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Evaluation of slip transfer through WC grain boundaries in cemented carbides
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Geometrical calculations are performed to evaluate the resistance of WC grain boundaries to transfer plastic deformation in WC-Co cemented carbides. The interaction of dislocation pile-ups with the most frequent CSL and random grain boundaries are studied. Based on the minimum grain boundary residue criterion, ∑=2 and ∑=4 grain boundaries are most resistant to dislocation propagation than ∑=13a, ∑=97 and a large part of investigated random grain boundaries. Controlling the amount of ∑=2 and ∑=4 grain boundaries, which mostly arise from the powder, could help in tuning the material properties according the desired application.

Introduction

Owing to their high hardness and toughness, WC-Co composites are used in a number of applications as cutting, drilling or road mapping involving severe working stresses and temperatures as high as 700-800°C [1][2][3][START_REF] Toller-Nordström | Towards understanding plastic deformation in hardmetal turning inserts with different binders[END_REF]. Plastic deformation in WC grains increases with temperature, being already significant at 400°C [START_REF] Hibbs | Room-temperature deformation mechanisms and the defect structure of tungsten carbide[END_REF][START_REF] Luyckx | The anisotropic work-hardening of WC crystals[END_REF][START_REF] Csanádi | Orientation-dependent hardness and nanoindentationinduced deformation mechanisms of WC crystals[END_REF][START_REF] Liu | Investigation on plastic deformation mechanism of ultra-coarse cemented carbide based on energy analysis[END_REF][START_REF] De Luca | Nanomechanical Behaviour of Individual Phases in WC-Co Cemented Carbides from Ambient to High Temperature[END_REF]. Large slip bands develop in carbide grains and impinge WC/WC grain boundaries [START_REF] Bartolucci | Plastic deformation preceding fracture in tungsten Carbide-Cobalt alloys[END_REF][START_REF] Hu | How hard metal becomes soft: crystallographic analysis on the mechanical behavior of ultra-coarse cemented carbide[END_REF]. Dislocation pileups at grain boundaries in materials generate high stresses that can lead to crack nucleation [START_REF] Sutton | Interfaces in crystalline materials[END_REF]. Moreover, for WC, the limited number of slip systems can result in deformation incompatibility between adjoining grains and to intergranular cracking if the deformation is not transferred through the grain boundary [START_REF] Jayaram | Intergranular cracking in WC-6% Co: An application of the von Mises criterion[END_REF][START_REF] Jayaram | Plastic incompatibility and crack nucleation during deformation on four independent slip systems in tungsten carbide-cobalt[END_REF]. The ability of grain boundaries to transfer plastic deformation has a great influence on the mechanical properties of materials [START_REF] Priester | Grain Boundaries and Crystalline Plasticity[END_REF]. This also applies for cemented carbides regarding the high contiguity of the carbide phase [START_REF] Luyckx | The dependence of the contiguity of WC on Co content and its independence from WC grain size in WC-Co alloys[END_REF].

Experimental characterisations of dislocation propagation across grain boundaries in materials, although complex, brought outstanding results [START_REF] Clark | The use of the transmission electron microscope in analyzing slip propagation across interfaces[END_REF][START_REF] Jacques | New results on dislocation transmission by grain boundaries in elemental semiconductors[END_REF][START_REF] Baillin | Direct evidence of dislocation transmission through ∑= 9 grain boundaries in germanium and silicon by in situ high-voltage electron microscopy observations[END_REF][START_REF] Kacher | Visualization of grain boundary/dislocation interactions using tomographic reconstructions[END_REF][START_REF] Kacher | In situ and tomographic analysis of dislocation/grain boundary interactions in αtitanium[END_REF]. A mechanical approach predicting the occurrence of slip transfer across grain boundaries was early proposed by Livingston and Chalmers [START_REF] Livingston | Multiple slip in bicrystal deformation[END_REF] and extended by Shen et al. [START_REF] Shen | Dislocation pile-up and grain boundary interactions in 304 stainless steel[END_REF], Lee et al. [START_REF] Lee | Prediction of slip transfer mechanisms across grain boundaries[END_REF] and Clark et al. [START_REF] Clark | On the criteria for slip transmission across interfaces in polycrystals[END_REF]. This approach was found to fit very well with experiments [START_REF] Patriarca | Slip transmission in bcc FeCr polycrystal[END_REF][START_REF] Bieler | Grain boundaries and interfaces in slip transfer[END_REF][START_REF] Kacher | Dislocation interactions with grain boundaries[END_REF][START_REF] Malyar | Size effect in bi-crystalline micropillars with a penetrable high angle grain boundary[END_REF] as well as with atomistic simulations [START_REF] Sangid | Energy of slip transmission and nucleation at grain boundaries[END_REF][START_REF] Dewald | Multiscale modelling of dislocation/grain-boundary interactions: I. Edge dislocations impinging on ∑11 (1 1 3) tilt boundary in Al[END_REF][START_REF] Spearot | Insights on slip transmission at grain boundaries from atomistic simulations[END_REF] and led to developments to characterise grain boundaries of polycrystalline materials [START_REF] Mercier | A Matlab toolbox to analyze slip transfer through grain boundaries[END_REF]. An energy barrier effect due to the formation of residual dislocations in the grain boundary after dislocation transfer [START_REF] Koning | Modelling grain-boundary resistance in intergranular dislocation slip transmission[END_REF][START_REF] Sangid | Energetics of residual dislocations associated with slip-twin and slip-GBs interactions[END_REF] is also taken into account in various simulation methods [START_REF] Ma | On the consideration of interactions between dislocations and grain boundaries in crystal plasticity finite element modeling -Theory, experiments, and simulations[END_REF][START_REF] Bond | A Predictive Framework for Dislocation-Density Pile-Ups in Crystalline Systems With Coincident Site Lattice and Random Grain Boundaries[END_REF][START_REF] Cho | Dislocation dynamics in polycrystalline materials[END_REF].

A number of experimental works were devoted to grain boundaries in cemented carbides and their geometrical characteristics in the composite are now well documented [START_REF] Hagège | Grain boundary analysis in TEM. IV. Coincidence and the associated defect structure in tungsten carbide[END_REF][START_REF] Vicens | Cobalt intergranular segregation in WC-Co composites[END_REF][START_REF] Kim | Geometric and Crystallographic Characterization of WC Surfaces and Grain Boundaries in WC-Co Composites[END_REF][START_REF] Pellan | EBSD study to analyse mechanisms of phase boundary and grain boundary development in WC-Co cemented carbides[END_REF]. Their atomic structure, chemistry and energy were also explored through density functional theory calculations [START_REF] Johansson | A computational study of special grain boundaries in WC-Co cemented carbides[END_REF][START_REF] Petisme | A computational study of interfaces in WC-Co cemented carbides[END_REF]. Several well-defined grain boundaries are frequently found in the material [START_REF] Kim | Interface character distributions in WC-Co composites[END_REF][START_REF] Pellan | A new insight into the Σ=2 grain boundary characteristics in WC powder and in WC-Co sintered materials[END_REF][START_REF] Kim | Formation of Grain Boundaries in Liquid-Phase-Sintered WC-Co Alloys[END_REF]. ∑=2 grain boundary is the most frequent grain boundary in the material, then Σ=13a, ∑=4 and Σ= 97 grain boundaries are encountered to a smaller extent. The major part of ∑=2 and ∑=4 grain boundaries arises from the powder while the frequency of Σ=13a grain boundaries could be controlled by tuning the material composition or the sintering parameters [START_REF] Liu | Low-energy grain boundaries in WC-Co cemented carbides[END_REF]. Most grain boundaries in cemented carbides are random, however, their habit plane is very often parallel to a prismatic or a basal plane at least for one grain [START_REF] Kim | Geometric and Crystallographic Characterization of WC Surfaces and Grain Boundaries in WC-Co Composites[END_REF][START_REF] Pellan | EBSD study to analyse mechanisms of phase boundary and grain boundary development in WC-Co cemented carbides[END_REF]. Several geometries involving these characteristics are chosen in this work to represent random grain boundaries.

A better knowledge of the grain boundary behaviour regarding plastic deformation transfer is an important issue which could help improving the cemented carbides performance. In this work, the ability of a range of WC grain boundaries to transmit lattice dislocations is analysed using geometrical criteria developed in the literature. Their resistance is evaluated on this basis and their effect on mechanical properties is discussed.

Method

Criteria for slip transmission across grain boundaries

Two main parameters appear to dictate slip transmission from a crystal λ to a crystal µ. Adequate stresses are first required to activate a slip system across a grain boundary. Livingston et al. [START_REF] Livingston | Multiple slip in bicrystal deformation[END_REF] proposed a criterion predicting the activation of a slip system resulting from a pile-up of dislocations in the adjacent grain. Assuming the pile-up lies in crystal λ, the shear stress exerted on a slip system in grain µ is proportional to factor N:

N = b λ .b µ |b λ | |b µ | (n λ . n µ ) + ( b λ |b λ | . n µ ) . (n λ . b µ |b µ | )
where bλ and bµ are the Burgers vectors of the incoming and outgoing dislocation, |bλ| and |bµ| are their magnitude, nλ and nµ are unit vectors normal to the slip plane in λ and µ crystal, respectively (Fig. 1a). The factor N can be calculated for each slip system in crystal µ. The activated slip system should be the one with factor N closest to 1. Few grain boundary geometries are favourable to direct dislocation transmission. Most dislocations previously undergo a decomposition in the grain boundary and only a part of the dislocations is emitted in the adjacent grain or more complex events occur [START_REF] Sutton | Interfaces in crystalline materials[END_REF]. Dislocation transfer usually results in residual dislocations in the grain boundary with Burgers vector expressed as: bres = bλ -bµ If residual dislocations accumulate in the grain boundary, they exert growing back stresses and dislocation transmission is expected to stop after a few events [START_REF] Jacques | New results on dislocation transmission by grain boundaries in elemental semiconductors[END_REF][START_REF] Sangid | Energetics of residual dislocations associated with slip-twin and slip-GBs interactions[END_REF][START_REF] Dewald | Multiscale modelling of dislocation/grain boundary interactions. II. Screw dislocations impinging on tilt boundaries in Al[END_REF]. So the second criterion is that residual dislocation should have a Burgers vector with the smallest magnitude [START_REF] Kacher | In situ and tomographic analysis of dislocation/grain boundary interactions in αtitanium[END_REF][START_REF] Lee | Prediction of slip transfer mechanisms across grain boundaries[END_REF][START_REF] Clark | On the criteria for slip transmission across interfaces in polycrystals[END_REF][START_REF] Kacher | Quasi-four-dimensional analysis of dislocation interactions with grain boundaries in 304 stainless steel[END_REF]. The N parameter and the Burgers vector of the residual dislocation do not depend on the grain boundary habit plane orientation.

Another condition including its effect by minimizing cross slip in the boundary was proposed. A large angle between the intersections of the incoming and outgoing glide planes with the boundary could be a strong obstacle for dislocation transmission [START_REF] Lee | Prediction of slip transfer mechanisms across grain boundaries[END_REF][START_REF] Clark | On the criteria for slip transmission across interfaces in polycrystals[END_REF][START_REF] Lee | TEM in situ deformation study of the interaction of lattice dislocations with grain boundaries in metals[END_REF]. Assuming this criterion, the angle Θ between these intersections should be as small as possible (Fig. 1b):

Θ = cos -1 (lλ . lµ)
where lλ and lµ are unit vectors parallel to the intersection of the slip planes in λ and µ crystals with the boundary.

An energy barrier for the transfer across a boundary can also be considered when a residual dislocation is left in the boundary. The energy cost can be evaluated as the energy of the residual dislocation. On the basis of the line tension model developed by De Koning et al. [START_REF] Koning | Modelling grain-boundary resistance in intergranular dislocation slip transmission[END_REF], which assumes the same magnitude for the Burgers vector of the incoming and outcoming dislocation, the Burgers vector associated with the residual dislocation is modified to take into account the Θ angle, and the energy barrier, U, is expressed as [START_REF] Shanthraj | Microstructurally induced fracture nucleation and propagation in martensitic steels[END_REF] where G is the shear modulus, beff is the magnitude of the modified Burgers vector, and lres is the length of the residual dislocation in the boundary. In the following, U will be expressed in units of 0.5G lresbλ 2 :

U 0.5 G I res b λ 2 = ( b eff b λ ) 2
The three criteria, N being the largest, bres and Θ being the smallest, are referred to as the LRB criteria according to the approach developed by Lee, Robertson and Birnbaum [START_REF] Lee | Prediction of slip transfer mechanisms across grain boundaries[END_REF][START_REF] Lee | TEM in situ deformation study of the interaction of lattice dislocations with grain boundaries in metals[END_REF][START_REF] Lee | An in Situ transmission electron microscope deformation study of the slip transfer mechanisms in metals[END_REF]. They will be determined in this study for the selected grain boundaries.

Slip systems in WC

WC has a hexagonal unit cell with lattice parameters a = 0.2906 nm and c = 0.2837 nm. Plasticity studies in WC have revealed that the dominant slip system is {1,0,-1,0} <1,-2,1,3> [START_REF] Jayaram | Plastic deformation of tungsten carbide-cobalt at high confining pressure[END_REF]. However, dislocations with 1/3<1,-2,1,0> or <0,0,0,1> Burgers vectors are also found in deformed or as-sintered materials [START_REF] Hibbs | Room-temperature deformation mechanisms and the defect structure of tungsten carbide[END_REF][START_REF] Jablon | Subgrain structure and dislocations in WC-Co hard metals revealed by electron channelling contrast imaging[END_REF]. Moreover, 1/3<1,-2,1,3> dislocations possibly dissociate into 1/6<1,-2,1,3> partial dislocations bounding a stacking fault [START_REF] Greenwood | The defect structure of tungsten carbide in deformed tungsten carbide-cobalt composites[END_REF]. In this study, only undissociated dislocations are considered as a first approach. For the sake of clarity, vectors will be expressed as a1 = 1/3[2,-1,-1,0], a2 = 1/3[-1,2,-1,0], a3 = 1/3[-1,-1,2,0], c = [0,0,0,1] and ±ai+c with i=1:3. The glide planes (0,1,-1,0), (-1,0,1,0) and (-1,1,0,0) will be called P1, P2 and P3 respectively with ai and ±ai+c vectors being parallel to Pi plane (i=1-3) (Fig. 2). The magnitude of ±ai+c vectors is denoted |a+c| (= 0.41 nm) in the following. In the calculations, the hypothesis of a dislocation pile-up in crystal λ interacting with the grain boundary was used [START_REF] Livingston | Multiple slip in bicrystal deformation[END_REF]. Six primary slip systems (Pi, ±ai+c) (i=1-3) were assumed for crystal λ. For outgoing crystal µ, the six primary and the six secondary slip systems ((Pi, ai) and (Pi, c)) (i=1-3) were considered for CSL grain boundaries.

Only primary slip systems were assumed for random grain boundaries in order to calculate the associated energy barrier U which requires the same Burgers vector magnitude for the incoming and outgoing dislocation.

All combinations allowed for crystal µ are denoted from ① to ⑫ (Table 1). The parameters N, bres and Θ were defined for each kind of interaction. In the following, the magnitude of bres, simply noted bres, is expressed in

terms of |a+c.| ① ② ③ ④ P1,a1 P1,c P1,a1+c P1,-a1+c ⑤ ⑥ ⑦ ⑧ P2,a2 P2,c P2,a2+c P2,-a2+c ⑨ ⑩ ⑪ ⑫ P3,a3 P3,c P3,a3+c P3,-a3+c
Table 1: Slip systems considered in the outgoing crystal µ (Primary slip systems in bold).

WC grain boundaries

A number of special grain boundaries are frequently observed in cemented carbides. Approximating the parametric ratio (c/a) 2 of WC by 1 instead of 0.95 allows these grain boundaries to be described using the coincidence site lattice (CSL) approach [START_REF] Bollmann | Crystal defects and crystalline interfaces[END_REF] which is powerful to enlighten the special or random character of grain boundaries. The most abundant CSL grain boundaries are ∑=2, ∑=4 ∑=13a and Σ= 97, so their ability to transfer dislocations was studied (Fig. 3). In addition, generic grain boundaries were chosen to investigate random grain boundaries. A special feature of grain boundaries in WC-Co alloys is that their habit plane is usually parallel to a prismatic plane or a basal plane for at least one of the neighboring grains [START_REF] Pellan | EBSD study to analyse mechanisms of phase boundary and grain boundary development in WC-Co cemented carbides[END_REF]. This feature is related to the shape of WC crystals in cemented carbides that is close to a prism with a triangular basis, delimited by two basal facets and three prismatic facets (Fig. 3). In the following, so-called PP, BB and BP generic grain boundaries have their habit plane parallel to a prismatic plane in each grain (PP), to a basal plane in each grain (BB) or to a basal plane in a grain and a prismatic plane in the other grain (BP). Grain boundaries with <2,-1,-1,0> misorientation axis (<2,-1,-1,0> grain boundaries) were also selected because their habit plane is usually parallel to the basal or the prismatic plane of one grain [START_REF] Pellan | Experimental study of asymmetrical tilt boundaries in WC-Co alloys[END_REF]. PP, BB, BP and <2,-1,-1,0> grain boundaries include the CSL grain boundaries of this study. Except these latter, generic grain boundaries represent random grain boundaries. It is to note that dislocations lying in CSL boundaries, called disconnections, have Burgers vectors belonging to the associated displacement site lattice (DSC). If a lattice dislocation is transferred across a grain boundary and leaves a residue in the grain boundary, this latter is expected to split into disconnections with smaller Burgers vector belonging to the DSC lattice [START_REF] Sutton | Interfaces in crystalline materials[END_REF]. Moreover, disconnections are linked to a step, which increases the surface of the boundary and its energy (Appendix of Supplementary Material). 

Results

∑=2 and PP grain boundaries

∑=2 (90° [0,1,-1,0]) grain boundaries are the most frequent grain boundaries in WC-Co alloys. Their surface ranges between 7 to 20% of the total grain boundary surface depending on the Co binder content [START_REF] Kim | Geometric and Crystallographic Characterization of WC Surfaces and Grain Boundaries in WC-Co Composites[END_REF][START_REF] Pellan | EBSD study to analyse mechanisms of phase boundary and grain boundary development in WC-Co cemented carbides[END_REF][START_REF] Pellan | A new insight into the Σ=2 grain boundary characteristics in WC powder and in WC-Co sintered materials[END_REF][START_REF] Liu | Low-energy grain boundaries in WC-Co cemented carbides[END_REF]. Most ∑=2 grain boundaries have a twist character with the boundary plane parallel to (0,1,-1,0)λ,µ while a few have a tilt character with the boundary parallel to the (-2,1,1,0)λ,, (0,0,0,1) µ plane (Fig. 3) [START_REF] Yamamoto | High resolution microscopy study in Cr3C2-doped WC-Co[END_REF]. The ∑=2 twist grain boundary is a particular case of PP geometry and most PP grain boundaries are ∑=2 grain boundaries. The case of ∑=2 grain boundary is detailed owing to its high frequency in the material.

∑=2 grain boundary

Slip planes in the grains at each side of the boundary are represented on the drawing of Fig. 4. For the twist grain boundary with (0,1,-1,0)λ,µ habit plane, P1 slip plane in each grain is parallel to the boundary plane so it is not considered for dislocation transfer. P2 and P3 are perpendicular to the drawing in crystal λ, and tilted in crystal µ (Fig. 4b). Calculations are presented for a pile-up of (a2+c)λ incoming dislocations lying in P2 prismatic plane of crystal λ and outgoing glide systems ⑤ to ⑫ (Tab. 1) of crystal µ (Fig. 4c). The sense of the Burgers vector of the outgoing dislocation is chosen such as to minimize the residual dislocation. The Θ angle between the incoming and outgoing slip planes for the twist boundary is equal to 90° (Θtwist in Tab. S1), which indicates that the dislocation should turn 90° in the boundary to enter the µ crystal what is the worst case scenario. The highest values of N are associated with a large residue (outgoing slip systems ⑤⑥⑧⑩ in Fig. 4c). Among systems with smallest residual dislocation (⑨and ⑫), system ⑫ is associated with the highest N parameter and would lead to the reaction:

(a2+c)λ (-a3+c)µ + b2
where b2 is one of the smallest DSC vectors lying in (0,1,-1,0) λ,µ plane (Fig. S1, Tab. S2). In the assumption that system ⑫ is activated, despite the low N value and large Θ angle, glissile b2 disconnections would form in the boundary. This reaction would be the most favourable for outgoing dislocations. With the same considerations, the one for (-a2+c)λ incoming dislocations gliding in P2 plane of crystal λ can be determined ((-a2+c)λ (-a2-c)µ + b1, with b1 being a DSC vector) (Fig. 4b). The results for interaction of P3 slip plane with ∑=2 twist boundary can be derived by symmetry with P2 slip plane. Compared to ∑=2 twist grain boundary, the main difference for ∑=2 tilt grain boundary is that P1 glide plane is perpendicular to the grain boundary and continuous across it so transmission of dislocations should be facilitated along this plane (Fig. 4a). Calculations are examined for a pile-up of (a1+c)λ dislocations lying in P1 prismatic plane of crystal λ (Fig. 4d). Outgoing glide systems ① to ⑫ are assumed for crystal µ. The angle at the boundary between P1 incoming and P1 outgoing slip plane is equal to 0 and the one for the other slip planes in crystal µ is equal to 60° (Tab. S1). Glide system ④ in crystal µ has the highest N parameter and no residual dislocation forms such as (a1+c)λ dislocations are entirely transmitted across the boundary ((a1+c)λ  (a1-c)µ) (Fig. 4d). ∑=2 tilt grain boundary is transparent for P1 incoming slip system. Other reactions are associated with a much lower N parameter and leave a residual dislocation with a rather large Burgers vector, so they are unlikely.

The interaction of (a2+c)λ incoming dislocations with the tilt boundary gives a result slightly different from the twist boundary. The most favourable reaction is unchanged (outgoing slip system ⑫ (Fig. 4c)), however, Θ

angle is smaller what could facilitate the cross slip event (Θtilt=60° in Tab. S1). The difference is also in the character of residual dislocations as b2 dislocations are sessile in the tilt boundary.

When considering the residual dislocation, the sessile or glissile character of the dislocation is usually not considered in the interaction studies of the literature. It is likely due to the fact that any defect as steps or dislocations in the boundary can be strong obstacles for the motion of these residues [START_REF] Lagow | Observation of dislocation dynamics in the electron microscope[END_REF]. However, it could be important when the interaction involves only a small number of incoming dislocations because glissile residues could leave the interaction zone and therefore release the stress acting against further transmission [START_REF] Jacques | New results on dislocation transmission by grain boundaries in elemental semiconductors[END_REF][START_REF] Ishida | Theoretical studies of segregated internal interfaces[END_REF].

PP grain boundaries

The orientation relationship of generic PP grain boundaries can be described by a rotation of α angle around the [0,1,-1,0]λ,µ axis with α ranging between 0 and 90° (Fig. 5a). In the calculations, λ crystal is stationary and µ crystal is rotated by α angle. In what follows, only the transfers of dislocations leaving the smallest residues are displayed as they are considered as the most favourable ones. (±a1+c)λ incoming dislocations are not considered as P1 is parallel to the boundary plane. In case of (a2+c)λ incoming dislocations, the residual dislocation has the smallest magnitude for outgoing glide systems ⑦ and ⑫ of crystal µ (Fig. 5b). For the smallest values of α (< 20°), the grain boundary acts as a low angle boundary in case of outgoing glide system ⑦ ((a2+c)λ (a2+c)µ + bres), giving rise to a small residue. For outgoing glide system ⑫, the residue vanishes ((a2+c)λ (-a3+c)µ) when α is close to 53°. This rotation angle corresponds to ∑=5 CSL grain boundary which is seldom encountered in cemented carbides. The easiest transfer of (a2+c)λ dislocations occurs according to slip system ⑦ of µ crystal for α lower than ~26° and according to system ⑫ for larger α values if the shear stress is high enough. bres smallest relative values evolve between 0 and 0.5 for [0-90°] α range. The energy barrier associated with the formation of a residual dislocation in PP grain boundary is also displayed. It can be seen that this parameter follows the variation of bres and amplifies its effect. In the investigated α interval, similar features are obtained for (a3+c)λ incoming dislocations but larger residues are found for (-a2+c)λ and (-a3+c)λ incoming dislocations (Fig. 5c). With the same reasoning as before, the smallest bres relative values range between 0 and 0.84 in the [0-90°] α interval for these dislocations. Results for α equal to 90°correspond to∑=2 grain boundary. 1. The magnitude of the energy barrier (U) in units of 0.5G lresbλ 2 is also displayed.

<2,-1,-1,0> grain boundaries and ∑=4 grain boundary

The misorientation of <2,-1,-1,0> grain boundaries can be expressed by a rotation of α angle about the <2,-1,-1,0> axis with α ranging between 0 and 90°. Their surface fraction is between 5 and 11% for cemented carbides with 10 to 50 vol% of cobalt [START_REF] Pellan | Experimental study of asymmetrical tilt boundaries in WC-Co alloys[END_REF]. ∑=4 grain boundaries which belong to this family (α = 60°) represent between 1 to 2% of the boundary area in WC-Co alloys. ∑=97 grain boundaries also are <2,-1,-1,0> boundaries (α = 89.41°). Alternatively, they can be viewed as BP grain boundaries approximating α by 90°, so they will be described as an example of BP grain boundary.

Experimentally, it is observed that the habit plane of <2,-1,-1,0> grain boundaries is either a prismatic or a basal plane for one grain (Fig. 6a,b) [START_REF] Pellan | Experimental study of asymmetrical tilt boundaries in WC-Co alloys[END_REF]. The most favourable interaction occurs for (-a2+c)λ incoming dislocations and outgoing slip system ⑫ especially for α close to 82° (Fig. 6). This misorientation corresponds to ∑=7b grain boundary (81.8° [2,-1,-1,0]) which is seldom in cemented carbides but shows a common direction along (-a2+c)λ and (-a3+c)µ (Fig. 6e). Considering the three outgoing slip systems ③, ⑧ and ⑫, bres evolves between 0 and 0.5 in the [0-90°] α interval. For (a1+c)λ and (a2+c)λ incoming dislocations (Fig. 6c,d), bres evolves between 0 and 0.8. (a3+c)λ incoming dislocations show features similar to (-a2+c)λ and (-a3+c)λ incoming to (a2+c)λ dislocations. Also, the results are similar for (a1+c)λ and (-a1+c)λ dislocations. If the habit plane is parallel to (0,1,-1,0)λ , the interaction of (±a1+c)λ dislocations with the grain boundary is not considered as the P1 glide plane is parallel to the boundary plane. bres and N parameters do not depend on the orientation of the habit plane. Only the energy barrier for the transfer across the boundary depends on the habit plane. It can be observed that the energy barriers to cross (0,0,0,1)λ and (0,1,-1,0)λ boundary planes are rather close for the smallest values of bres (Fig. 6c-e).

For ∑=4 grain boundary (α = 60°), the most favourable transfers of dislocations can be deduced from Fig. 6 (Fig.

S2-S3):

(a1+c)λ (-a3+c)µ + bres 1 (a2+c)λ (a2-c)µ +bres 2 (-a2+c)λ (-a3+c)µ +bres 3 where the magnitude of bres 1 , bres 2 and bres 3 are 0.5, 0.61 and 0.35, respectively. 1. The N factor is drawn only in (c) for sake of clarity, and is shown in Fig. S4. The magnitude of the energy barrier (U) in units of 0.5G lresbλ 2 is also displayed for both (0,0,0,1)λ and (0,1,-1,0)λ boundary planes.

BB and ∑=13a grain boundaries

BB grain boundary misorientation can be described by a rotation of α angle around [0,0,0,1]λ,µ axis with α ranging between 0 and 30° (Fig. 7a). They represent 1-3% of the boundary area in WC-Co alloys [START_REF] Kim | Geometric and Crystallographic Characterization of WC Surfaces and Grain Boundaries in WC-Co Composites[END_REF][START_REF] Pellan | EBSD study to analyse mechanisms of phase boundary and grain boundary development in WC-Co cemented carbides[END_REF]. Σ=7 (21.8° [0,0,0,1]) and Σ=13a (27.80° [0,0,0,1]) boundary belong to this family. Σ=13a grain boundary is one of the most frequent boundary in WC-Co alloys making up 2-3% of the boundary population. In case of (a2+c)λ incoming dislocations, the residual dislocation has the smallest magnitude for outgoing glide systems ⑦ and ⑫ of crystal µ (Fig. 7b). Glide system ⑦ gives the smallest residue in the whole α range, so the grain boundary acts as a low angle boundary regarding the transfer of dislocations ((a2+c)λ(a2+c)µ +bres). bres ranges between 0 and 0.34 in the [0 90°] α interval. Similar features occur for the other (±ai+c)λ dislocations.

For α equal to 30°, close to Σ=13a grain boundary, reaction ⑫ ((a2+c)λ(-a3+c)µ +bres) leads to the same relative magnitude of the residue as reaction ⑦ (Fig. S5-S6). 1. The magnitude of the energy barrier (U) in units of 0.5G lresbλ 2 is also displayed for (0001)λ,µ habit plane.

BP and ∑=97 grain boundaries

About 8-9% of grain boundaries in WC-Co alloys have their habit plane nearly parallel to the prismatic plane for one grain and to the basal plane of the other grain [START_REF] Luo | A highly asymmetric interfacial superstructure in WC: expanding the classic grain boundary segregation and new complexion theories[END_REF]. So-called BP grain boundaries are also frequently found in binderless WC [START_REF] Benjdir | Cristallographic and chemical analyses of WC grain boundaries in the WC-Co composite[END_REF]. Considering a BP grain boundary with (0,0,0,1)λ,(0,1,-1,0)µ habit plane, the transformation between λ and µ crystal first consists in a rotation of 90° around [2,-1,-1,0]λ axis, then a rotation of α angle varying from 0° to 90° around [0,0,0,1]λ axis (Fig. 8a). Calculations show that most favourable reactions occur for a pile-up of (a2+c)λ which are transferred as (-a2+c)µ (⑧) or (a3+c)λ (⑪) dislocations in µ grain. bres ranges between 0.12 and 0.44 in [0 90°] α interval (Fig. 8c). For (a1+c)λ incoming dislocations, the smallest residues are observed at large α angles for outgoing slip system ⑫ (bres ranges between 0.12and 0.8 in [0 90°] α interval), and for (a3+c)λ incoming dislocations, the smallest residues occur at small α angles for outgoing slip system ⑦ (bres ranges between 0.13 and 0.8 in [0 90°] α interval) (Fig. 8b,d). It is to note that (-ai+c)λ incoming dislocations lead to the same kind of interactions as (ai+c)λ incoming dislocations (i=1-3).

∑=97 grain boundary which attain 1 to 2% of the grain boundary area closely corresponds to an α angle equal to zero [START_REF] Pellan | Experimental study of asymmetrical tilt boundaries in WC-Co alloys[END_REF]. Calculations shown in Fig. 8 indicate that the transfer of (±a2+c)λ and (±a3+c)λ dislocations, unlike (±a1+c)λ dislocations, across this grain boundary is associated with very small residues (Fig. S8). 1. The magnitude of the energy barrier (U) in units of 0.5G lresbλ 2 is also displayed.

Discussion

Although several parameters are proposed to evaluate the ability of grain boundaries to transfer dislocations, the criterion of a small magnitude for the Burgers vector of the residual dislocation is essential [START_REF] Kacher | In situ and tomographic analysis of dislocation/grain boundary interactions in αtitanium[END_REF][START_REF] Sangid | Energetics of residual dislocations associated with slip-twin and slip-GBs interactions[END_REF][START_REF] Kacher | Quasi-four-dimensional analysis of dislocation interactions with grain boundaries in 304 stainless steel[END_REF][START_REF] Lee | TEM in situ deformation study of the interaction of lattice dislocations with grain boundaries in metals[END_REF].

The values obtained for the investigated grain boundaries are summarized in Figure 9 for the various incoming slip systems. Each data represents two incoming slip systems as could be checked for each studied grain boundary. Only two values are related to ∑=2 twist grain boundary and two sets of values to PP grain boundaries because one incoming slip plane is not available for slip transfer as it is parallel to the boundary habit plane. CSL grain boundaries, except ∑=97 show rather significant residues, mostly higher than the median values associated with the generic grain boundaries. In literature, magnitudes in the 0.3a-0.6a range, where a is the lattice parameter of the crystals, are typical experimental values for the Burgers vectors of residual dislocations [START_REF] Kacher | In situ and tomographic analysis of dislocation/grain boundary interactions in αtitanium[END_REF][START_REF] Kacher | Dislocation interactions with grain boundaries[END_REF][START_REF] Sangid | Energy of slip transmission and nucleation at grain boundaries[END_REF]. Using the assumption of bres < 0.6a as an upper limit for dislocation transfer leads to bres < 0.4|a+c| for WC. This value will be assumed to be a frontier between "weak" boundaries allowing slip transfer and "strong" boundaries being barriers to slip. The results show that dislocation transfer should be easier for grain boundaries with the highest ∑ values, or for a large part of PP, and BP grain boundaries, and for all BB grain boundaries, which represent a wide range of random grain boundaries. In the literature, it is recognised that highly coherent grain boundaries as ∑=3 grain boundary in face-centred cubic metals are very resistant to dislocation transfer [START_REF] Sangid | Energy of slip transmission and nucleation at grain boundaries[END_REF]. This study indicates that the same behaviour should apply to ∑=2 and ∑=4 grain boundaries of the hexagonal WC material Accordingly, roughly three behaviours are expected for the investigated grain boundaries (Fig. 9):

(i) ∑=2 twist and to a smaller extent ∑=4 grain boundaries should be resistant to the propagation of dislocations.

(ii) Transmission should be allowed for ∑=13 and all BB grain boundaries. ∑=97 is both a weak and strong grain boundary depending on the impinging slip system.

(iii) A very large part of the investigated random grain boundaries are weak grain boundaries.

Moreover, for CSL grain boundaries, it was observed that very few interactions are favourable to the formation of ai (i=1-3) dislocations and none to the formation of c dislocations in the neighbouring grain.

. More generally, the issue of grain boundary resistance must be handled regarding the desired properties of the material. The question is to examine the benefit of special grain boundaries and if they should be avoided or favoured during the powder or cemented carbide fabrication. On one hand, hardness is dependent on the ability of grain boundaries to be obstacles against dislocation transmission in accordance with the Hall-Petch relation [START_REF] De Luca | Nanomechanical Behaviour of Individual Phases in WC-Co Cemented Carbides from Ambient to High Temperature[END_REF]. On the other hand, if grain boundaries form barriers to dislocation transfer, dislocation pile-ups lead to high stresses, cracks may nucleate and propagate along these grain boundaries [START_REF] Kacher | Dislocation interactions with grain boundaries[END_REF][START_REF] Lee | An HVEM in situ deformation study of nickel doped with sulphur[END_REF]. As the amount of ∑=2 or ∑=4 grain boundaries is higher than 10% in cemented carbides, one can expect an effect of these grain boundaries on the deformation of the WC skeleton. Significantly varying the population of these CSL grain boundaries should influence the properties of the material.

Moreover, deformation incompatibility is expected to take place at some WC grain boundaries because WC is incompressible along the c axis according to Von Mises criterion. Especially incompatibility arises when the grain boundary is parallel to the basal plane of only one of the neighbouring grains, what can lead to intergranular cracking under stress [START_REF] Jayaram | Intergranular cracking in WC-6% Co: An application of the von Mises criterion[END_REF][START_REF] Jayaram | Plastic incompatibility and crack nucleation during deformation on four independent slip systems in tungsten carbide-cobalt[END_REF]. ∑=97 and BP grain boundaries correspond to this geometry. Their ability to transfer a part of plastic deformation should minor this effect and prevent crack formation.

In cemented carbides, an additional parameter could influence the interaction of dislocations with grain boundaries. Binder atoms as well as some grain growth inhibitor elements were shown to segregate in most grain boundaries [START_REF] Luo | A highly asymmetric interfacial superstructure in WC: expanding the classic grain boundary segregation and new complexion theories[END_REF][START_REF] Henjered | Quantitative microanalysis of carbide/carbide interfaces in tungsten carbide-cobalt-base cemented carbides[END_REF][START_REF] Roulon | Interface characteristics in cemented carbides with alternative binders[END_REF][START_REF] Weidow | Grain and phase boundary segregation in WC-Co with TiC, ZrC, NbC or TaC additions[END_REF]. Intergranular segregation affects the atomic structure of grain boundaries, the decomposition process of dislocations in grain boundaries and the dislocation transfer across grain boundaries [START_REF] Ishida | Theoretical studies of segregated internal interfaces[END_REF][START_REF] Lee | An HVEM in situ deformation study of nickel doped with sulphur[END_REF]. A better knowledge of this effect in cemented carbides could help to control their properties.

Conclusion

This study provides some insight into the properties of WC grain boundaries to transfer plastic deformation. A geometrical approach based on the LRB criteria was used to evaluate the resistance of grain boundaries to dislocation transfer. The interaction of dislocations was studied for several CSL and a set of random grain boundaries present in cemented carbides. According to this approach, grain boundaries with the lowest ∑ values as ∑=2 and ∑=4 grain boundaries should be the strongest barriers while ∑=13a, ∑=97 and a large part of random analysed grain boundaries would be the weakest. Experimental study of dislocation transfer across boundaries would lead to a better knowledge of the deformation of the WC skeleton in cemented carbides.

Modelling the plasticity of the material taking into account the properties of the various grain boundaries could help to design microstructures as a function of their application.

Supplementary material: Evaluation of slip transfer through WC grain boundaries in cemented carbides

Θ angles calculated for the studied CSLs

∑=2 twist ∑=2 tilt ∑=4-I ∑=4-II ∑=13a twist ∑=13a tilt

∑=97

Incoming system P2 (a2+c)λ S1. Θ angles calculated for the interaction of (a1+c) and (a2+c) dislocations gliding in crystal λ with the studied CSL grain boundaries for the various outgoing slip systems of crystal µ.
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Characteristics of ∑=2 grain boundary

The misorientation of ∑=2 grain boundary is described by a (90° [0,1,-1,0]) rotation. DSC vectors related to ∑=2 grain boundary are shown in Fig. S1. Their associated step height (Appendix) is given in Table S2. S2. DSC smallest vectors and related step height associated with ∑=2 misorientation. The step height is expressed as a number of spacing between (0,1,-1,0) planes (d(01-10)λ,µ = 0.252 nm) for the twist boundary (twist gb, (0,1,-1,0)λ,µ habit plane) and as a number of (-2,1,1,0) planes (d(-2110)λ = 0.145 nm) for the tilt boundary (tilt gb, (-2,1,1,0)λ(0,0,0,1)µ habit plane).

∑=4 and <2,-1,-1,0> grain boundaries

Characteristics of ∑=4 grain boundary

The misorientation of ∑=4 grain boundary is described by a (60° [2,-1,-1,0]) rotation. DSC vectors related to the ∑=4 grain boundary are shown in Fig. S2. Their associated step height is given in Table S3. S3. DSC smallest vectors and related step height associated with ∑=4 misorientation. The step height is expressed as a number of (0001) planes (d(0001)λ,µ) for (0001)λ/(0,3,-3,2)µ grain boundary (gb I) and as a number of (0,1,-1,0)λ planes (d(01-10)λ) for (0,1,-1,0)λ/(0,1,-1,-2)µ grain boundary (gb II).

Slip transfer across ∑=4 grain boundary

The habit plane of ∑=4 grain boundary is either (0001)λ,(0,3,-3,2)µ (I) or (0,1,-1,0)λ,(0,1,-1,-2)µ (II). For type I habit plane, looking at the orientation of the slip planes indicates that only P1 slip planes in λ and µ crystals have a common intersection with the boundary plane (Fig. S3a-b). Calculations are first presented for incoming (a1+c)λ dislocations lying in P1 prismatic plane of crystal λ. The higher shear stress occurs for systems ⑥ and ⑧, but they are associated with a large residue in the grain boundary and a large Θ angle (74°) (Fig. S3c, Tab. S1). Among systems ⑨ and⑫ with the smallest residue, system ⑫ is the most likely because it is associated with the highest N value:

(a1+c)λ (-a3+c)µ + b2
For this interaction, the Θ angle is large (74°), b2 residual disconnection has a rather large magnitude (0.5(|a+c)| and a sessile character (Fig. S2, Tab. S3). Then, a pile-up of (a2+c)λ dislocations lying in P2 prismatic plane of crystal λ was assumed (Fig. S3d). Among outgoing systems which undergo the highest resolved shear stresses, ⑤ and ⑧ are associated with the smallest residual dislocations and smallest Θ angle (14°) (Tab. S1):

⑤: (a2+c)λ (a2)µ + b5 ⑧: (a2+c)λ (a2-c)µ -(b2+b3)
System ⑤ leads to the smallest residual dislocation (0.35|a+c.)| However, the slip of a2 dislocations in P2 plane does not correspond to a primary slip system, so it could be more difficult to operate. System ⑧ is associated with a larger residue (0.61|a+c)| that could dissociate into smaller disconnections. In each case, the residual dislocation has a sessile character.

A more favourable interaction leaving a smaller residue (0.35|a+c)| occurs for (-a2+c)λ incoming dislocations (Fig. S3e):

⑫: (-a2+c)λ (-a3+c)µ -b5
The interaction of the other types of incoming dislocations with the grain boundary can be obtained by comparison with previous results.

For type II grain boundary habit plane, the interaction of (a1+c)λ dislocations is not considered as the P1 glide plane is parallel to the boundary plane. For (±a2+c)λ incoming dislocations, the residual dislocations also have a sessile character. 1. comparison with this system. The higher shear stress, the smallest residue and the smallest Θ angle occur for glide system ⑦ in µ crystal (Fig. 6c):

Slip transfer across <2,-1,-1,0> grain boundaries

(a2+c)λ (a2+c)µ + (b1+ 2b2) Another reaction involving glide system⑫ of crystal µ with a slightly lower N factor, and also slightly larger residue could also be considered: When the habit plane is (0,1,-1,0)λ,~(1,1,-2,0)µ, no transmission from the P1 slip of λ crystal is considered since P1 plane is parallel to the boundary plane. Except this plane, the glide planes intersect the boundary along [0001] direction, so no cross slip in the boundary plane is required for dislocations to propagate from λ to µ crystal. Regarding this point, the transfer of (a2+c)λ dislocations according to systems ⑦ and ⑫ of µ crystal should be facilitated. However, the residual disconnections or their decomposition product have an edge character and cannot glide along the grain boundary.

∑=97 grain boundary

Characteristics of ∑=97 grain boundary

The amount of ∑=97 grain boundaries (89.41° [2,-1,-1,0]) in WC-Co alloys attains 1 to 2% of the grain boundary area. Their boundary habit plane is usually found parallel to the low energy (0,0,0,1)λ,(0,1,-1,0)µ planes which contains the [2,-1,-1,0]λ,µ common direction (Fig. S7). For CSL grain boundaries with high coincidence index, the associated DSC vectors usually have a small magnitude. Among the smallest one's of ∑=97 grain boundary, b2 and b3 vectors which lie in the (2,-1,-1,0)λ,µ plane have the smallest magnitude (<0.06 nm) (Fig. S7, Tab. S5). b1 vector has a component parallel to [2,-1,-1,0] λ,µ and has a larger magnitude (~0.15 nm) . b1, b2 and b3 disconnections are sessile in the (0,0,0,1)λ,(0,1,-1,0)µ boundary plane, their associated step height is very small (Table S5). Table S5: DSC vectors and related step height associated with ∑=97 grain boundary.

Slip transfer across ∑=97 grain boundary

Assuming a (0,0,0,1)λ,~(0,1,-1,0)µ habit plane, calculations are first presented for a pile-up of (a1+c)λ dislocations lying in P1 prismatic plane of crystal λ (Fig. S8). The outgoing P1 slip plane of crystal µ is not considered in the present case as it is parallel to the boundary habit plane. Interaction ⑨ leads to the smallest residue but the N parameter is equal to 0. Reactions ⑪ and ⑫ lead to a rather large residue (bres=0.8), a small N value and a large Θ angle (~90°) (Tab. S1, Fig. S8c) . All other reactions seem unlikely as they are associated with a larger residue (>1). The propagation of (a1+c)λ dislocations into crystal µ seems therefore difficult.

For incoming (a2+c)λ dislocations, the highest shear stress, the smallest residual dislocation (bres =0.14) and smallest Θ angle (29.7°) occur for system ⑧ (Fig. S8d and Tab. S1):

(a2+c)λ (a2-c)µ + (2b2)

Figure 1 :

 1 Figure 1: (a) Schematic of a dislocation pile-up at a grain boundary in crystal λ and slip plane in µ grain. (b) Slip planes in adjacent grains intersecting the grain boundary along Iλ and Iµ directions.
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Figure 2 :

 2 Figure 2: (a) Unit cell of WC where lattice vectors are indicated as well as the prismatic glide plane P1. (b) Drawing showing the three prismatic glide planes P1, P2 and P3 in WC. (c) Stereographic projection of WC viewed along [0001] displaying the relative orientation of the three glide planes and associated Burgers vectors.

Figure 3 :

 3 Figure 3: Schematic of WC grains in WC-Co alloys and studied CSL grain boundaries. Prismatic (P) and basal (B) facets are indicated.

Figure 4 .

 4 Figure 4. Orientation of slip planes in WC grains relative to the ∑=2 grain boundary. a) Projection of W atoms. b) Stereographic projection of crystal µ and λ where Burgers vectors involved in the reaction (a2+c)λ (-a3+c)µ + b2 or (-a2+c)λ (-a2-c)µ + b1 are indicated. (c,d) Values of the N parameter and magnitude of the residual dislocation Burgers vector (bres) in terms of |a+c| for a pile-up of (a2+c)λ and (a1+c)λ dislocations interacting with the grain boundary.

Figure 5 .

 5 Figure 5. Characteristics of PP grain boundaries. (a) Mutual orientation of crystals for α=0°. Magnitude of the residual Burgers vector (bres) in terms of |a+c| and N factor for the most favourable outgoing slip systems (b) assuming a pile-up of (a2+c)λ dislocations or (c) (-a2+c)λ dislocations interacting with the grain boundary. The outgoing slip systems in crystal µ are indicated by circled numbers according toTable 1. The magnitude of the

Figure 6 .

 6 Figure 6. Characteristics of <2,-1,-1,0> grain boundaries. (a,b) Mutual orientation of crystals for α=0° and (0001)λ (B) or (0,1,-1,0)λ (P) habit plane. Magnitude of the residual Burgers vector (bres) in terms of |a+c| for the most favourable outgoing slip systems assuming a pile-up of (c) (a1+c)λ dislocations, (d) (a2+c)λ or (e) (-a2+c)λ dislocations interacting with the grain boundary. The outgoing slip systems in crystal µ are indicated by circled numbers according to Table 1. The N factor is drawn only in (c) for sake of clarity, and is shown in Fig. S4. The

Figure 7 .

 7 Figure 7. Characteristics of BB grain boundaries. (a) Mutual orientation of crystals. (b) Magnitude of the residual Burgers vector (bres) in terms of |a+c| and N factor for (a2+c)λ incoming interacting with the grain boundary. The outgoing slip systems in crystal µ are indicated by circled numbers according toTable 1. The

Figure 8 .

 8 Figure 8. Characteristics of BP grain boundary. (a) Mutual orientation of crystals. Calculated magnitude of the residual Burgers vector (bres) in terms of |a+c| and N factor for incoming (b) (a1+c)λ, (c) (a2+c)λ, (d) (a3+c)λ dislocations interacting with the grain boundary. The outgoing slip systems in crystal µ are indicated by circled numbers according to Table1. The magnitude of the energy barrier (U) in units of 0.5G lresbλ 2 is also displayed.

Figure 9 .

 9 Figure 9. Relative magnitude of the residual Burgers vector (bres) assuming incoming and outgoing ±ai+c (i=1-3) dislocations for slip transfer across the investigated grain boundaries. Two or three values are associated with CSL grain boundaries while two or three sets of values, limited by the minimum and maximum calculated values, are associated with the generic grain boundaries. The median value is also shown in each interval for the generic grain boundaries. The green area denotes "weak" grain boundaries allowing slip transfer.

Fig. S1 .

 S1 Fig. S1. CSL and DSC vectors related to ∑=2 grain boundary. On the left, lattice projection of µ crystal along [2,-1,-1,0]µ and λ crystal along [0,0,0,1]λ for ∑=2 misorientation. On the right, dichromatic pattern consisting in the superimposition of the two lattices, showing the CSL and the smallest bi (i=1-4) DSC vectors. Only W positions are represented on the drawing for sake of clarity.

Fig

  Fig. S2. CSL and DSC vectors related to ∑=4 grain boundary. In the lower part, W atomic positions of µ and λ crystal are projected along [2,-1,-1,0]λ,µ for ∑=4 misorientation. In the upper part, dichromatic pattern showing the CSL lattice et the smallest DSC vectors bi (i=1-5).

Figure S3 .

 S3 Figure S3. Orientations of slip planes in WC grains relative to the ∑=4 grain boundary. (a) Projection of W atoms. (b) stereographic projection of crystal µ and λ. Values of the N parameter and Burgers vector magnitude of the residual dislocation in terms of |a+c| for a pile-up of (c) (a1+c)λ dislocations, (d) (a2+c)λ dislocations and (e) (-a2+c)λ interacting with the grain boundary.

Figure S4 .

 S4 Figure S4. Characteristics of <2,-1,-1,0> grain boundaries. Magnitude of the residual Burgers vector (bres) in terms of |a+c| and N factor for the most favoured outgoing slip systems assuming a pile-up of (a) (a1+c)λ, (b) (a2+c)λ or (c) (-a2+c)λ dislocations interacting with the grain boundary. The outgoing slip systems in crystal µ are indicated by circled numbers according to Table 1.

(

  a2+c)λ (-a3+c)µ + (2b2)In both cases, the Θ angle is moderate (~30°). The residual dislocations which are glissile with no associated step in the boundary do not have a negligible magnitude (0.3-0.4 |a+c.)| They could dissociate into smaller DSC dislocations to reduce their strain energy.

Fig

  Fig. S6. (a) Orientations of slip planes in WC grains relative to ∑=13a boundary on the projection of W atoms along [0001]λ,µ. The grain boundary plane is either the (0001)λ,µ (twist boundary) or the (0,1,-1,0)λ,~(1,1,-2,0)µ plane (tilt boundary). (b) Stereographic projection along [0001]λ,µ showing the relative position of the Burgers vectors in the crystals. (c) Values of the N parameter and Burgers vector magnitude of the residual dislocation in terms of |a+c| for a pile-up of (a2+c)λ dislocations interacting with the grain boundary.

Fig. S7 .

 S7 Fig. S7. Lattice projection of λ and µ crystal along [2,-1,-1,0]λ,µ showing the CSL associated with ∑=97 misorientation . Some of the smallest DSC vectors bi (i=1-3) are shown. Only W positions are drawn.

  

Table

  

		b1	b2	b3	b4
	Expressed In µ lattice	1/6[2,-1,-1,3]	1/6[2,-1,-1,-3]	1/3[1,1,-2,0]	1/3[1,-2,1,0]
	IbiI (nm)	0.20	0.20	0.29	0.29
	IbiI/|a+c|	0.5	0.5	0.71	0.71
	Step height: twist gb	1λ/1µ	1λ/1µ	0λ/1µ	0λ/1µ
	Mean value (nm)	0.25	0.25	0.12	0.12
	Step height: tilt gb	1λ/0µ	1λ/0µ	0λ/0µ	0λ/0µ
	Mean value (nm)	0.07	0.07	0	0

∑=13a grain boundary

Characteristics

Σ=13a grain boundary (27.80° [0,0,0,1]) is found as a pure twist boundary with (0,0,0,1) habit plane or as an asymmetric tilt boundary with (0,1,-1,0)1~ (1,1,-2,0)2 habit plane (Fig. S5). The smallest DSC vectors, b1, b2 and b3, lie in the (0,0,0,1) plane (|bi|=0.08 nm, i=1-3), while b4 is equal to [0,0,0,1]λ,µ (Fig. S5, Tab. S4). b1, b2 and b3 disconnections are glissile with no associated step in (0001)λ,µ boundary plane while they are sessile in the (0,1,-1,0)λ,,~(1,1,-2,0)µ plane and linked to a step. S4. DSC smallest vectors and related step height associated with the ∑=13a grain boundary. The step height is expressed as a number of (0001) planes (d(0001)λ,µ) for the twist grain boundary (twist gb) and as a number of (0,1,-1,0)λ planes (d(01-10)λ) for the tilt boundary (tilt gb).

Slip transfer across ∑=13a grain boundary

∑=13a grain boundary with (0001)λ,µ habit plane is first considered. Slip planes in the grains are drawn in Fig. S6. They do not have a common intersection with the (0001) boundary plane, as seen from the values of the Θtwist angle so direct dislocation transmission is not allowed (Tab. S1). The calculations are presented for a pile-up of (a2+c)λ dislocations lying in P2 prismatic plane of crystal λ. The other types of interaction can be deduced by The residual dislocation can dissociate into two b2 disconnections with small Burgers vector magnitude and step height. The transmission of (a2+c)λ dislocations across ∑=97 grain boundary is therefore highly favourable. Similar transmissions are also expected for (-a2+c)λ and (±a3+c)λ dislocations (Fig. S8e). More generally, this calculation indicates that ∑=97 grain boundary should not be a barrier for incoming (±ai+c)λ dislocations gliding in P2 or in P3 planes. 

Appendix

Step associated with a disconnection

The step height in each crystal, hλ and hµ, can be determined such as [1][2][3]: hλ=Sλ . nGB and hµ=Sµ. nGB with Sµ =Sλ -b

where Sλ and Sµ are the step vectors in each crystal, nGB is the normal of the grain boundary.

The step vector Sλ can be obtained geometrically by translating lattice µ by the DSC vector and relating an old coincidence site to a new one. Several solutions exist, the one with the smallest height is usually correct [2]. The final step height is defined as the mean value of step heights in each crystal.