Sabine Lay 
email: sabine.lay@grenoble-inp.fr
  
Jean-Michel Missiaen 
email: j.m.missiaenjean-michel.missiaen@grenoble-inp.fr
  
  
  
Recent Progress in the Characterisation of Cemented Carbides at the Nanoscale by TEM

 

Introduction

Developing and optimizing cemented carbides relies on understanding of phenomena occurring from the powder to the sintered parts. Each step of preparationpowder characteristics, mixture composition, powder milling, pressing, sintering stageinfluences the final microstructure of the materials and its properties. Studying the material at the nanoscale helps to better understand the effect of each preparation step and the microstructure evolution. This approach is very interesting for hard materials, especially for the hundred year-old cemented carbides which have to face new challenges. In particular, the trend of finer microstructure has renewed the interest to understand grain growth mechanisms and the role of grain growth inhibitors in these materials. Another field is the substitution of cobalt recognised as carcinogenic to safe binders such as iron, which has a great impact on material processing and properties. Mechanical behaviour is also a field of research at the nanoscale: after intensive research on the plastic behaviour of carbides in the 80th, a better knowledge on interface phenomena was obtained in recent years. Last, great improvements of materials properties are obtained by nanoscale precipitation. In addition to transmission electron microscopy (TEM) and high resolution TEM (HRTEM), the availability of analytical microscopy at the nanometer or even atomic scale lead to precise characterisation of cemented carbides for a better understanding of their properties. Significant and recent results using these techniques will be presented.

Grain growth

The use of ultrafine powders for WC-Co cemented carbides triggered the necessity to control grain growth during the sintering step [START_REF] Schubert | General aspects and limits of conventional ultrafine WC powder manufacture and hard metal production[END_REF]. It also appeared to be a way for obtaining very anisotropic microstructures. In both cases, study at the nanometer scale is essential to understand the inhibition or enhanced grain growth mechanism.

Grain growth inhibition

The mechanical properties of cemented carbides are improved by a small size of WC grains and addition of transition carbides to restrict grain growth during sintering. Most current grain growth inhibitors are VC and Cr3C2 and a mixture of these additives is very efficient, while other carbides are also used like TaC, TiC [START_REF] Hayashi | Effects of Addition Carbides on the Grain Size of WC-Co Alloy[END_REF]. The inhibiting mechanism was intensively investigated in recent years. It was first proposed that the additives reduce the solubility limit of W in the binder and therefore restrict grain growth. This point was a matter of controversy [START_REF] Lavergne | High Temperatures, Dissolution mechanism of tungsten carbide in cobaltbased liquids[END_REF]. The other assumption was an interface reaction mechanism related to segregation or to a layer of inhibitors at WC/Co interfaces. The presence of MC cubic carbide films (M being V, Cr, Ti …) was early established [START_REF] Jaroenworaluck | Segregation of Vanadium at the WC/Co Interface in VC-doped WC-Co[END_REF][START_REF] Yamamoto | High resolution transmission electron microscopy study in VC-doped WC-Co compound[END_REF][START_REF] Lay | Location of VC in VC, Cr3C2 codoped WC-Co cermets by HREM and EELS[END_REF] and later confirmed. The films have a thickness of several atomic planes on the basal facets of WC grains and are thinner on the prismatic facets (Fig. 1). They adopt an orientation relationship with the WC facet that minimizes the parametric misfit and lowers the interface energy. The interfacial films could be a barrier regarding the dissolution of WC and the redeposition of W and C atoms onto WC grains during sintering. It was however demonstrated that film thickness depends on the cooling rate of the specimens after sintering. It then raises questions on the presence of the films at sintering temperature [START_REF] Kawakami | Effect of Sintering Cooling Rate on V Segregation Amount at WC/Co Interface in VC-doped WC-Co Fine-Grained Hardmental[END_REF]. The onset of the film formation is a tricky question. Several arguments are in favor of the thin film stability at the sintering temperature. Firstly, experimental observations point out the presence of cubic carbide films inside the carbide grains that cannot be formed during the cooling step [START_REF] Sugiyama | Formation of (W,V)Cx layers at the WC/Co interfaces in the VC-doped WC-Co cemented carbide[END_REF]. These latter are probably incorporated in the WC grains during grain growth, which indicates their stability at the sintering temperature. Moreover, the stability of carbide films at WC facets is assessed at high temperature by density functional theory (DFT) calculation for several transition metals. VC, MoC, TiC and CrC (with decreasing stability) are predicted to be stable on the basal facets and MoC, VC and CrC on prismatic facets [START_REF] Johansson | A computational study of thin cubic carbide films in WC/Co interfaces[END_REF].The films are expected to be much thinner on prismatic facets. An outstanding validation of the DFT modelling was recently obtained by comparing the calculated film composition and structure with experiments [START_REF] Meingast | High resolution STEM investigation of interface layers in cemented carbides[END_REF]. The film on the basal facet consists of two carbide monolayers, first Ti rich then W rich in agreement with the predicted model. Moreover, no film is observed on prismatic facets, as calculated for TiC addition. A lesson from the DFT approach to select a grain growth inhibitor in cemented carbides is that the carbide film should have a small parametric misfit with WC in order to lower the strain energy and increase the stability of the film. As thin films can be a structural element of interfaces in both undoped or doped cemented carbides, and influence interface properties, they are labelled complexions. Interface complexion is a helpful concept for interpretation of properties [START_REF] Dillon | Complexion: A new concept for kinetic engineering in materials science[END_REF]. For example, it was used to investigate the interface structure as a function of temperature and chemical potential [START_REF] Johansson | First-principles derived complexion diagrams for phase boundaries in doped cemented carbides[END_REF] or to discuss interface strength in the alloys (see below). 

Grain growth enhancement

Specific crystal defects are recognised to have an effect on grain coarsening in cemented carbides. Dislocations enhance grain growth as was recently shown using WC powders with different amounts of dislocations [START_REF] Weidow | Impact of crystal defects on the grain growth of cemented carbides[END_REF]. It is expected that dislocations form nucleation sites at the WC grain surface. 2D defects as stacking faults also lead to abnormal grain growth in cemented carbides as they form a reentrant edge on the grain surface available for 2D-nucleation in WC-Co [START_REF] Kang | Growth of BaTiO3 Seed Grains by the Twin-Plane Reentrant Edge Mechanism[END_REF]. In figure 2, the defects inside the largest WC grains consist of thin cubic carbide lamellae. They could arise from the entrapment of the thin cubic film at the basal facets of WC grains [START_REF] Lay | Structural analysis on planar defects formed in WC platelets in Ti-doped WC-Co[END_REF]. Dislocation interactions leading to step formation on prismatic facets was also proposed to explain abnormal coarsening in WC-Si carbides but the exact dislocation mechanism is still a question [START_REF] Kumar | Defect structure evolution and abnormal grain growth during spark plasma sintering of nano WC-Si powders[END_REF]. 

Strength of grain boundaries and interfaces in WC-Co alloys

After liquid phase sintering, WC grains form a skeleton surrounded by the Co rich matrix. The mechanical performance of the alloys depends on the accommodation of the stress by the WC skeleton, binder and WC/Co interfaces. The deformation of Co was shown to mainly occur by formation of hexagonal lamellae [START_REF] Sarin | The deformation of tungsten carbide-cobalt cemented carbides[END_REF]. The transfer of the deformation across the WC skeleton depends on the boundary orientations. It was pointed out that high energy boundaries are infiltrated by cobalt on creep tests [START_REF] Ma Yousfi | Deformation mechanisms in a WC-Co based cemented carbide during creep[END_REF]. Moreover, cracking experiments at ambient temperature emphasize the effect of WC/Co interface orientation on the crack path [START_REF] Kp Mingard | In situ observation of crack growth in a WC-Co hardmetal and characterisation of crack growth morphologies by EBSD[END_REF]. These data highlight the importance of grain and interface structure in cemented carbides regarding their resistance under stress.

WC/WC grain boundaries

First experimental characterisations conducted by TEM have shown the existence of specific grain boundary misorientations and particular boundary habit planes were also reported [START_REF] Hagège | Grain boundary analysis in TEM. IV. Coincidence and the associated defect structure in tungsten carbide[END_REF][START_REF] Vicens | Nature of the boundary planes in tungsten carbide-cobalt composites[END_REF]. Further experimental electron backscatter scanning diffraction (EBSD) investigations have assessed the statistical frequency of specific boundaries and quantified the orientation of the boundary habit planes [START_REF] Kim | Geometric and Crystallographic Characterization of WC Surfaces and Grain Boundaries in WC-Co Composites[END_REF][START_REF] Kim | Interface character distributions 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]. Moreover, theoretical work has proposed atomic models for these boundaries and evaluated their energy [START_REF] Christensen | Co-phase penetration of WC(10-10)/WC(10-10) grain boundaries from first principles[END_REF]. In particular, the key effect of Co segregation on the stabilization of boundaries in the alloy was emphasized [START_REF] Christensen | Effects of cobalt intergranular segregation on interface energetics in WC-Co[END_REF]. Other elements segregate at boundaries as Ti, Zr or Nb [START_REF] Weidow | Grain and phase boundary segregation in WC-Co with TiC, ZrC, NbC or TaC additions[END_REF] and could have the same effect. Specific boundaries represent less than 20% of the grain boundary area. A recent TEM study carried out on non-specific (although not random) boundaries indicates well-organized atomic structures. Dislocation networks compensating for mismatch as large as 34% at the boundary can be observed [START_REF] Pellan | Characteristics of grain boundaries in WC-Co alloys[END_REF]. The stability of these boundaries likely arises from the nature of the boundary plane being, at least for one grain, a basal or a prismatic plane, which are low energy planes of WC (Fig. 3) [START_REF] Pellan | Experimental study of asymmetrical tilt boundaries in WC-Co alloys[END_REF]. Random grain boundaries in cemented carbides are probably constituted by a 3D-network of multiple low energy facets. New techniques allow the strength of individual grain boundaries to be measured [START_REF] Elizalde | Mechanical strength assessment of single WC-WC interfaces present in WC-Co hardmetals through micro-beam bending experiments[END_REF]. In situ formation of defects and strain effects at carbide boundaries and WC/Co interfaces can also be observed [START_REF] Tarrago | Mechanical deformation of WC-Co composite micropillars under uniaxial compression[END_REF]. The association of a good knowledge on the boundary structure and on their strength should allow a good understanding of the strain transfer across the boundaries and could lead to a better design of the grain boundary population. In particular, the benefit of specific stable boundaries arising from the powder could be evaluated. 

WC/Co interfaces

A significant effect of WC/Co structure on the mechanical strength of cemented carbides was proposed for nanocrystalline materials [START_REF] Song | Effect of interfacial characteristics on toughness of nanocrystalline cemented carbides[END_REF]. In such alloys, the fracture toughness is degraded due to the reduction of binder mean grain size. It was suggested that this weak point could be overcome by a better coherency of the crystal lattices at WC/Co interfaces. In particular, complexions in the form of continuous thin films in doped cemented carbides could affect this coherency and WC/Co interfaces would be preferred cracked paths [START_REF] Liu | Complexions in WC-Co cemented carbides[END_REF]. On the other hand, complexions were also considered to be beneficial regarding lattice matching and stress transfer at the interfaces in micro-grained materials [START_REF] Konyashin | Complexion at WC-Co grain boundaries of cemented carbides[END_REF]. As many parameters influence the structure, chemical composition and thickness of the films and affect their stability, modelling the mechanical properties of the interfaces in cemented carbides would help in understanding the exact effect of these films on their strength.

Reinforcement of cemented carbides by nanometric phases

Schematically, WC-Co alloys consist of brittle WC grains embedded in a ductile Co matrix [START_REF] Luyckx | The Hardness of Tungsten Carbide-Cobalt Hardmetal[END_REF]. Both components undergo deformation under stress and different strategies were undertaken to improve their mechanical properties.

Crack path examination in WC-Co alloys indicates frequent fractures across WC grains. Very few attention in the literature was paid to the reinforcement of the WC phase by particles of another phase. Recently, it was shown that a distribution of nanometric Cr3C2 and Co particles inside WC grains was pinning dislocations, thereby was able to reduce transgranular cracking [START_REF] Liu | Reinforcement of tungsten carbide grains by nanoprecipitates in cemented carbides[END_REF].

The plasticity of the ductile binder phase can also be improved by particles. Especially in mining applications requiring coarse WC grains in cemented carbides, the binder size is large and strengthening the binder is highly beneficial. A strategy to reinforce a material is to add a very fine powder of another compound or to choose a composition leading to the formation of precipitates, or ordered domains in the material. In Co based binder alloys, noticeable enhancement of the binder properties is obtained by the presence of extra phases as the Θ-Co2W4C carbide [START_REF] Konyashin | Novel ultra-coarse hardmetal grades with reinforced binder for mining and construction[END_REF]. Their presence was established by electron diffraction experiments and they could be observed only by HRTEM due to their nanometric size. It results for the materials a better abrasion resistance. Strenghtening the Co based binder is also achieved by nanometric ordered domains with L12 structure coherent with the Co based binder [START_REF] Konyashin | Strengthening zones in the Co matrix of WC-Co cemented carbides[END_REF]. For Fe based binder in hard facing materials, the combination of nanometric Cr-Fe precipitates and η-W3Fe3C type precipitates in the binder also lead to improvement of wear resistance [START_REF] Hinners | Novel hardmetals with nano-grain reinforced binder for hard-facings[END_REF]. In Ni based cemented carbide as WC-Co-Ni-Al, the formation of ordered Ni3(Al,Ti) (ɣ') domains at the nanometer size in the binder could be obtained [START_REF] Long | A new type of WC-Co-Ni-Al cemented carbide: Grain size and morphology of ɣ'strengthened composite binder phase[END_REF]. An improvement of the binder strength is expected as in TiC-Ni alloy where the formation of ultrafine TiC precipitates and ordered Ni3(Al,Ti) (ɣ') domains was shown to limit the crack propagation in the material [START_REF] Hu | Exploring the interfacial state and tensile behaviors in nickel matrix composite with in-situ TiC and ɣ'-Ni3(Al,Ti) reinforcements[END_REF]. For Fe or Ni based binders, another strengthening method could arise from bainite or martensite formation upon cooling. However, deep cryogenic treatments seem to be necessary to achieve these phase transformations [START_REF] Gao | Effects of deep cryogenic treatment on the microstructure and properties of WC-FeNi cemented carbides[END_REF].

Phase transformations in the carbide phase

Few data on phase transformation occurring in the carbide phase were obtained since Jayaram et al. [START_REF] Jayaram | Deformation enhanced decarburization of tungsten carbide-cobalt alloy[END_REF] suggested that the (W,Co)6C (η) phase could be initiated by the glide of partial dislocations in the WC lattice. They pointed out the presence of a quadratic phase intermediate between η and WC and related the dislocation activity to the decarburization of WC. More recently, the transformation occurring in W2C during the carburation process was analyzed and a special orientation relationship between the WC growing grains and W2C could be established [START_REF] Mühlbauer | Transition of W2C to WC during carburization of tungsten metal powder[END_REF]. The early formation of Σ=2 grain boundaries during the carburization process was also noticed although not explained. It seems very likely that Σ=2 grain boundaries can be generated by stacking faults occurring on successive planes (Fig. 4) [START_REF] Perezhogin | Transformations in WC lattice and polytype formation in the process of sintering of W/C60 mixture[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]. As Σ=2 grain boundaries constitute between 10 and 20% of the grain boundary population, they likely affect the material properties and a better knowledge of the formation mechanism would be very helpful. 

Concluding remarks

Although an abundant literature is devoted to hard materials, nanoscale characterization is rather seldom except for ultrafine materials where it is intrinsically necessary. This quick literature survey indicates that nanometric or atom scale characterization is very helpful and complementary to micron scale approach or atom scale modelisation. It also emphasizes the key domains where fundamental understanding is necessary at the moment to improve and adjust the properties of hard materials to market: carbide grain growth and grain growth inhibition, deformation mechanisms, plastic properties improvement. In this domain, the combination of nanoscale mechanical testing and characterization should clarify the individual behavior of each element in the material -binder, carbide, interfaces, grain boundaries -in a near future. The need to develop new compositions for the binder should also be accompanied by nanoscale characterization as was done for cobalt, especially regarding boundary and interface structure as well as binder deformation mechanisms.
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 1 Figure 1. Examples of VCx films at WC/Co interfaces in a VC doped WC-Co alloy [6]. (a) TEM image of a WC grain with stepped interface and HRTEM image of the VCx film (b) at the (0001) basal facet or (c) at the (10-10) prismatic facet (P) of the WC grain.

Figure 2 .

 2 Figure 2. Example of WC platelets in a WC-Co hardmetal with addition of TiC prepared by the Meadow-Shatov route [15]. (a) TEM image where planar defects inside platelets are arrowed. (b) The defects consist of two successive lattice shears parallel to the basal plane and likely corresponds to a thin (Ti,W)C1-x cubic layer.

Figure 3 .

 3 Figure 3. (a) TEM image of a carbide grain boundary in a WC-Co alloy [29]. The magnified image in (b) displays the faceting of the grain boundary along the basal plane of grain 1 and prismatic plane of grain 2.

Figure 4 .

 4 Figure 4. Comparison between (a) a WC crystal sheared by successive partial dislocations along a prismatic plane and (b) a Σ=2 grain boundary, showing the close link [46].