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Abstract

:

The deformation behaviour of twinned FCC nanowires has been extensively investigated in recent years. However, the same is not true for their BCC counterparts. Very few studies exist concerning the deformation behaviour of twinned BCC nanowires. In view of this, molecular dynamics (MD) simulations have been performed to understand the deformation mechanisms in twinned BCC Fe nanowires. The twin boundaries (TBs) were oriented parallel to the loading direction [110] and the number of TBs is varied from one to three. MD simulation results indicate that deformation under the compressive loading of twinned BCC Fe nanowires is dominated by a unique de-twinning mechanism involving the migration of a special twin–twin junction. This de-twinning mechanism results in the complete annihilation of pre-existing TBs along with reorientation of the nanowire. Further, it has been observed that the annihilation of pre-existing TBs has occurred through two different mechanisms, one without any resolved shear stress and other with finite and small resolved shear stress. The present study enhances our understanding of de-twinning in BCC nanowires.
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1. Introduction


In recent years, twinned nanowires have attracted considerable attention for research due to their superior physical properties as compared to their perfect counterparts. Moreover, since twin boundaries (TBs) possess high symmetry and lowest interface energy, materials containing TBs exhibit better properties compared to those containing any other boundaries [1]. TBs can act both as barrier and carrier for dislocation motion, thus resulting in a simultaneous increase of strength and ductility [2]. TBs can also exhibit high thermal and mechanical stability [3], improve corrosion resistance, fracture toughness and strain rate sensitivity [4,5]. In view of this, the TBs are desirable planar defects in nanowires/nanocrystalline materials and many efforts have been made to synthesize and investigate the twinned nanowires and other nanocrystalline materials [6].



In order to understand the deformation behaviour of twinned FCC nanowires/nanopillars, many experimental and atomistic simulation studies have been carried out in the literature [2,6,7,8,9]. The results have shown that depending on the orientation of the TBs with respect to the loading direction, deformation mechanisms vary in nanowires and also many novel deformation mechanisms have been reported. For example, in nanopillars with TBs perpendicularly to the loading direction (transverse TBs), the dislocation–twin interactions like dislocation transmission, absorption, multiplication and stair-rod formations have been observed [2,6]. On the other hand, an extensive de-twinning is reported in nanopillars with slanted TBs [6]. The de-twinning is due to the easy glide of twinning partials along the TBs under finite shear stress. In addition to de-twinning, a novel pseudo-elasticity and shape memory effects have been discovered in nanowires with slanted TBs [10], which are distinct from those exhibited by the perfect nanowires [11]. The de-twinning mechanism has also been observed in nanowires with TBs parallel to the loading axis [12]. Unlike the nanowires with slanted TBs, the de-twinning in nanopillar containing axial TBs is surprising due to zero resolved shear stress on the pre-existing twin boundary. However, using experiments and atomistic simulations, Cheng et al. [12] have reported a de-twinning mechanism in nanopillars with axial twin boundary placed closed to the surface. This de-twinning resulted in a complete annihilation of the existing twin boundary, giving rise to defect-free nanopillar. The observation of unique de-twinning mechanism has been attributed to the migration of a junction consisting of twin boundary and other high angle grain boundary [12]. Similar annihilation of twin boundary due to de-twinning mechanisms has been observed during the bending of Ni nanowires with twin thickness less than 1 nm [13]. These observations clearly indicate that the de-twinning is quite common in twinned FCC nanowires with the exception of traverse twin boundaries.



However, all the above studies were focused on twinned FCC nanowires/nanopillars and little attention has been paid towards twinned BCC nanowires. There are only a couple of investigations in the literature on BCC nanowires containing twin boundaries [14,15]. These studies on BCC nanowires with transverse TBs have shown a strong tension-compression asymmetry in deformation mechanisms. With respect to axial TBs, Li et al. [16] have investigated the role of six-fold twin on the torsional deformation of BCC Fe nanowires. Except this, no study exists on the role of axial TBs in BCC nanopillars. Further, it is interesting to examine the possibility of the occurrence of de-twinning mechanism in twinned BCC nanowires. In view of this, the present study aimed at understanding the deformation mechanisms in axially twinned BCC Fe nanowires using molecular dynamics (MD) simulations. The results show an intersecting de-twinning mechanism involving the migration of twin–twin junction, which results in a complete annihilation of pre-existing TBs and also leads to the reorientation of the nanowire.




2. MD Simulation Details


The deformation behaviour of [110] BCC Fe nanowires with twin boundaries oriented parallel to the loading direction were considered in this study (Figure 1). The nanopillar is enclosed by [1-11] and [1-1-2] type side surfaces. The number of TBs is varied from one to three (Figure 1a–c). All the nanowires had a square cross section width (d) = 8.5 nm and length   ( l )   was twice the cross section width, i.e., l = 17 nm. In order to mimic an infinitely long nanowire, periodic boundary conditions were chosen only along the wire axis, while the other directions were kept free. On these twinned nanowires, compression loading has been simulated using molecular dynamics (MD) simulations. MD simulations have been carried out in LAMMPS package [17] employing an embedded atom method (EAM) potential for BCC Fe given by Mendelev et al. [18]. The Mendelev EAM potential has been chosen mainly because several predictions obtained using this potential are in good agreement with experimental observations. For example, this potential correctly predicted deformation by twinning and dislocation slip based on nanopillar orientation in BCC Fe [19,20], which is quite close to the experimental findings in ultra-thin BCC W nanopillars [21]. Before applying the compressive load, energy minimization has been performed by conjugate gradient method followed by an equilibration to a required temperature of 10 K in NVT ensemble with a Nose-Hoover thermostat. Velocity verlet algorithm has been used to integrate the equations of motion with a time step of 2 femto seconds. The compressive deformation was carried out at a constant strain rate of   1 ×  10 8    s−1 with respect to initial box length. The visualization of TBs and dislocations is accomplished in AtomEye [22] and OVITO [23] packages using centro-symmetry parameter (CSP) and common neighbour analysis (CNA).




3. Results And Discussion


Figure 2a–h shows a typical deformation behaviour in axially twinned [110] BCC Fe nanowires containing two pre-existing twin boundaries. Similar behaviour has been observed in nanowires containing one and three TBs and therefore not shown here. It can be seen that the plastic deformation initiates by the nucleation of a twin from the nanowire corners (Figure 2a). With increasing deformation, the leading front of the twin approaches the existing twin boundary and penetrates into neighbouring grain (Figure 2b). Here, it is interesting to see that the twin penetration happens in two different ways; (1) it can penetrate directly to the next grain without any deviation in twinning plane and (2) it can pass onto a plane symmetrical to the original twinning plane (Figure 2b). Following the penetration, the leading twin front again passes through the second pre-existing twin boundary and results in the formation of twinned rhombohedron, which is enclosed by twin boundaries (Figure 2c). Also, the initially nucleated twin (Figure 2a) has grown significantly cutting across the pre-existing TBs (Figure 2c). It can be seen that the twin penetration and its growth has led to the annihilation and also the migration of pre-existing TBs (Figure 2c,d). With increasing strain, the twin growth dominates the deformation leading to the complete annihilation of pre-existing TBs (Figure 2e,f). Following the annihilation, the growing twin completely sweeps the nanowire length and leads to the reorientation of the nanowire from initial <110>/{111}{112} orientation to <001>/{010}{310} orientation (Figure 2g,h). Thus, in axially twinned BCC Fe nanowires there is an annihilation of pre-existing TBs. In other words, the twinned nanowires become twin free single crystalline nanowires with different orientation.



The deformation by twinning and reorientation in [110] twinned BCC Fe nanowires is similar to that observed in perfect [110] nanowires [19]. However, the annihilation of pre-existing TBs and the observation of reorientation in twinned nanowires is interesting. Similar to the present study, the annihilation of twin boundary due to de-twinning has also been observed recently in FCC nanowires [12]. However, this annihilation in FCC system has been observed only when the nanowire contains a single axial twin boundary located close to surface [12]. In the present study, the annihilation of TBs has been observed in nanowires containing one, two and three TBs irrespective of their location with respect to the surface. Further, there is an experimental evidence for the annihilation of twin boundaries due to de-twinning in FCC nanowires [12]. However, due to limited experimental studies on BCC nanowires compared to FCC, the annihilation of twin boundaries as a result of de-twinning has not been reported experimentally in BCC nanowires. Interestingly, a reversible twinning, which is also called de-twinning has been reported experimentally in BCC W nanowires [21]. Using in situ high-resolution transmission electron microscopy, it has been demonstrated that during loading, the W nanowire undergo deformation by twinning leading to twin growth. However, upon unloading, deformation proceeds by de-twinning, which is same as twinning, but in the reverse direction. As a result, the twin thickness is gradually reduced [21].



The annihilation of pre-existing TBs in Figure 2a–h has occurred through two different mechanisms, one without any resolved shear stress (Figure 3) and other with finite and small resolved shear stress (Figure 4). Figure 3 shows a mechanism where a pre-existing twin boundary gets annihilated step by step due to the glide of 1/6<111> partial dislocations on newly formed TBs. The 1/6<111> partial dislocations nucleate from a twin–twin junction (Figure 3b,f,j) and glide on TBs (Figure 3c–d,g–h,k–l) whose migration results in twin growth. As a result of twin boundary migration and twin growth, the twin–twin junction moves step by step and leads to the annihilation of pre-existing twin boundary (Figure 3a,e,f). During this process, there is no apparent resolved shear stress on the pre-existing twin boundary as it is completely parallel to the loading axis (Figure 3a,e). It remains parallel till the partial dislocation activity is equal on both left and right TBs (Figure 3a–h). However, with increasing strain, due to the presence of some barriers, the partial dislocation activity on one twin boundary (left in this case) dominates over the other (Figure 3k,l). As a result, the pre-existing twin boundary slightly bends with respect to the loading axis (Figure 3i) which introduces a small resolved shear stress. Due to this shear stress, the partial dislocation activity also commences on the pre-existing twin boundary (Figure 4a,e). This partial dislocation activity further bends the twin boundary towards the other pre-existing twin boundary (Figure 4b,c,f,g). As a result, they meet each other and annihilate over time (Figure 4d,h). This annihilation occurs under small resolved shear stress. Thus, two different mechanisms combinedly contribute to de-twinning in twinned BCC Fe nanowires (Figure 2). In contrast, the de-twinning in FCC nanowires occurs through a single mechanism of twin embryo nucleation followed by its expansion due to the migration of a special junction consisting of two TBs and one high angle grain boundary [12]. During this complete process, the existing twin boundary is always parallel to the loading axis, thereby getting annihilated under zero resolved shear stress [12].



An investigation on the deformation behaviour of twinned nanowires also offers valuable insights into twin–twin interactions. Figure 5 shows two different types of twin–twin junctions observed in the present study. In one junction, three TBs meet at an angle of   120 °   with respect each other as shown in Figure 5a (Y-junction), while in other junction, they meet at an angle of 60 and   240 °   forming an arrow (↓) like junction (Figure 5b). Further, the annihilation of twin boundary with zero resolved shear stress has occurred mainly near arrow like twin–twin junctions (Figure 3), which participates more actively in de-twinning mechanisms. In the past, a junction containing six TBs (six-fold twin) has been inserted and studied for its evolution under torsion in  α -Fe [16]. However, no Y-junction or arrow like junctions have been observed. It is well known that in BCC systems, the TBs lie on {112} planes and also three of the {112} planes have the same <111> zone axis as depicted in Figure 5c. As a result of three {112} planes having the same zone axis, the twin–twin junctions such as those shown in Figure 5a,b and also the six fold twins in Ref. [16] were feasible in BCC systems. In contrast, the six-fold twins were not compatible in FCC systems, where only up to five-fold twins were observed [24]. The arrangement of three {112} planes as shown in Figure 5c is also responsible for the direct as well as symmetrical transmission of twin across the existing twin boundary as seen in Figure 2b. In a previous study [14], it has been shown that, like twins, dislocations can also either directly transmit through the twin boundary without any deviation in slip plane or they can transmit to symmetrical plane.




4. Conclusions


Molecular dynamics simulations performed on the compressive loading of axially twinned [110] BCC Fe nanowire indicate that the deformation is dominated by a de-twinning mechanism involving the migration of a twin–twin junction. In the present study, two types of twin–twin junctions were observed. One is Y-junction where three TBs meet at an angle of   120 °   with respect to each other and the other is an arrow (↓)-like junction, where TBs meet at an angle of 60 and   240 °  . The results indicate that compared to the Y-junction, the arrow like junction participates more actively in de-twinning mechanisms. In all the nanowires, the de-twinning mechanism results in a complete annihilation of pre-existing TBs along with a change in nanowire orientation from initial <110> to <001>. Further, it was observed that the annihilation of pre-existing TBs occurs through two different mechanisms, one without any resolved shear stress and other with a finite and small resolved shear stress. The annihilation of pre-existing TBs without any resolved shear stress has occurred through the step-by-step movement of the twin–twin junction due to the glide of 1/6<111> partial dislocations on newly formed twin boundaries. The annihilation of pre-existing TBs with finite shear stress occurred due to the slight bending of twin boundaries at higher strains. The present study significantly improves our understanding of de-twinning and also the stability of twin boundaries in BCC nanowires.
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Figure 1. The initial configuration of BCC Fe nanowires containing (a) one, (b) two, and (c) three twin boundaries. The corresponding twin boundary spacings is of 4.25, 2.83 and 2.12 nm, respectively. The nanowire orientation and cross-section width (d) are indicated in (a). The atoms are coloured according to their centro-symmetry parameter (CSP). 
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Figure 2. The atomic snapshots displaying the typical deformation behaviour in twinned BCC Fe nanowires at different strains; (a) twin nucleation, (b,c) twin penetration through existing TBs, (c,d) twin boundary migration and annihilation, (d–g) twin growth, and (h) reoriented nanowire. The atoms are coloured according to their centro-symmetry parameter (CSP). The insets in (a,h) shows the top view of the nanowire. 
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Figure 3. The annihilation of pre-existing twin boundary due to the step-by-step migration of the twin–twin junction (a,e,i). The movement of twin-twin junction is aided by the continuous nucleation (from the twin–twin junction) (b,f,j) and glide of 1/6<111> partial dislocations on newly formed twin boundaries(c,d,g–h,k,l). The atoms are coloured according to their centro-symmetry parameter (CSP). For clarity, the atoms in perfect BCC structure were removed in (b–d), (f–h) and (j–l). 
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Figure 4. The annihilation of pre-existing twin boundary due to the bending and subsequent migration of pre-existing twin boundaries (a–d). This process is aided the by the continuous glide of 1/6<111> partial dislocations on the existing TBs. The atoms are coloured according to their centro-symmetry parameter (CSP). For clarity, the atoms in perfect BCC structure were removed in (e–h). 
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Figure 5. Two different twin–twin junctions observed in the present study; (a) Y-junction, where three TBs meet at an angle of   120 °   with respect each other, (b) arrow (↓) like junction, where three TBs meet at an angle of 60 and   240 °  , (c) the arrangement of {112} slip planes, when viewed along <111> direction. The atoms are coloured according to their common neighbour analysis (CNA). 
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