Anna Serra 
  
D J Bacon 
  
  
Interaction of a moving twin boundary with perfect dislocations and loops in an HCP metal

Keywords: atomistic simulation, crystal defects, crystalline interface, deformation twinning, dislocation interactions, topological theory of defects, twinning atomistic simulation, crystal defects, crystalline interface

   

Interaction of a moving 101-2 twin boundary with perfect dislocations and loops in an HCP metal

Introduction

Slip in the HCP metals is dominated by dislocations with Burgers vector b=1/3 that glide on either the (0001) basal plane or { } first-order prism planes.

However, the low crystal symmetry limits the number of independent slip systems available for glide of these perfect dislocations and, as a result, plastic deformation by twinning is common. A twin grows into the adjoining crystal by the diffusion-less motion of the interface between them and is therefore influenced, in principle, by crystal defects encountered by the moving interface. This interaction between a twin boundary and other defects is modelled in the present paper by atomic-scale computer simulation.

We consider a model for α-zirconium (Zr), which is an important metal for nuclear technology, for example. It twins by several different modes, of which twinning is the most common, i.e. the twin boundary is a plane in both crystals. Such twins are broad due to the high mobility of their boundaries [1].

Earlier computer simulation studies of the interaction between a twin boundary and crystal defects were restricted by the model size and rigid boundary conditions to cases where the twin interface was static and the defects were created sufficiently close to it to react with it spontaneously. This restriction has now been overcome by the development of a boundary condition technique that enables the twin interface to move freely. It allows one crystal in a twin-related pair to expand at the expense of the other by glide of twinning dislocations [2,3], unrestricted by the boundary conditions (see section 2).

The method has already been used to investigate the interaction of a twin boundary with single and small clusters of point defects [4], a situation relevant to neutron-irradiated Zr alloys. However, the defects considered in that paper were small (containing from 2 to 35 point defects) and did not have true dislocation structure.

There are two reasons for broadening the study in the present work to straight dislocations and larger defect clusters. First, the earlier simulations with rigid boundary conditions showed that a straight, perfect dislocation near a twin boundary may be absorbed by it spontaneously, thereby creating an interfacial step with dislocation character [5]. (Such an interfacial line defect is known as a 'disconnection' [START_REF] Pond | Dislocations in Solids[END_REF].) Under the application of a suitable shear strain, the disconnection may be a source for creation of twinning dislocations, which, by their motion in the interface, cause it to move.* In simulation of some dislocation-interface reactions, the product disconnection was seen to glide unchanged with the interface, although the Burgers vector did not lie in the plane of the step riser of the defect . However, due to the small number of atoms that could be simulated in the earlier studies, motion of the disconnection was restricted by pinning of the twin interface at the rigid boundaries of the model. This difficulty is avoided in the present work and so the process can be studied in full. The second reason for re-examining the interaction of a twin boundary with clusters of point defects is that clusters containing up to only 35 point defects, as in [4], are barely resolvable by transmission electron microscopy (TEM), whereas the clusters observed by TEM in irradiated Zr can be sufficiently large to have distinct dislocation character [START_REF] Griffiths | [END_REF]. Thus, by simulating dislocation loops formed by hundreds of point defects, it should be possible to see if the mechanisms revealed earlier and here for straight, infinitely-long dislocations occur for the more complicated geometry when a twin boundary meets the side of a dislocation loop. In this context, we note that although Higashiguchi et al. [8] observed twins in neutron-irradiated Zr deformed at either 77 or 300K, Onimus et al. [9] found that twinning did not play a role in the deformation of Zr irradiated with neutrons at 350 o C. Instead, dislocation channelling occurred in narrow bands, the orientation of which depended on the conditions of loading.

Before proceeding to the model, a brief introduction to the crystallography of the defects studied is required. The admissible interfacial disconnections separating regions of identical boundary structure are best identified using the dichromatic pattern associated with the twin. It is shown in Fig. 1 and consists of the lattice sites of two crystals in twin-related orientation, projected with the sites of a lattice plane of one crystal coincident with those of a plane of the other. The two crystals are drawn as white (λ) and black (µ) in Fig. 1. In addition to the crystal coordinate system it is convenient to define an interfacial coordinate system with x parallel to the common tilt axis z parallel to the normal to the interface and y parallel to the twinning disconnections is obtained from the difference in the same reference frame between translation vectors t(λ) and t(µ) of the two lattices, defined in the following sense:

b = t(λ) -P t(µ), ( 1 
)
where P is the transformation matrix relating the coordinate frames of the two crystals.

The sign conventions used here are chosen so that the positive line sense of the disconnection is taken to be out of the paper (+x direction) and b is given by the RH/FS rule, e.g. [START_REF] Hull | Introduction to Dislocations[END_REF]. Furthermore, the sense of step 'up' or 'down' refers to a boundary being traversed from left to right, i.e. in the +y direction. Burgers vectors are written as b ±m/±n , where the magnitude of the subscripts m and n indicates the number of lattice planes, spacing d, at the step in the upper and lower crystals, respectively, and the subscript sign indicates the step sense. Thus, a twinning dislocation has Burgers vector b 2/2 (step up) or b -2/-2 (step down). The latter is shown in Fig. 1 and is the difference between t λ = λ defining a step down by two planes on the lower surface of the λ crystal, and t µ = µ defining a step down by two planes on the upper surface of the µ crystal. The same notation is adopted for crystal dislocations, i.e. b of a dislocation of the type 1/3 at 60 o to the x axis in the λ crystal is labelled b 1/0 in Fig. 1 and is defined by t λ that steps up by one lattice plane in λ, whereas b -1/0 corresponds to t λ that steps down by one plane. (With the two-subscript notation for Burgers vectors, the magnitude and sign of each subscript is conserved in dislocation and disconnection reactions, as will be seen in section 3.)

Model

The computational model had about one million atoms (dimensions L x , L y , L z = 23.4, 35.5, 28.9 nm) and consisted of two half-crystals in twin orientation separated by either a planar twin boundary or one containing a twinning disconnection in edge orientation with line direction parallel to the x-axis λ and Burgers vector b -2/-2 = α : α is approximately 0.0645 for the lattice parameter ratio c/a = 1.5952 (see [1] for details).

This bi-crystal model had periodic boundary conditions in the interfacial glide plane x-y of the twinning disconnection and fixed outer boundaries in the form of rigid blocks of defect has its extra half-plane in the upper (λ) crystal and glides to the right (+y) under positive applied shear strain.) The atomic system was relaxed to minimise the potential energy after each shear displacement using the interatomic potential for Zr from [START_REF] Ackland | [END_REF] that we refer to as A95. The applied resolved shear stress for each level of strain was calculated from the resultant force on the upper rigid block, as described in [12]. To check the stability of some configurations, molecular dynamic simulations for T = 100K

were performed using two different interatomic potentials, namely A95 and the potential described in [13], which we denote as M07. In these cases, strain was applied at a constant rate of 25x10 6 s -1 by applying a constant velocity to the upper rigid block of atoms. The principal difference between the two potentials arises from the value of the intrinsic stacking fault energy on the basal and first-order prism planes. The fault energy is relatively low on the basal plane in the A95 model, resulting in a preference for dissociation into two Shockley partials. Dissociation also occurs in the M07 model, but the partial spacing is much smaller [14]. shown in [15] that the screw dislocation gliding under stress in the λ crystal is either transmitted through the twin boundary into the µ crystal or is reflected back into the λ crystal with a change of glide plane, e.g. basal-to-prism or vice versa. Decomposition into products that change the structure of the boundary does not occur. Second, it was found in [5] that a 60°-mixed dislocation decomposes when entering the interface, thereby changing its structure and creating interfacial disconnections. More detail follows below. Note that perfect dislocation loops have the same 1/3 λ Burgers vectors, and for these defects it is necessary to consider all three orientations of b, as will be seen in section 4.

Interaction of a straight dislocation with the twin boundary

The interaction between the twin boundary and a 60° crystal dislocation gliding on the basal plane depends on the sign of the dislocation and the order of the two Shockley partials relative to the boundary. (If the basal glide plane of the crystal dislocation lies between planes A and B, say, in the ...ABAB... stacking sequence, the order of the Shockley partials is reversed from that when the glide plane lies between B and A.) The partials have Burgers vectors b 30 and b 90 at 30 0 and 90 0 to the line direction, respectively. The interaction of 60° dislocations of opposite line sense with the twin interface was reported in [16] The dichromatic pattern in Fig. 1 shows a set of possible reactions represented by the following Burgers vector balance:

b 1/0 = b -(2n-1)/-2n + nb 2/2 . ( 2 
)
The magnitude of b -(2n-1)/-2n depends on the height of the step (nd) and the c/a ratio: when c/a just less than the ideal value (8/3) 1/2 , as in Zr, the smallest magnitudes correspond to n = 3 and 4 (see Fig. 1). The dislocation is attracted to, and absorbed spontaneously by, the twin boundary in this reaction when less than about 8 nm from it. In [5] it decomposed into a b -5/-6 disconnection line and three b 2/2 twinning disconnections (Fig. 

-1/0 = (b 4/4 + b L ) + b T + 2b -2/-2 , (3) 
where b L and b T are the Burgers vectors of the leading and trailing partials respectively.

The outcome is represented schematically in Fig. 2(b).

The reaction of eq. ( 3) and Fig. 2(b) is the same as that found with the smaller atomic model in [16] when the leading partial has b L = b 90 . However, it was reported in [16] that when the leading partial has b L = b 30 the following reaction occurs: The difference in the mechanisms described in the previous two paragraphs is believed to arise from the atomic structure of the twin boundary. As discussed in [15], rows of atoms in the boundary alternate in spacing, as a result of which the hydrostatic stress alternates between positive and negative along a row. Consequently, the atomic configuration of the interstitial atom at the lowest corner of a loop is not the same for the two situations described above. However, in neither case are any point defects removed from or added to the loop and it is simply transformed from the λ crystal to the µ crystal with the same shape, size and Burgers vector. twinning dislocation is less than that of the interstitial loop and τ c is 40MPa.

Discussion and Conclusions

The development of a method that allows an interface containing a disconnection line, i.e. a defect with step as well as dislocation character, to be simulated with periodic boundary conditions in the interface plane has allowed us to investigate the interaction of a moving twin boundary with two types of crystal defect, namely a straight, infinitely long dislocation line in a basal plane and a periodic row of perfect dislocation loops.

The interface considered is that of the twin, which is important and common in the deformation of the HCP metals. The interaction between straight crystal dislocations of the 1/3 slip system and the twin interface have been modelled previously, but by simulation where the number of atoms in the model was small and fixed boundary conditions were employed, as a consequence of which the interface was unable to be translated through the model by glide of twinning dislocations. With this restriction overcome, it has been possible to revisit the 
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). The current simulations confirm the earlier finding [5] that this disconnection moves with the twin boundary along its riser (the basal plane of one of the crystals) because twinning dislocations can move past it by glide and self-compensated climb.

Furthermore, this disconnection acts as a source of twinning dislocations when stress is applied in the absence of pre-existing twinning dislocations. Thus, this decomposition product provides a simple mechanism for twin growth/shrinkage, as predicted in [5].

The decomposition product of a 60° dislocation of opposite sign (b = b -1/0 ) with its extra half-plane directed away from the interface is more complex (Fig. 2 

  Burgers vectors of admissible interface

  ±z directions[2,3]. With this construction, when a twinning disconnection moving in the ±y direction crosses one periodic boundary, it re-enters at the opposite side of the simulation box and, due to the step character of the disconnection, the twin interface is displaced in the z direction by the step height ±2d. Crystal dislocations or dislocation loops were introduced on either side of the twin boundary. To assist understanding of the reactions and mechanisms found, atoms with irregular coordination number were recorded, as will be shown in the figures that follow. Most of the modelling used molecular statics simulations, i.e. temperature T = 0K. In these, the b -2/-2 disconnection was induced to glide by applying shear strain e yz in increments of 10 -5 via displacement of the upper rigid block relative to the lower one. (The b -2/-2

3. 1 .

 1 Dislocations considered A straight perfect dislocation with line direction along the x axis λ can be pure screw, i.e. b = 1/3 λ , or have 60 °-mixed character, i.e. b = ±1/3 λ or b = ±1/3 λ . The latter vectors are represented by b ±1/0 in the dichromatic pattern of Fig. 1. However, only the 60 ° cases are considered here, for two reasons. First, it was

  Fig.2is a schematic summary to be discussed below of the results of the earlier simulations for the model with a small number of atoms and fixed boundary conditions[16]. There are three different possibilities for the reaction, depending on the sign of the dislocation line and the stacking sequence of the basal plane on which it glides. In the Burgers vector notation used, b of the reacting crystal dislocation is either b 1/0 or b -1/0 , as indicated. The outcomes are as follows.

2

  (a)). In the larger, periodic model of the present work, it formed a b -7/-8 defect and four b 2/2 defects. This outcome was found to be independent of the leading/trailing order of the partials of the crystal dislocation. If the boundary initially contains a b -2/-2 disconnection, it annihilates with one of the b 2/2 defects, leaving only three. The periodicity of the simulated box allows each b 2/2 twinning dislocation to move freely under the influence of the others and they spread equidistantly along the interface.Under applied shear strain e yz > 0, the b 2/2 disconnections glide to the left (-y direction).The critical resolved shear stress, τ c , necessary for the upper block to move a distance |b 2/2 |, i.e. for the total distance moved by the four (or three) defects to equal L y , is value represents the obstacle stress when a b 2/2 twinning dislocation encounters a b -7/-8 disconnection and overcomes it by conservative climb and subsequent detachment on the other side. (It was shown in[16] that climb of a b ±2/±2 defect from one side of a b -7/-8 disconnection to the other is compensated by climb of the latter along its riser plane as the twin boundary translates by ±2d.) Furthermore, it has been shown that if the b -7/-8 disconnection exists in the interface in the absence of pre-existing twinning dislocations, it can act as a source of dipoles containing pairs of equal and opposite b ±2/±2 defects when τ reaches a value of 110MPa[14].Thus, the disconnections such as b ±7/±8 and b ±5/±6 can be created by the decomposition of crystal dislocations at the twin boundary and are effective sources of b ±2/±2 twinning dislocations. They move with the twin boundary by conservative climb along their riser[5,16], thereby supplying the twinning disconnections necessary to keep the boundary moving. 3.3. Dislocation with b = b -1/0 The reaction is more complex since although three disconnections form in the boundary, one with b 4/4 and two with b -2/-2 , the b -1/0 dislocation is not fully absorbed. Instead, only the leading partial of the b -1/0 line is attached to the b 4/4 disconnection. The trailing partial stands off from the boundary, separated from it by an intrinsic basal stacking fault. The leading Shockley partial stabilizes the b 4/4 disconnection because this defect on its own is not stable and decomposes into two b 2/2 twinning dislocations, in accordance with Frank's rule. We can therefore describe the reaction as b
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 4342 Fig. 4 shows visualisations of the loop and boundary containing a b -2/-2 disconnection at different stages of the process. Fig. 4(a) is a near projection as the b -2/-2 defect approaches the loop from the left and the twin boundary is about to meet the lower corner of the loop. The conversion of the loop from λ to µ is half-complete in Fig. 4(b), where the x-axis projection shows clearly the transformation of the loop sides from basal to prism and vice versa. The loop acts as an obstacle to the repeated glide of the b - 2/-2 twinning disconnection, as can be seen in Fig. 4(c) by the z-axis projection of the configuration shown in (b). The b -2/-2 dislocation is seen to be bent strongly as it breaks away from the loop. The critical stress for this is 60MPa.

4 . 3 .

 43 Fig. 6(b). The other three sides of the loop remain separate from the twin boundary. As the boundary moves upwards into the λ crystal by glide of the pre-existing b -2/-2 twinning dislocation, the loop moves upwards along its glide prism with side BS1 incorporated in the twin boundary. The repeated emission of the two b -2/-2 defects assists the motion of the twin boundary and the maximum τ for the process is only 20MPa. When the centre of gravity of the loop is shifted by ½[0001] λ so that the 90° partial leads the entry of BS1 into the twin boundary, all four sides of the loop are absorbed into the twin boundary, as shown in Fig. 6(c). As the twin boundary moves upwards under applied stress, it drags the absorbed interstitial cluster along the 60° direction of the glide prism of the original loop. This process provides a strong obstacle to the glide of the b -2/-2 twinning dislocation and τ c is 55MPa. MD simulations of T = 100K showed the same features.

  straight dislocation in the twin interface and now investigate its effect on boundary mobility. Furthermore, by simulating the interaction between a moving twin boundary and either interstitial or vacancy clusters that are large enough to have clear dislocation character, it has been possible to interpret some of the effects observed in terms of the results for straight dislocations. We have considered straight, 1/3 crystal dislocations lying parallel to the interface and perpendicular to the direction of twinning shear. The screw dislocation parallel to the interface does not decompose when it meets the moving interface and has no discernible effect on its motion. The 60° mixed dislocation is attracted by the boundary in all situations, but the form of the decomposition product and its effect on twin boundary motion depend on the sign of the dislocation (b ±1/0 in the notation here). The dislocation with b = b 1/0 has its extra half-plane intersecting the interface and fully decomposes in it to form a b -7/-8 disconnection and four b 2/2 twinning dislocations, independently of the nature of the leading/trailing Shockley partials (Fig.

  (b)). Three disconnections form in the boundary, one with b 4/4 and two with b -2/-2 , but the b -1/0 dislocation is not fully absorbed. Instead, only the leading partial of the b -1/0 line is held in the core of the b 4/4 disconnection (Fig. 2(b)). The (b 4/4 + b L ) complex thus formed is stable under positive and negative shear strain e yz and acts as an obstacle to the glide of b ±2/±2 twinning dislocations. The critical resolved shear stress for twinning dislocations to glide over the interface rises to 70-80MPa. The b 4/4 disconnection resulting from the partial absorption of the b -1/0 crystal dislocation has a riser lying perpendicular to the basal planes of the upper (λ) crystal.

Fig. 1 .Fig. 2 .

 12 Figure captions

Fig. 3 .

 3 Fig. 3. Near-x-axis visualisation of the twin boundary when first a 60°-mixed b -1/0 crystal dislocation is absorbed to form a (b 4/4 + b L ) complex and then a second dislocation of opposite sign (b 1/0 ) is absorbed to form a b -5/-6 disconnection. The trailing 30° partial of the first dislocation is seen to be standing away from the interface. The nature of the defects involved is indicated by the usual dislocation symbols. Atoms in the interface are visualised and coloured by their coordination number.

Fig. 4 .

 4 Fig. 4. (a, b) Visualisations of interface and dislocation atoms showing two stages when a twin boundary meets and passes through an interstitial dislocation loop with b parallel to the x-axis. (c) The configuration in (b) in z-axis projection: the curved shape of the twinning dislocation gliding from left to right demonstrates the obstacle strength the loop provides to twinning. (d) Alternative to (a) when the order of the Shockley partials making up the basal-plane sides of the loop is reversed. The Shockley partials are seen in (c) and (d).

Fig. 5 .

 5 Fig. 5. (a,b) Visualisation of interface and dislocation atoms showing two stages in the interaction between a twin boundary and a vacancy dislocation loop with b parallel to the x-axis. The loop is seen to be smaller in (b) after the interaction due to the detachment of vacancies on the left and right. (c) Change in potential energy of the

Fig. 6 .

 6 Fig. 6. Visualisations of the interaction between the twin boundary and interstitial loops with b at 60° to the x axis. (a) The loop in the model with the M07 interatomic potential is pushed on its glide prism ahead of the boundary. In the model with the A95 potential, either (b) one side of the loop is trapped in the boundary or (c) all sides are absorbed, depending on the order of the basal-plane Shockley partials. In both cases, the interstitials are transported along the glide prism of the original loop as the interface moves up or down.

Fig. 7 .

 7 Fig. 7. (a) Near-x-axis visualisation after absorption of a vacancy loop with b at 60° to the x axis in the twin boundary. A b -2/-2 twinning dislocation is approaching from the left. (b) z-axis visualisation showing the asymmetric shape of the b -2/-2 twinning dislocation as it passes through the periodic row of loops. Two model cells are set sideby-side to make the dislocation shape clearer.
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