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Atom scale study of cracks in the carbide phase of WC-Co alloys
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In this study, cracks propagating in WC grains are investigated at the atom scale along the [0001] axis. A brittle crack, characterised by cleavage along {1,0,-1,0} prismatic facets and the absence of dislocations is observed. The crack follows a zig-zag path allowing a higher deformation energy to be absorbed by the crystal. A ductile crack is also characterised. The plastic zone is limited and contains mainly multipoles consisting in unextended dislocations. The crack path is tortuous and delineated by dislocation arrangements sometimes involving extended dislocations. Close to the crack tip, the fracture is discontinuous and nanocracks occur at the level of dislocation arrangements. These dislocation configurations could provide crack nucleation sites for the crack propagation.

Introduction

WC-Co composites are structural materials combining high hardness and toughness. They are used in various applications such as rock cutting tools in mining industry, road planning picks in construction or drill tips in microelectronics. They undergo intense abrasive wear and fatigue resulting in the degradation of the tools, mainly due to the initiation and propagation of cracks [START_REF] Bailey | Wear processes exhibited by WC-Co rotary cutters in mining[END_REF][START_REF] Konyashin | Novel industrial hardmetals for mining, construction and wear applications[END_REF]. Studies of the fracture behaviour of cemented carbides have pointed out the role of the binder being the main toughening phase in the material [START_REF] Sigl | Experimental study of the mechanics of fracture in WC-Co alloys[END_REF][START_REF] Schleinkofer | Microstructural processes during subcritical crack growth in hard metals and cermets under cyclic loads[END_REF][START_REF] Kotoul | On the shielding effect of a multiligament zone of a crack in WC-Co[END_REF][START_REF] Tarragó | FIB/FESEM experimental and analytical assessment of R-curve behavior of WC-Co cemented carbides[END_REF]. Quantification of the crack path in the microstructure indicates that the path in the binder is higher than its volume ratio. However, the major part of the crack occurs in the carbide phase across WC grains or along WC grain boundaries [START_REF] Sigl | Experimental study of the mechanics of fracture in WC-Co alloys[END_REF][START_REF] Mingard | In situ observation of crack growth in a WC-Co hardmetal and characterisation of crack growth morphologies by EBSD[END_REF]. WC behaves as a brittle material below about 800 K [START_REF] Mari | Experimental strategy to study the mechanical behaviour of hardmetals for cutting tools[END_REF]. However, a significant plastic deformation occurs in fractured carbide grains at room temperature [START_REF] Takahashi | Determination of the slip systems in single crystals of tungsten monocarbide[END_REF][START_REF] Lewis | Plastic Deformation in Tungsten Carbide[END_REF][START_REF] Luyckx | Slip system of tungsten carbide crystals at room temperature[END_REF][START_REF] Sarin | On the deformation of tungsten carbide-cobalt cemented carbides[END_REF][START_REF] Gee | Application of EBSD to the evaluation of plastic deformation in the mechanical testing of WC/Co hardmetal[END_REF][START_REF] Liu | Mechanisms of WC plastic deformation in cemented carbide[END_REF][START_REF] Csanádi | Deformation and fracture of WC grains and grain boundaries in a WC-Co hardmetal during microcantilever bending tests[END_REF][START_REF] De Luca | Nanomechanical Behaviour of Individual Phases in WC-Co Cemented Carbides, from Ambient to High Temperature[END_REF]. A mechanism based on the reaction between partials of extended dislocations and further coalescence was suggested for the nucleation of cracks in WC grains [START_REF] Hibbs | Defect interactions in deformed WC[END_REF][START_REF] Jayaram | Plastic deformation of tungsten carbide-cobalt at high confining pressure[END_REF]. An effort to study the deformation structure in cemented carbides after severe working conditions including temperature increase up to more than 800°C was also addressed and showed the high level of deformation of WC grains, the breaking of grain boundaries and their infiltration by Co [START_REF] Östberg | Mechanisms of plastic deformation of WC-Co and Ti(C, N)-WC-Co[END_REF]. scale [START_REF] Özden | Mesoscopical finite element simulation of fatigue crack propagation in WC/Co-hardmetal[END_REF], a better understanding of the wear behaviour of the carbide phase would be useful with a view to improving its properties. Especially very little work at the nanoscale was devoted to the analysis of crack propagation in the carbide, so a better knowledge of the failure mechanisms of the WC phase in cemented carbides is still required. More generally, few detailed analyses of cracks in materials were performed up to now at the nano-or atom scale while experimental data are mandatory to understand how they initiate and propagate [START_REF] Robertson | An HVEM study of hydrogen effects on the deformation and fracture of nickel[END_REF][START_REF] Higashida | Dislocation emission from a crack tip in MgO thin crystals[END_REF][START_REF] Xing | Experimental study about nano-deformation field near quasicleavage crack tip[END_REF][START_REF] Ii | Identification of crack path of interand transgranular fractures in sintered silicon nitride by in situ TEM[END_REF][START_REF] Ly | Dynamical observations on the crack tip zone and stress corrosion of two-dimensional MoS 2[END_REF].

This work presents an experimental study of cracks running inside WC grains at the atom scale. Two modes of cracks are analysed.

2-Experimental procedure

2-1 Materials and method

While conducting atom scale characterization of cemented carbides containing grain growth inhibitors, cracks could be imaged in two WC-Co alloys: alloy called A contains 9.5 Co, 0.6 Cr 3 C 2 and 0.3 VC, alloy B contains 9.2 Co, 0.3 Cr 3 C 2 and 0.5 VC (wt. %). They were prepared from WC powder about 0.5 µm in size and sintered at 1400 °C for 2 h. Thin foils for high resolution transmission electron microscopy (HRTEM) investigations were prepared by a standard argon milling method. As the HRTEM specimens have a thickness of about 100 nm in the regions with atomic resolution, some deformation and cracks possibly occur during the handling of the specimens. The origin of cracks studied in this work is probably this one. Observations were carried out using a 4000EX JEOL microscope operated at 400 kV. Image processing was performed using the Digital Micrograph TM software. The contrast of the images was improved by subtracting the signal arising from an amorphous phase by means of the average background subtraction (ABS) filter [START_REF] Mitchell | HRTEM filter[END_REF][START_REF] Kilaas | Optimal and near-optimal filters in high-resolution electron microscopy[END_REF]. The dislocations were studied owing to the HRPACK software that simulates the displacement field around a defect in the framework of the linear elasticity theory [START_REF] Bonnet | HRPACK: a software describing the elastic fields near dislocations and interfaces at atomic scale[END_REF]. HRPACK was used because the dislocations were very close together and it was important to precisely position the dislocation cores. Some dislocation dissociations could be revealed by this way. The elastic constants for WC taken in the calculations are those determined by Lee et al. [START_REF] Lee | Single crystal elastic constants of tungsten monocarbide[END_REF].

2-2 Dislocations in WC and conventions

WC has a hexagonal structure with W atoms at (0,0,0) and C atoms at (1/3,2/3,1/2) positions. Its lattice parameters are a = 0.2906nm and c = 0.2837nm. Plasticity studies in WC have revealed that the dominant slip system at room temperature is 1/3<1,-2,1,3> {1, 0,-1,0} [START_REF] Takahashi | Determination of the slip systems in single crystals of tungsten monocarbide[END_REF][START_REF] Luyckx | Slip system of tungsten carbide crystals at room temperature[END_REF]. In highly deformed regions, it was observed that the 1/3<1,-2,1,3> dislocations were dissociated into two 1/6<1,-2,1,3> partial dislocations bounding a stacking fault [START_REF] Hibbs | Room-temperature deformation mechanisms and the defect structure of tungsten carbide[END_REF]. It was therefore proposed that the deformation of WC at room temperature mainly operates through le nucleation and glide of 1/3<1,-2,1,3> dislocations that dissociate under stress [START_REF] Greenwood | The defect structure of tungsten carbide in deformed tungsten carbide-cobalt composites[END_REF]. However, dislocations with 1/3<1,-2,1,0> , <0001> Burgers vectors or undissociated 1/3<1,-2,1,3> dislocations were also observed in as-sintered, annealed or deformed materials [START_REF] Hibbs | Room-temperature deformation mechanisms and the defect structure of tungsten carbide[END_REF][START_REF] Greenwood | The defect structure of tungsten carbide in deformed tungsten carbide-cobalt composites[END_REF][START_REF] Lay | Deformation Mechanisms of Refractory Carbides -Application to W-Co Carbides Composites[END_REF][START_REF] Jablon | Subgrain structure and dislocations in WC-Co hard metals revealed by electron channelling contrast imaging[END_REF]. Therefore, 1/3<1,-2,1,0> {1, 0,-1,0} and <0001> {1, 0,-1,0} secondary slip systems are also encountered. For the sake of clarity, in the following, 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 (i=1:3).

The (0,1,-1,0), (1,0,-1,0) and (-1,1,0,0) prismatic glide planes will be called P1, P2 and P3 respectively with ai and ai ± c vectors being parallel to Pi plane (i=1:3) (Fig. 1). The cracked regions studied in this work were observed along [0001] direction of WC. In this orientation, the glide planes are viewed edge on. On the HRTEM images of this work, the dislocation core position is depicted by the symbol "ꓕ". Its orientation is determined by the Burgers vector direction which depends on the dislocation line sense. In this work, the dislocation line is oriented towards the reader to fit with the convention used in HRPACK software. This choice reverses the Burgers vector direction compared to a dislocation line direction pointing into the paper [START_REF] Hirth | Theory of dislocations[END_REF]. 

3-Results

Brittle crack

The first example of crack is found in material A. A crack propagating along a boundary displays a branch in one adjacent WC crystal at the level of a small step at the boundary (Fig. 2). A misorientation angle of about 0.6° and a lattice shift is depicted between the cracked parts of the WC grain. On the HRTEM image, the crack path is revealed by a blurred contrast. Atom positions are modified along the crack over about three atomic layers with a spacing between atoms larger than in the crystal. The wideness of the crack is very thin, about 1 nm in size. More generally, the crack is not straight, its path follows the three kinds of {1,0,-1,0} prismatic planes of WC as may be seen close to the crack tip where the crack is narrow (Fig. 2d). No dislocation is observed in the vicinity of the crack what indicates that the fracture occurred in a brittle manner. 

Ductile crack

Figure 3 is a general view of a crack running inside a WC grain in specimen B. During the ion beam milling of the TEM thin foil, preferential thinning often occurs in the Co phase. In the present case, an elongated hole formed partly in the Co phase and partly in the neighbouring WC grain (Fig. 3a). The hole shape seems to have favoured the initiation of a crack inside the WC grain during the handling of the thin foil. The crack crosses a grain boundary with ∑=1 misorientation (180° <0001>) and stops in the adjacent WC grain. The characterisation focusses on the tip of the crack (Fig. 3b). Several 

3.2.a. Dislocations in domain I

The domain around the crack containing dislocations is about 40 nm wide (Fig. 4a). About 25 dislocations were observed inside this domain and no dislocation was detected outside. Most dislocations were characterized. They mainly have a Burgers vector component equal to ±a1 or ±a2.

According to the literature, extended ai±c dislocations were expected, however no dislocation is dissociated in this domain. Moreover, few of them are isolated. They mostly form multipoles (Fig. 45). Figure 4 shows an isolated dislocation and two dislocation dipoles, which are formed by dislocations with opposite Burgers vector components. The displacement field around the isolated dislocation extends over more than 5 nm. Fig. 4c,e illustrates the strong effect of the dipole configuration on the displacement field around the dislocations. As seen, for the dislocation dipole, the deformation is mainly limited to the region between the dislocation cores. The rearrangement of dislocations into dipoles is favoured to decrease the strain energy of the crystal. They form when dislocations gliding on parallel slip planes interact and adopt an equilibrium configuration. When no stress is applied the minimum energy occurs if the dislocations align along a direction 45° from the glide plane [START_REF] Hull | Introduction to dislocations[END_REF]. In the present cases, the angle is found close to 60° and this position highly limits the strain field around the dislocations. If the dislocations have a mixed character, the screw component also affects the force occurring between the dislocations. However, as the exerted force is radial, it has no effect on the equilibrium position of the dislocations which is dictated by their edge components [START_REF] Hull | Introduction to dislocations[END_REF]. Another property of the dipole is that they act as extensional centres: considering the displacement field around dislocation dipoles, they can be contraction or dilatation centres as exampled in Fig. 4f-g depending on the sign of the Burgers vector edge component [START_REF] Gilman | Influence of dislocation dipoles on physical properties[END_REF]. Also multipoles are observed in zone I in the vicinity of the crack. Figure 5 shows HRTEM images of quadrupoles. In each case, dislocations have similar projected Burgers vector magnitude but opposite sign for half of them, leading the whole edge component being equal to zero. A large deformation is encountered in the vicinity of each dislocation. The mutual position of the dislocations is influenced by the presence of each dislocation in the multipole [START_REF] Chen | Dislocation Multipoles and Their Role in Strain-Hardening[END_REF]. It is also to note that the majority of dislocations in domain I have a Burgers vector component parallel to a1, which indicates that mainly the P1 glide plane was activated during the deformation of the WC grain. The occurrence of dislocations with opposite Burgers vector components let assume that dislocation loops were generated during the deformation. The formation of multipoles likely results from the interaction between dislocations during the deformation, as moving dislocations can be trapped by dislocation multipoles [START_REF] Chen | Dislocation Multipoles and Their Role in Strain-Hardening[END_REF]. 

3.2.b. Dislocations in domain II

Area II refers to the crack path where the crack, although narrow, is well visible on the HRTEM micrograph (Fig. 6a). It roughly runs parallel to the P2 prismatic plane. After subtracting the noise of the image, the crack path is still detected by a brighter contrast. Three arrangements of dislocations called A, B, C are found along the crack and are described in the following (Fig. 6b-d). Defect A corresponds to a quadrupole of dislocations which is likely stable as it is formed by two couples of dislocations (A1-A4 and A2-A3) with opposite Burgers vector components. Several kinds of dislocations are found for defect B. The dislocations (B3-B5) have opposite Burgers vectors and lie in the same prismatic plane P1. They can be interpreted as a dislocation loop. The dislocation couples (B1-B'1) and (B2-B'2) are dislocations dissociated in the P1 and P2 prismatic planes, respectively. A stacking fault is observed between the partial dislocations, the one between B2 and B'2 being along the main crack path. B1 and B2 form in fact a single dislocation with a Burgers vector equal to 1/6[-1,-1,2,0] that is the sum of the Burgers vectors of B1 (1/6[-2,1,1,0]) and B2 (1/6[1,-2,1,0]). The dislocation called B4 lying between B and C defects was added to improve the fit between the experimental and the calculated displacement field of dislocation set B.

Defect C also consists of several dislocations, one being dissociated in the P3 prismatic plane (C3-C'3). Dislocation B4 was taken into account in the calculated displacement field to improve it. For this arrangement, the calculated displacement field fits well with the atomic positions of the upper part of the WC grain. In the part below the crack, a small mismatch occurs unlike what was observed at the level of defect A and B. It is probably due to a larger failure of the grain in the vicinity of defect C.

It shows that different levels of damage occur along the crack path. 

3.2.c. Dislocations in domain III

Domain III contains the tip of the crack, whose exact location is difficult to determine. Interrupted blurred contrast and small shifts of atomic columns observed in some places suggest that the crack is not continuous in this domain. The discontinuous failure path is indicated in Fig. 7. It is delineated on the HRTEM image by dislocation arrangements arbitrary separated into three sets called D to F. Arrangement D consists of two successive dislocations. At the level of arrangement D, the calculated displacement field coincides with the experimental image, but the contrast is blurred outside the dislocation cores (Fig. 7a) indicating that some crack occurred in this region. The multipole called F is formed by three different types of dislocations. The calculated displacement field also well coincides with the image except in the right part between dislocations F1 and F2 where a discrepancy is observed, what indicates a crack in this area. Defect E contains dislocations with identical Burgers vector but same or opposite signs and dislocations lying above and below the crack path (Fig. 8). It was necessary to include the strain field of dislocations belonging to defect F to get a good fit on the 10 right hand side. A narrow stacking fault bounded by E1 and E'1 partial dislocations is also attached to the crack path (Fig. 8). On the left hand side of array E, there is a mismatch between the calculated displacement field and the image and no better fit including other dislocations could be found. It reveals a cracked part between D and E. These observations confirm that the crack path is discontinuous in this domain. 

Discussion

This experimental study has shown the occurrence of two kinds of crack propagating in WC grains. In the first case, the crack propagates mainly along {1,0,-1,0} prismatic planes and no dislocation is observed in the surrounding of the crack. The fracture occurs in a brittle manner by cleavage along prismatic planes. The existence of the three cleavage planes allows the crack to deviate from one plane to the other what increases the ability of the crystal to absorb the deformation energy and to resist to fracture [START_REF] Smallman | Modern Physical Metallurgy[END_REF]. In other experiments, it was found that cracks could also propagate along {1,1,-2,0} planes, which is not observed in the present study [START_REF] Hibbs | Defect interactions in deformed WC[END_REF]. In the second example, a dislocation activity is observed in the cracked region. The crack path does not preferentially follow prismatic planes and is delineated by dislocation arrangements. In this case, the presence of dislocations denotes a plastic behaviour of the WC crystal although the plastic extension is limited.

The observation of a brittle and a ductile crack in WC is in agreement with knowledge of WC behaviour [START_REF] Sigl | Experimental study of the mechanics of fracture in WC-Co alloys[END_REF]. Their occurrence should depend on the stress level and orientation applied to the crystal, which dictates its ability to deform plastically.

In the present study, it is found that most dislocations in the vicinity of the ductile crack are undissociated. According to the literature related to the deformation in WC, extended ai±c dislocations were expected. The dissociation width can be reduced in dipole configuration when the height between the glide planes of the dislocations is smaller than the dissociation [START_REF] Gilman | Influence of dislocation dipoles on physical properties[END_REF]. However, assuming a contraction value as large as the one calculated in [START_REF] Gilman | Influence of dislocation dipoles on physical properties[END_REF], the separation width would still be detectable by HRTEM. Another assumption to explain the presence of undissociated dislocations would be the occurrence of ai instead of ai±c dislocations close to the crack owing to a larger critical resolved shear stress acting on the (ai, Pi) slip systems.

A few dissociated dislocations were however found attached to the crack path (in defects B, C, and E). Moreover, looking carefully at these faults indicates that they are associated with a blurred contrast, so faults would form in highly deformed region. It suggests that fault formation could be in some favourable cases a preliminary step to accommodate the stress field, before complete atomic bond breaking and separation of the crystal.

A model for the initiation of cracks in WC, based on the reaction of a series of extended dislocations gliding in two different prismatic planes, was proposed [START_REF] Hibbs | Defect interactions in deformed WC[END_REF]. Such a reaction was observed at the level of the crack in arrangement B leading to the formation of the sessile 1/6[-1,-1,2,0] dislocation. However, the model is based on the coalescence of a large number of such sessile dislocations. This mechanism could not be detected in the present work.

It is to note that the interaction of extended dislocations lead to the formation of sessile dislocations, which decrease the mobility of multipoles and harden the material. The character of the dislocations -extended or not-should therefore influence the deformation behaviour of WC. Few is known at the moment on the factors influencing the dislocation dissociation. It was proposed that the carbon level in the material could affect the dissociation width of dislocations [START_REF] Jayaram | Deformation enhanced decarburization of tungsten carbide-cobalt alloy[END_REF]. Furthermore, in the present materials, a small solubility of Cr and V is expected in WC at least in the carbide grains in contact with Co and nothing is known about their effect on the plastic behaviour of WC [START_REF] Weidow | Transition Metal Solubilities in WC in Cemented Carbide Materials[END_REF]. A better knowledge of such effects could help to improve the mechanical properties of WC.

In the case of the ductile crack, dislocations were found around the crack and along the crack. It is usually proposed that dislocations are emitted from the crack tip during crack growth to decrease the stress by exerting a back stress onto the crack tip and that these dislocations accommodate the applied stress field [START_REF] Chiao | Direct observation of dislocation emission from crack tips in silicon at high temperatures[END_REF][START_REF] Zielinski | Crack-tip dislocation emission arrangements for equilibrium -I. In situ TEM observations of Fe2wt%Si[END_REF][START_REF] Higashida | HVEM observations of dislocation structures near a crack tip in MgO crystals[END_REF][START_REF] Zhao | Quantitative analysis of nanoscale deformation fields of a crack-tip in single-crystal silicon[END_REF]. Depending on the relative orientation of the glide systems and of the applied stress, slip systems are activated and dislocation loops can be emitted from sources along the crack or in the vicinity of it [START_REF] Sutton | Interfaces in crystalline materials[END_REF]. The loop observed in defect B could correspond to the emission of dislocations from the crack. Around the crack, multipoles consisting of dislocations with edge character and opposite Burgers vectors have formed to lower their energy.

At the level of the crack path, the dislocation arrangements also show specific features. Summing the edge component of Burgers vectors in each arrangement gives their equivalent Burgers vector (Table 1). For most defects, the equivalent Burgers vector is equal to zero, or to a single dislocation Burgers vector, showing that the dislocations arrangements, as multipoles around the crack, tend to adopt stable configurations. Moreover, equivalent Burgers vectors have different magnitudes and directions. It was previously deduced from the observations that only a part of atomic bonds along the crack path was broken and that the WC lattice was more or less continuous across the crack in crack tip area. Especially no tilt misorientation along the crack was detected. Consequently, no geometrically necessary dislocations are required such as an array of edge dislocations in a form of a low angle boundary to compensate for a misorientation, in agreement with the observation [START_REF] Jagannadham | Dislocations at ductile/plastic crack tips: insitu TEM observations[END_REF].

Dislocation arrangement A B C D E F Equivalent b 0 0 -a1 a1-a2 0 - a3 
Table 1. Equivalent Burgers vector of the dislocation arrangements lying along the crack path.

One can question about the exact role of multipoles found along the crack path. These dislocation arrangements induce locally a large deformation of the crystal lattice, with no long-range stress field when their associated Burgers vector is equal to zero. They decrease the strain energy of the crystal compared to isolated dislocations, which can result in a higher resistance of WC to failure. On the other hand, multipoles have a strain hardening effect as they form metastable configurations in the crystal, which reduces their mobility, and they are able to trap moving dislocations [START_REF] Chen | Dislocation Multipoles and Their Role in Strain-Hardening[END_REF]. Moreover, it was proposed that dipoles and therefore multipoles could act as fracture nuclei by acting as centres of dilatation or rotation [START_REF] Gilman | Influence of dislocation dipoles on physical properties[END_REF]. Also, cracks could nucleate at cores of edge dislocations under tensile stress [START_REF] Gilman | Importance of dislocation cores in fatigue fracture[END_REF][START_REF] Gu | Lattice weakening by edge dislocation core under tension[END_REF]. In the present study in WC, dislocation multipoles delineating the discontinuous crack close to the crack tip were highlighted owing to atom scale characterization. Their presence suggests that depending on their position relative to the stress field ahead the crack tip, some multipoles could constitute sites of crack nucleation and facilitate crack propagation. Further experiments and modelling could provide a better insight on the role of dislocation multipoles in the deformation and failure of WC and more generally in carbides.

Conclusion

This study aims to better understand fracture phenomena occurring in WC based materials at room temperature. It reports HRTEM observations of cracks occurring in WC grains. In agreement with the literature both a brittle and a ductile crack were encountered. For the brittle crack, cleavage along successive {1,0,-1,0} prismatic planes propagating in a zig-zag way was found. This characteristic emphasizes the effect of crystal orientation on the resistance of WC to failure. A ductile crack with a limited extension of the plastic zone was also observed. Close to the crack tip, stacking faults are detected locally in highly damaged areas. The fracture is discontinuous and dislocation multipoles nearby and along the crack path are present. The crack path follows dislocation multipoles suggesting that multipoles could act as crack nuclei in the carbide according to a mechanism which would need further investigations.

Figure 1 :

 1 Figure 1: (a) Unit cell of WC where lattice vectors are indicated as well as the prismatic glide plane P1. (b) WC lattice viewed along [0001] showing the position of the three prismatic glide planes, P1, P2 and P3.

Figure 2 :

 2 Figure 2: HRTEM image of the crack running in the WC grain viewed along [0001] direction. (a) General image of the WC grain showing the rough path of the crack. (b) Low magnification image showing the branching of the crack from the grain boundary to the WC grain at the level of a small step denoted A. (c) Magnification of area B drawn in (a) (rotated counterclockwise 60°) showing the P3 prismatic plane as a fracture plane. (d) Magnification of area C in (a) displaying the preferential crack path along P1, P2 and P3 prismatic planes of WC.

  domains are distinguished. Domain I consists in the WC volume around the crack path where dislocations are observed. Domain II is the crack path where the failure is clearly visible and domain III is the crack path where the failure is more hardly detected. Dislocation arrangements are found in each domain. For the sake of clarity, they are presented according to their location. As the observation direction is along [0001] in WC crystal, only dislocations with a Burger vector component in the (0001) plane can be detected and therefore only the component of the Burgers vector parallel to the basal plane can be defined.

Figure 3 .

 3 Figure 3. TEM image of a crack in the WC-Co carbide. (a) Low magnification of the crack propagating in WC grains viewed along [0001]. (b) Focus on the crack tip in WC (dotted rectangle in (a)) showing the failure path (II and III) and the area where dislocations are observed (I).

Figure 4 .

 4 Figure 4. HRTEM images of dislocations viewed along [0001] in zone I close to the crack path. (a) General image, (b) Isolated dislocation denoted a in (a) with superimposed calculated displacement field, and indication of the a1 edge component of its Burgers vector. (c) Same displacement field compared with the perfect lattice. (d) Dislocation dipole denoted b in (a) with superimposed calculated displacement field. (e) Same displacement field compared to the perfect lattice. (f) Dislocation dipole denoted c in (a) with superimposed calculated displacement field. (g) Magnification of the displacement field showing the curvature of the atomic planes and the dilatation character associated with the centre of dipole c.

Figure 5 .

 5 Figure 5. HRTEM filtered images of dislocation quadrupoles lying in zone I close to the crack path viewed along [0001] direction. (a) Quadrupole denoted d in Fig. 4a, (b) Quadrupole denoted e in Fig. 4a. The calculated displacement field associated with each quadrupole is superimposed on the image.

Figure 6 .

 6 Figure 6. Dislocation arrangements along the crack path in domain II viewed along [0001]. (a) HRTEM general view of the crack with arrangements called A, B and C. (b-d) HRTEM filtered images of the dislocation arrangements with superimposition of the calculated displacement field. The dotted line indicates the crack path and the continuous segments the stacking fault plane between dissociated dislocations. For sake of clarity, Burgers vectors indications were not added on the images. The same convention as the one applied in Fig. 4 and 5 was used.

Figure 7 .

 7 Figure 7. Domain III of the crack corresponding to the crack tip. (a) general HRTEM image of WC grain viewed along [0001] showing the discontinuous crack path passing through defects denoted D, E and F and (b) same image with the crack path drawn. (c-d) Filtered HRTEM images of D and F defects with superimposed dislocation displacement field. The same convention as in Fig. 4 and 5 is used to indicate the Burgers vector of the dislocations.

Figure 8 .

 8 Figure 8. Defect E in domain III along the crack. (a) HRTEM filtered image viewed along [0001] with superimposed calculated displacement field of the dislocations. The thin dotted white line indicates the discontinuous crack path and the thick dotted line depicts a crack revealed by the discontinuity of the WC lattice at the level of this crack. (b) Magnification of the lower left region in (a) showing the cracked part and the stacking fault bounded by E1 and E'1 partial dislocations attached to the discontinuous crack.
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