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Abstract


An approach to the study of the mechanisms of shear deformation in the bulk of face centered cubic (FCC) single crystals based on molecular dynamics simulation is proposed. Similar shear patterns obtained experimentally, and in simulations, allow consideration of the effect of crystallographic and geometric factors on deformation mechanisms. Deformation of <001> single-crystal samples in the form of tetragonal prisms with {110} and {100} lateral faces and different height-to-width ratios was studied. The simulation showed that the sample vertices are the preferential sites for shear initiation. It was found that the formation of deformation domains and interaction of shear planes are caused by the geometry of shear planes in the bulk of the single crystal, i.e., by their location in relation to basic stress concentrators and by their orientations relative to the lateral faces. The deformation patterns obtained in the simulations were in good agreement with those observed in the experiments. The fractions of sliding dislocations and dislocation barriers were determined for different materials, taking into account the crystallographic and geometric factors.






Keywords:


single crystal; shear; geometric factors; molecular dynamics simulation; deformation development












1. Introduction


When studying the mechanical behavior of materials subjected to plastic deformation, the main focus is on the determination of the yield strength and the analysis of strain hardening and plasticity. Dislocation glide within grains of polycrystals is usually distinguished from dislocation transmission through grain boundaries. It is reasonable to study the intragranular deformation mechanisms using single crystals that make it possible to calculate the shear stress given the direction of an applied load. In many cases a single crystal is considered to be homogeneous, with deformation propagating through the activation of heavily loaded sliding systems. It is supposed that the uniformly loaded systems can be activated throughout the entire bulk of the crystal. Meanwhile, deformation of a single crystal subjected to uniaxial compression (free settling) is noticeably inhomogeneous even for high symmetry orientations. The deformation non-uniformity is affected by the distribution irregularity of external stresses caused by the geometric shape of a sample and by the difference in shear conditions along various directions, in particular, towards the sample lateral surfaces or the punches of the testing machine. In addition, the axial symmetry of the stress field requires uniform deformation of the sample towards its lateral surfaces. This results in transformation from initial “uniform” deformation of the sample to consistent deformation of macro- and mesovolumes. It is evident from crystallographic and geometric considerations that changes in the shape and height of single crystals should also affect the deformation. The changes in sample geometry and crystallographic orientations of the axis of compression and the lateral surfaces induce the alteration of the number of the slip systems oriented towards the sample lateral surfaces or the punches of the testing machine. Moreover, it is necessary to consider the difference in the principal stress patterns in the near-face regions and in the middle of the sample caused by the friction force as well as their variations at different height-to-width ratios. These characteristic features of deformation have been studied in single crystals of face centered cubic (FCC) metals and single-phase alloys [1]. The elements of the deformation relief in these materials have been classified in [2].



The most effective and informative method to study local deformation of single crystals is a digital image correlation (DIC) method [3,4,5,6]. Electron back scattering diffraction (EBSD) [7,8,9] and X-ray diffraction analysis with a focused spot [5] are extensively used to investigate deformation related reorientation. It has been clearly shown that the shape changes of a material subjected to loading whilst maintaining its integrity are provided by its decomposition into deformation domains followed by their consistent deformation [3,5,9,10,11].



Despite the recent progress, the experimental techniques of deformation relief examination are unable to unambiguously interpret shear patterns in the bulk of a single crystal. The analysis of these processes is possible only by means of computer simulation. The simulation makes it possible not only to implement atomic shear along octahedral planes but also to distinguish the contributions of each factor affecting the evolution of the deformation relief. In particular, such an approach can be realized by molecular dynamics (MD). Currently this method is successively used to solve a wide range of atomic scale issues in single crystals. Most often such works focus on studying the evolution of plastic deformation under tension–compression [12,13,14,15,16,17,18], torsion [19], different surface loads: nanoindentation [20], burnishing [21], scratching [22,23,24,25], cutting [26,27,28], etc. In particular, the effect of elastic anisotropy in a Cu single crystal subjected to compression/tension and the dependence of its yield strength on the crystallographic orientation and the loading direction were studied by MD simulation [12]. In [18] this method was used to investigate the mechanism of the homogenous dislocation nucleation stress asymmetry under applied uniaxial tensile and compressive loads in various FCC single crystals. Rawat et al. studied the evolution of compression twinning and dislocations under uniaxial stress conditions in a hexagonal close-packed (HCP) rystal structure [17]. The motion of an individual screw dislocation in a copper single crystal was studied in [29]. The effect of crystallographic orientation of Cu single crystals on their nanocutting was revealed in [28], while the process of material removal in single-crystal copper with rough surfaces subjected to nanoscale scratching was studied in [22,23]. Molecular dynamics simulations were also employed to study the nanometric machining process of single crystal nickel [30] and the effect of the crystallographic orientation of Ti grains on their strain hardening under scratching. This method provides observation of local structural changes in different deformed solids. In particular, the nucleation mechanisms of shear bands in amorphous materials [31,32] and deformation behavior of twinned body-centered cubic (BCC) nanowires under uniaxial compression [33] were investigated with MD simulation. Despite the wide range of issues concerned with crystallographic anisotropy, which are treated by MD, the issues related to evolution of deformation relief in single crystals remained to be resolved. Therefore, the present work is focused on an MD study of shear deformation in microvolumes of <001> FCC single crystals with different height-to-width ratios and crystallographic orientations of the lateral faces (geometric and crystallographic factors), and on the comparison of the simulation results with experimentally observed deformation relief taking into account self-similarity of the processes.




2. Materials and Geometric Analysis of Shear Crystallography


Single-crystal samples in the form of a tetragonal prism representing a metal with a face centered cubic (FCC) lattice were subjected to uniaxial tension in the MD simulations to analyze the evolution of the deformation relief. The strain axis of the single crystals was aligned along the <001> direction. The lateral faces of the samples were {110} and {100} planes. The height-to-width ratio h/d in the samples was set as h/d = 2 and h/d = 1. The orientations of the octahedral shear planes relative to the lateral faces and close-packed directions of the single crystals, as well as to the punches of the testing machine, are shown in Figure 1.



It can be seen from Figure 1a that for the sample with h/d = 2 and {110} lateral faces one can distinguish a region (designated as V0), where slip planes appear on both lateral faces. In the rest volume of the sample designated as V1 the shear planes appeared on the one of the lateral faces in the area covered by the punch of the testing machine. It should be noted that the volume V0 increased for the samples with h/d > 2. For the crystal with cubic lateral faces and h/d = 2, the volume V0 diminished to a one plane. At h/d > 2 the plane was changed to the volume V0. The shadowed plane in Figure 1b separates the volumes V1 each of which borders with one of the punches of the testing machine.



Shear conditions in the considered volumes were different. In the volume V1 the shear occurred easily only from the punch towards the lateral face. In contrast, in the volume V0 the shear was possible in the forward and backward directions. As can be seen, some of the shear planes came out on two lateral faces of the sample, whereas the others appeared on only the one face, while from the other side the shear plane was bordered by the top surface. Evidently, the contribution of these shear directions to the deformation of the sample would be different. The volume V0 was characterized by maximum deformability. Deformation in this volume was visualized as a shear band propagating through a family of parallel planes.



When decreasing the sample height, the volume V0 disappeared at the critical values hcr = 1.43d in the single crystals with {110} lateral faces and hcr = 2d in those with {100} lateral faces. A sample height lower than hcr resulted in the appearance of the volume V2 that bordered with the punches of the testing machine on both sides (Figure 1c,d). Shear in this volume was impeded due to the backward stresses induced by the opposite punch. It was possible only in some parts of the volume defined by close-packed directions in the shear plane and was directed towards the lateral faces of the crystal.



Thus, the three distinctive volumes V0, V1 and V2, differing by orientations of the octahedral slip planes relative to the punches of the testing machine and the lateral faces of the sample, can be marked out in the studied single crystals. Due to various possible shear patterns in these volumes, the observation of different strain-relief patterns in the volumes and in the single crystal as a whole was expected. The present analysis was performed for the only one chosen octahedral shear plane. However, the single crystals with such orientation were characterized by four octahedral shear planes with two shear directions in each plane, i.e., by eight equiloaded shear systems with a Schmid factor of 0.41. The planes were located symmetrically with regard to a vertical 4-fold axis (axis of loading). Therefore, the volumes had smaller dimensions. Their locations were determined by all the four equiloaded planes. The geometric shape of these volumes determined different slip patterns in local regions. This, in turn, governed the location of deformation domains in the bulk of the single crystal.



Along with crystal geometric consideration of deformation, as mentioned above, when analyzing strain conditions, it is necessary to take into account the pattern of principal stresses in local regions of the single crystal and their variation on decreasing the sample height. Our calculations showed [34] that in the case of end-face friction the eight sample vertices were the sites of high stress concentration (basic concentrators). Therefore, slip should be primarily initiated from the vertices that should be considered in the analysis of the simulation results.




3. The Model Sample Description


MD calculations of evolution of atomic configurations in the single crystals subjected to uniaxial tension were implemented using the LAMMPS [35] (Large-scale Atomic/Molecular Massively Parallel Simulator) molecular dynamics code. LAMMPS integrates Newton’s equations of motion for an ensemble of atoms or molecules that interact via short- or long-range forces with a variety of initial and boundary conditions. The model sample consisted of FCC metal atoms (aluminum and nickel) with an interatomic potential reconstructed in the framework of the embedded atom method (EAM) [36]. The equations of motion were integrated on the basis of the Velocity-Verlet algorithm. To analyze and visualize the defects of crystal structure the open visualization tool OVITO [37] was used. The simulated sample was considered as an NVE ensemble, which maintains the number of atoms N, the occupied volume V and the energy of the system E. Physical correctness of the software program was verified by matching the calculated and experimental values of vacancy and stacking fault formation energies. The mismatch achieved was less than 1%.



Two kinds of the samples with different h/d ratios were simulated. The crystallite with h/d = 2 had the shape of a parallelepiped with dimensions of 30 × 60 × 30 lattice parameters along the X, Y and Z directions, respectively. The sample with h/d = 1 was represented by a cube with the dimensions along the X, Y and Z directions set as 30 × 30 × 30 lattice parameters. Uniaxial compression of the crystallites along the Y axis was simulated by moving two additional planes located above and below the sample along the Y axis. As shown in Figure 2a, the upper plane moved with a constant speed of −2.5 m/s, while the speed of the lower one was 2.5 m/s. The thickness of the planes was 3 lattice parameters, while their dimensions along the X and Z axes were 60 lattice parameters. During loading the distance between atoms in the planes was fixed constant that simulates compression of the sample by two rigid punches. Free boundary conditions were set along X and Z directions. The strain was calculated as dh/h0∙100%, where h0 is the initial sample height, and dh is the total distance travelled by the planes. The Common Neighbor Analysis (CNA) and Dislocation Extraction Algorithm (DXA) implemented in the OVITO software [38] were used to identify crystal lattice defects during uniaxial compression. In particular, the types of planar defects were determined based on the analysis of atomic arrangement of neighboring planes (Figure 2b), namely an HCP–HCP arrangement was attributed to an intrinsic stacking fault (ISF), an HCP–FCC–HCP arrangement was assigned to an extrinsic stacking fault (ESF), and an FCC–HCP–FCC arrangement was ascribed to a twin boundary (TB). The initial temperature of the samples was set to 5 K. The low temperature was chosen in order to ease the observation of lattice defects. On the other hand, the choice of a non-zero initial temperature was explained by the necessity of the presence of indeterminate oscillations of atoms caused by thermal fluctuations.




4. Simulation Results and Comparison with Experiment


4.1. Single Crystals with the <001> Axis of Compression and {110} Lateral Faces


4.1.1. Sample with h/d = 2


The simulation showed that shear initiated at all the eight vertices of the nickel sample through simultaneous generation of Shockley partial dislocations with the Burgers vector 1/6<112> (colored green in Figure 3 and thereafter). These dislocations resulted in the formation of intrinsic stacking faults. It should be noted that the dislocations glided from each vertex along two conjugate shear planes (Figure 3a,b). Therefore, dislocation movement from one slip plane to another and interaction of dislocations gliding along different slip planes were highly probable. These effects can result in the formation of a stair-rod dislocation along the intersection line of the planes. The simulation revealed that it was the 1/3<001> Hirth type dislocation. The following deformation looked like a shear of the plane, which was activated along both directions. However, actually, the deformation occurred by activation of two different shear systems acting in two close parallel octahedral planes. The shear evolved with increased strain so that the shear patterns looked like tetrahedral pyramids near each punch (Figure 3c), which confined the volumes, where end-face friction resulted in non-uniform hydrostatic compression and constrained deformation. Then one couple of the conjugate shear planes began to contribute more significantly (Figure 3d) resulting in appearing shear traces on the two adjacent lateral faces of the sample (see Figure 1).



When dislocations appeared on the surface, they produced steps, which served as nucleation sites for shear propagation from the crystal surface. As can be seen in Figure 3d, a Shockley dislocation with the opposite Burgers vector moved along the same slip plane (indicated as “A”). This means that there were conditions for the nucleation of dislocations with different signs. Local excessive density of dislocations with the same sign resulted in long-range stresses. Interaction of the dislocations with opposite signs moving along the same plane led to their annihilation. In this way the conditions were created not only for further shear caused by stress concentrators (indicated as “B” in Figure 3d), but also for shear initiation in the regions located far from the punches of the testing machine, i.e., in the volume V0 (Figure 1a).



The subsequent strain increase resulted in a decrease in the sample height. Deformation occurred by activation of new slip planes parallel to the initially activated ones (indicated as “C” in Figure 3d). This shear deformation resulted in generation of extrinsic stacking faults and twins in addition to intrinsic stacking faults. Load increasing led to propagation of shears in the bulk of the crystal, which initiated at both the punches and lateral faces of the crystal (planes “A” and “B” in Figure 4a). Shears along newly activated octahedral planes from the lower punch led to nucleation of deformation in the middle part of the single crystal. This deformation was accompanied by shears along the family of parallel slip planes, which manifested themselves in the formation of twin configurations (“A” in Figure 4b) and intrinsic stacking faults (“B” in Figure 4b). Active sliding along these planes resulted in increase of the sample width. The growing number of interacting dislocations gave rise to increasing probability of formation of dislocation barriers, in particular, a 1/6<110> Lomer–Cottrell barrier (colored pink in Figure 4 and thereafter).



The development of deformation patterns indicates the emergence of new shear domains and a decrease in their dimensions. Shears continued to develop primarily near the punches and in the middle part of the sample. In addition, other shear systems acted in the local regions. This became especially pronounced when the height of the sample approached its width. Similar deformation behavior was observed during experimental compression of FCC metal single crystals with such orientation.




4.1.2. Sample with h/d = 1


The first stage of deformation of the nickel single crystals with h/d = 1 was similar to that of the higher sample. Initially, as in the above case, a 1/3<001> Hirth dislocation was generated along the intersection line of the adjacent planes, which started at the same vertex (Figure 5a). The sample geometry provided an intersection of slip planes, which started from the opposite punches, upon further decreasing h. At this stage, the result of shear along the slip plane was random and depended on the speed of the dislocation movement. Therefore, in the middle part of the sample the shear resulted from the action of slip systems associated with all eight stress concentrators. In this region the shear was constrained due to interaction of adjacent planes and formation of Hirth barriers (“A” in Figure 5c).



Along with consideration of shear development and interaction of dislocations belonging to different slip systems, which resulted in the formation of barriers or in shear only, it is necessary to draw attention to the difference in the patterns of principal stresses in the middle part of the sample and in the periphery regions, in the case of h/d = 2. The hydrostatic compression pattern was realized in the middle part of the sample, which did not favor active plastic deformation. In addition, all shear planes in this region were constrained on both sides by the punches of the testing machine. In contrast, the non-uniform hydrostatic compression–tension pattern was realized in the periphery regions. This pattern was more favorable for active deformation, particularly as slip planes in this volume was constrained by the punch from only one side, and there were not constraints for shear towards the lateral faces.



Shear development in the periphery regions was characterized by the following specific features. In this case, shear along parallel slip planes did not result in the formation of Hirth barriers upon interaction of dislocations belonging to the slip systems of adjacent planes. Intrinsic and extrinsic stacking faults (“A” and “B” in Figure 5d, respectively) as well twins were formed in the periphery regions. Strong activation of different shear systems in different regions of the crystal made possible formation of different types of dislocations. Along with the above-mentioned Shockley and Hirth dislocations, 1/3<111> Frank dislocations, 1/2<110> dislocations and 1/6<110> Lomer–Cottrell dislocations can be observed. Increasing strain primarily resulted in shear near the lateral faces.




4.1.3. Comparison with experiment


The above-described results of MD simulation of deformation behavior of FCC single crystals with different h/d ratios showed the evolution of shear systems and their interaction in different parts of the samples. A deformation relief pattern obtained for the simulated samples with different h/d ratios is depicted in Figure 6. It is in good agreement with the experimental results presented in Figure 7 and Figure 8 [39]. In this work the deformation relief on the lateral faces of nickel single crystals at room temperature was studied systematically using optical and scanning microscopy. Nevertheless, they agree well with the data obtained for other metals with high and medium stacking fault energies. However, the homologous temperatures of deformation should be taken into account. These temperatures were close for Ni (0.17Tm) and Cu (0.22Tm) deformed at room temperature. Al single crystals were characterized by the higher homologous temperature of deformation 0.31Tm. Therefore, in the case of Al, the shear pattern was similar, although small details were different (see Figure 9, Figure 10 and Figure 11) [40].





4.2. Single Crystals with the <001> Axis of Compression and {100} Lateral Faces


4.2.1. Sample with h/d = 2


In this case, shear initiated at all eight vertices of the sample. In each plane the shear was possible along two close-packed directions. As shown in Figure 12a, alternate shears in each system resulted in plane expansion. After a while, the shear planes activated at the same punch intersecting each other, resulting in the formation of a 1/3<001> Hirth dislocation (Figure 12b). Further shear was blocked in this region of the crystal and new shear initiated in the neighboring region. The shear plane passed through the middle of the crystal into its opposite part resulting in the formation of a twin-like defect in the middle part (Figure 12c,d). Tri- and tetrahedral configurations consisting of Lomer–Cottrell barriers were formed near this defect (see inset in Figure 12d), which disappeared after strain accumulation. Similar configurations have been experimentally observed [41] and simulated [42,43,44,45] earlier. Most of the Lomer–Cottrell barriers were observed in the middle part of the sample and near the punches. Along with the most active twin, which was located in the middle part, there was a twin along other system of slip planes. Deformation developed by means of the formation of new twins near the stress concentration sites (sample vertices). This resulted in a decrease in the sample height and an increasing in its width towards the lateral faces, which was the main mechanism of the subsequent deformation. Deformation and twin density became sufficient to identify defect clusters in the bulk of the material, which looked like dislocation cell structures at this stage of deformation.




4.2.2. Sample with h/d = 1


In the sample with h/d = 1, shear also initiated at all eight vertices of the single crystal (Figure 13a) followed by intersection of shear planes starting at the opposite punches (Figure 13b). As mentioned above, in the case of the sample with h/d = 1 intersection of the shear planes starting at neighbor vertices near the lower punch was observed (Figure 3). This can be attributed to only the crystal geometric conditions (distance between stress concentrators).



The shear planes starting near the lower punch propagated close to the opposite punch. Stair-rod dislocations with the Burgers vector 1/3<001> were deposited along the intersection lines of the adjacent planes (Figure 13c). Twins and stacking faults were formed upon the subsequent deformation (Figure 13d). The decrease in the sample height was concerned with the deformation propagating towards the lateral surface. MD simulation exhibited that it was realized through two shear modes. The first mode was a shear along the planes parallel to the main shear planes with their increasing number (Figure 13e,f). The second one was a shear along two plane families, which was implemented in the regions, where the first shear mode was not activated (the outlined areas in Figure 13e). Both shear modes were realized in the periphery regions, where shears could come to the lateral faces, providing necessary shape changes.




4.2.3. Comparison with Experiment


Deformation patterns in simulated <001> Ni single crystals with {110} lateral faces and different h/d ratios are shown in Figure 14. For the sample with h/d = 2 a family of octahedral shear planes propagating along the diagonal of the sample manifests itself on two perpendicular faces can be seen. This pattern well agrees with the crystallographic pattern of arrangement of octahedral planes in the sample (Figure 1) and with the experimental results (Figure 15 and Figure 16). Similar results were also obtained for the same orientation of Al single crystals [46].






5. Discussion


The MD simulations showed that shear starts simultaneously at all vertices of the sample, which are the sites of stress concentration. The scheme of partitioning samples with different height-to-width ratios into domains depends largely on the geometry of positioning these basic stress concentrators. The simulation results were obtained for a case very close to the equiprobable shear starting at all eight concentrators. This ideal shear is difficult to realize in experiments because of failure to comply with the condition of the equiprobable shear along all four equiloaded planes, which can be caused by even small deviations in face parallelism or compression axis alignment. This is the main origin of the difference between the deformation patterns obtained in the experiments and MD simulations.



The results of the present and previous works exhibit that deformation patterns depend on local stress conditions and the possibility of shear deformation in the bulk of a single crystal. Shear deformation near the punches of the testing machine is constrained, while it can propagate towards the lateral faces. This is justified by the simulation results.



MD simulation makes it possible to estimate which dislocations are formed depending on the material (Ni or Al), crystallographic conditions (orientation of lateral faces) and sample geometry (various height-to-width ratios). The following findings can be drawn from the analysis of these factors performed using the data on fractions of different dislocations in Ni and Al samples listed in Table 1. The presented results indicate the following:




	
Shockley partial dislocations constitute the largest fraction. Their fraction in Ni is higher than in Al, except for the case of <001>{110} and h/d = 1. The number of sliding dislocations in Ni grows with the sample height. The inverse dependence is observed in Al.



	
The fraction of 1/3<001> Hirth barriers is higher in Ni as compared with Al. In contrast, the fraction of 1/6<110> stair-rod barriers is higher in Al as compared with Ni, except in the case of <001>{110} and h/d = 1. The number of barriers in Ni increases with decreasing sample height. The fraction of barriers in Al depends not only on the sample height but also on the orientation of the lateral faces.



	
Al is characterized by the presence of 1/3<111> Frank dislocations








The considered mechanisms of barrier formation are evidently concerned with the possibility of the interaction of dislocations belonging to different slip systems. The latter depends on crystallographic and geometrical factors governing shear activation, location and the number of basic stress concentrators, the possibility of cross-slip and homologous temperature of deformation. Some of these factors can be traced in the performed simulation, whereas the others are difficult to reveal, apparently due the simultaneous influence of several factors.




6. Conclusions


Using the principle of geometrical similarity, a comparison of shear patterns obtained by MD simulation with experimentally observed deformation relief was carried out for single crystals of pure FCC metals subjected to shear loading. Ni and Al samples in the form of tetragonal prisms with the highly symmetrical <001> axis of compression, {110} and {100} lateral faces and different height-to-width ratios were studied. In this case, the shear occurred by activation of eight equiloaded slip systems.



The simulation results showed that:




	
Shear initiates at basic stress concentrators (vertices of the sample). Decomposition of a crystal into deformation domains and interaction of dislocations belonging to different slip systems are determined by the positioning of shear planes relative to the basic stress concentrators and by their orientation relative to the lateral faces.



	
Shear activity depends on the value of the stress tensor and possibility of shear towards the lateral faces.



	
Gliding dislocations are most often observed. With a decreasing height of the Ni sample, the fraction of gliding dislocations is reduced, while the fraction of barriers grows. The opposite dependence is more often revealed in the Al single crystals. Crystallographic orientation of the lateral faces also has an influence on the barrier fraction. This effect is traced in aluminum.
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Figure 1. Schematic showing orientations of octahedral plane families in [001] single crystals with (a,b) h/d = 2; (c,d) h/d = 1 and (a,c) {110} or (b,d) {100} lateral faces. 
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Figure 2. (a) Schematic showing the modeled crystallite with h/d = 2; (b) crystallite fragment containing intrinsic stacking fault, extrinsic stacking fault and twin boundary. Common Neighbor Analysis (CNA) was used to visualize the defects: hexagonal close-packed (HCP) atoms are shown as red dots and face centered cubic (FCC) atoms are indicated as green dots. 
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Figure 3. Deformation patterns in a <001> single crystal with h/d = 2 and {110} lateral faces at a sequentially increasing strain of (a) 7.39%; (b) 7.42%; (c) 7.44%; and (d) 7.51% (1/6<112> Shockley partial dislocations colored green, 1/3<001> Hirth dislocations colored yellow). 
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Figure 4. Shear in a <001> single crystal with h/d = 2 and {110} lateral faces at a sequentially increasing strain of (a) 13.8%; (b) 16.9%. A and B in (b) indicate a twin boundary and an intrinsic stacking fault, respectively. 
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Figure 5. Deformation patterns in a <001> single crystal with h/d = 1 and {110} lateral faces at a sequentially increasing strain of (a) 7.0%; (b,c) 7.1%; (d) 8.7%. 
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Figure 6. Surface deformation patterns in a simulated <001> Ni single crystal with {110} lateral faces: (a) h/d = 2, ε = 27%; (b) h/d = 1, ε = 22%. 
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Figure 7. Surface deformation patterns on mutually perpendicular {110} lateral faces of a Ni single crystal. Compression was carried out along the <001> axis; h/d = 2, ε = 25%. 
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Figure 8. Surface deformation patterns on mutually perpendicular {110} lateral faces of a Ni single crystal. Compression was carried out along the <001> axis; h/d = 1, ε = 18%. 
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Figure 9. Surface deformation patterns in a simulated <001> Al single crystal with {110} lateral faces: (a) h/d = 2, ε = 23.6%; (b) h/d = 1, ε = 19.2%. 
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Figure 10. Deformation patterns on the {110} lateral faces of an Al single crystal. Compression was carried out along the <001> axis; h/d = 2, ε = 13%. 
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Figure 11. Deformation patterns on the {110} lateral faces of an Al single crystal. Compression was carried out along the <001> axis; h/d = 1, ε = 6%. 
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Figure 12. Surface deformation patterns in a simulated <001> single crystal with h/d = 2 and {100} lateral faces at a sequentially increasing strain of (a) 7.92%; (b) 7.95%; (c) 9.32% and (d) 15.94%. 
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Figure 13. Deformation patterns in a simulated <001> single crystal with h/d = 1 and {100} lateral faces at a sequentially increasing strain of (a) 7.79%; (b) 7.89%; (c) 7.94%; (d) 12.59%; (e) 14.2% and (f) 21.5%. 






Figure 13. Deformation patterns in a simulated <001> single crystal with h/d = 1 and {100} lateral faces at a sequentially increasing strain of (a) 7.79%; (b) 7.89%; (c) 7.94%; (d) 12.59%; (e) 14.2% and (f) 21.5%.
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Figure 14. Deformation patterns in a simulated <001> Ni single crystal with {100} lateral faces: (a) h/d = 2, ε = 27%; (b) h/d = 1, ε = 22%. 
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Figure 15. Deformation patterns on neighboring {100} lateral faces of a <001> Ni single crystal with h/d = 2. Compression was carried out along the <001> axis; ε = 22%. 
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Figure 16. Deformation patterns on {100} lateral faces of a <001> Ni single crystal with h/d = 1; ε = 13%. 
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Table 1. Fractions of different dislocations in Ni and Al samples subjected to 22% strain.
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Dislocation Type

	
<001>{110} h/d = 2

	
<001>{110} h/d = 1

	
<001>{100} h/d = 2

	
<001>{100} h/d = 1






	

	
Ni

	
Al

	
Ni

	
Al

	
Ni

	
Al

	
Ni

	
Al




	
1/2<110> Perfect

	
0.014

	
0.018

	
0.005

	
0.044

	
0.028

	
0.078

	
0.049

	
0.041




	
1/6<112> Shockley

	
0.787

	
0.602

	
0.756

	
0.893

	
0.750

	
0.708

	
0.734

	
0.713




	
1/6<110> Stair-rod

	
0.031

	
0.068

	
0.083

	
0.037

	
0.038

	
0.067

	
0.067

	
0.176




	
1/3<001> Hirth

	
0.026

	
0.017

	
0.071

	
0.011

	
0.015

	
0.009

	
0.057

	
0.003




	
1/3<111> Frank

	
0.012

	
0.167

	
0

	
0.014

	
0.030

	
0.046

	
0

	
0.028
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