lattices leads to fragmentation of the lamella. The bcc-fcc/hcp transformation can change the phase interface into a low-angle grain boundary, thus causing fragmentation of the grain containing this lamella. In a medium-grained layer, phase transformations always generate at the junction of lamellae with grain boundaries, with the formation of one or two bands. In small grains, phase transformations result from the propagation of one band, which can originate both at the grain boundary and in the vicinity of the free surface. Phase transformations in these grains occur on different strain intervals; whereas some grains are completely transformed, other grains still have the initial structure.



In uniaxial compression, lamellae in large grains, as a rule, do not fragment, since phase transformations develop either at the front of one band or at the fronts of several bands, but the formed fcc phase has the same lattice orientation. In the entire strain range, the intensity of structural phase transformations in the medium-grained layer is significantly lower than in the large-grained layer. A significant part of the lamella volume in this layer retains the bcc phase after unloading. As in tension, phase transformations in small grains generate and develop on different strain intervals.



Under shear loading, the phase transformation leads to twinning in most lamellae of large grains.



The atomic mechanism of bcc-fcc transformations was revealed, which consists in the coordinated displacements of neighboring bcc {110} atomic planes in bcc <111> direction at the phase transformation front. In the case of bcc-hcp transformations, the central atomic plane is displaced in the bcc <110> direction to a significantly greater distance relative to the neighboring planes. The Kurdyumov–Sachs orientation relation is valid between the formed fcc structure and the initial bcc lattice. At the phase transformation front, the atomic volume increases abruptly, which is in good agreement with the available experimental and calculated data.



It was found that the volume fraction and distribution of the bcc phase in layers with different grain sizes have a significant effect on the yield stress. Maximum yield stresses were found in samples without bcc lamellae in small-grained layers. This behavior is due to the fragmentation of large grains during the phase transformation, which increases the strength of the material in accordance with the Hall–Petch relation.



Based on the investigation results, it was revealed that the strength of two-phase gradient nanograined Fe95Ni5 alloy can be significantly increased without sacrificing the ductility by adjusting the proportion of the bcc phase and its distribution in layers with different grain sizes.
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Figure 1. Initial structure of the simulated two-phase samples with the grain size gradient. Regions occupied by the fcc and bcc phases are highlighted in green and blue, respectively. Grain boundaries and free surfaces are gray. In (a,c), all atoms are shown. In (b,d), regions with the fcc phase are not shown. 
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Figure 2. Stress–strain dependence for the bcc30_L1 sample in tension. 
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Figure 3. Cross-sections of a bcc lamella by the (  1 ¯  10) plane parallel to the bcc/fcc interface (upper row) and by the XY plane (lower row) at the strains 3.25 (a), 3.50 (b), 5.50 (c), and 15.25% (d). Atoms with bcc, fcc, hcp and uncertain nearest neighbor symmetry are highlighted in blue, green, red, and light grey, respectively. Traces of the sectional planes are marked off by the black solid lines. Grain reorientation is shown as a dotted line and fragment boundaries as dashed lines. 
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Figure 4. Cross-sections of a bcc lamella by the (  1 ¯  10) plane parallel to the bcc/fcc interface in the large-grained layer at the strains 4.75 (a), 6.25 (b), and 8.75% (c). Atoms with bcc, fcc, hcp and uncertain nearest neighbor symmetry are shown in blue, green, red, and light grey, respectively. Fragment boundaries are marked off by dashed lines. 
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Figure 5. Cross-sections of a bcc lamellae by the (  1 ¯  10) plane parallel to the bcc/fcc interface in two different medium grains with one (a) and two (b) fcc/hcp bands at the strain 3.00%. Atoms with bcc, fcc, hcp and uncertain nearest neighbor symmetry are shown in blue, green, red, and light grey, respectively. 
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Figure 6. Cross-sections of a small-grained layer by the XZ plane at the strains: 1.75 (a), 3.00 (b), 4.25 (c), and 6.75% (d). Atoms with bcc and hcp nearest neighbor symmetry are highlighted in blue and red, respectively. The rest atoms are not shown. 
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Figure 7. Z-axial distribution of the volume fraction of the bcc phase for different tensile strains of the bcc30_L1 sample. 
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Figure 8. Stress–strain dependence for the bcc30_L1 sample under compression. 
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Figure 9. Cross-section of a lamella of the large grain by the bcc (   1 ¯  10  ) plane parallel to the bcc/fcc interface at the compressive strains 15.00 (a) and 20.00% (b). Atoms with bcc, fcc, hcp and uncertain nearest neighbor symmetry are shown in blue, green, red, and light gray, respectively. Fragment boundaries are marked off by dashed lines. 
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Figure 10. Cross-section of the medium-grained layer by the XZ plane at the strain 9.25%. Atoms with bcc, fcc, hcp and uncertain nearest neighbor symmetry are shown in blue, green, red, and light gray, respectively. Fragment boundaries are marked off by dashed lines. 
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Figure 11. Cross-section of a small-grained layer by the XZ plane at the strain 7.00%. Atoms with bcc, fcc, hcp, and uncertain nearest neighbor symmetry are highlighted in blue, green, red, and light gray, respectively. 
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Figure 12. Z-axial distribution of the volume fraction of the bcc phase for different compressive strains of the bcc30_L1 sample. 
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Figure 13. Stress–strain dependence for the bcc30_L1 sample under shear. 
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Figure 14. Z-axial distribution of the volume fraction of the bcc phase for different compressive strains of the bcc30_L1 sample. 
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Figure 15. Twinning in the lamella of a large grain during shear. Cross-section of the structure by the fcc (110) plane at different shear strains: 0.000 (a), 0.065 (b), and 0.088 (c). Atoms with bcc, fcc, hcp, and uncertain neighbor symmetry are shown in blue, green, red, and light gray, respectively. 
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Figure 16. Cross-section of a lamella of the large grain by the bcc (   1 ¯  10  ) plane at the strain 4.20%. Atoms with bcc, fcc, hcp, and uncertain nearest neighbor symmetry are shown in blue, green, red, and light gray, respectively. 
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Figure 17. Time dependences of the Voronoi cell volume, angle α between adjacent <111> directions in the bcc {110} planes, and relative displacement of two adjacent bcc (110) planes in the [  1 ¯  11] direction for atom A. The time axis originates at the strain 4.10%. 
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Figure 18. Three adjacent (110) planes (upper row) and projections of the analyzed cell around atom A onto the (110) plane (middle row) and the (001) plane (lower row) at the time instants 0.00 (a), 3.75 (b), 5.00 (c), and 6.25 ps (d). The size of atoms corresponds to their position in the bcc (110) planes numbered I, II, and III. Atoms with bcc, fcc, and uncertain nearest neighbor symmetry are shown in blue, green, and gray, respectively. The inset in (a) exhibits the initial 3D view of the analyzed atomic cell, where gray solid lines represent the edges of the bcc Bravais cell. 
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Figure 19. Three adjacent (110) planes (upper row) and projections of the analyzed cell around atom B onto the (110) plane (middle row) and the (001) plane (lower row) at the time instants 0.00 (a), 3.25 (b), 3.75 (c), and 5.00 ps (d). The size of atoms corresponds to their position in the bcc (110) planes numbered I, II, and III. Atoms with bcc, fcc, and uncertain nearest neighbor symmetry are shown in blue, green, and gray, respectively. The inset in (a) exhibits the initial 3D view of the analyzed atomic cell, where gray solid lines represent the edges of the bcc Bravais cell. 
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Figure 20. Time dependences of the Voronoi cell volume, angle α between adjacent <111> directions in the bcc (110) planes, and relative displacement of plane II in the bcc [  1 ¯  10] direction for atom B. The time axis originates at the strain 4.10%. 
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Figure 21. Stress–strain dependence (a) and yield stress in the strain range 17.5–20% (b) for different samples under tension. 
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Figure 22. XY cross-sections of different layers of samples with differently distributed initial bcc phases stretched to 20.00%. Atoms with bcc, hcp, fcc, and uncertain nearest neighbor symmetry are shown in blue, red, green, and gray. Fragment boundaries are marked off by dashed lines. 
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Table 1. Designations and characteristics of the simulated samples.
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	Sample Designations
	Fraction of the bcc Phase in Small-, Medium- and Large-Grained Layers, %
	The Number of Interlayers in Small-, Medium- and Large-Grained Layers





	bcc0_L0
	0/0/0
	0/0/0



	bcc30_L1
	30/30/30
	1/1/1



	bcc50_L1
	50/50/50
	1/1/1



	bcc50_L2
	50/50/50
	2/2/2



	bcc0-0-30_L0-0-1
	0/0/30
	0/0/1



	bccC0-10-50_L0-1-1
	0/10/50
	0/0/1
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