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Microstructural investigations in binderless tungsten carbide with grain growth inhibitors

Keywords: WC, grain boundary, TEM, grain growth inhibition, segregation, triple junction, Cr3C2, VC

The microstructure of binderless tungsten carbide, with small additions of Cr3C2 or VC, was investigated using transmission electron microscopy associated with X-ray energy dispersive spectrometry. The distribution of Cr and V elements was determined. In the material sintered with Cr3C2, numerous (Cr,W)2C grains were found, some of them displaying an epitaxy orientation relationship with the basal facet of adjacent WC grains, and Cr segregation was observed in all examined grain boundaries. In the carbide with VC additive, small V-rich carbides were found at triple junctions of WC grains. Unlike Cr, no V segregation was detected in grain boundaries. The grain growth inhibiting effect of Cr3C2 and VC is very likely different. For Cr3C2, it is supposed that both (Cr,W)2C grains and Cr segregation reduce the mobility of grain boundaries. For VC, probably the grain boundary triple junctions are pinned by small V-rich carbide grains.

Introduction

Hardmetals are used in a wide range of applications as in cutting, metal machining, mining or construction [START_REF] Gille | Submicron and ultrafine grained hardmetals for microdrills and metal cutting inserts[END_REF][START_REF] Konyashin | Novel industrial hardmetals for mining, construction and wear applications[END_REF]. Among the variety of developed alloys, binderless tungsten carbides find some specific applications where high hardness, abrasive wear corrosion resistance and high temperature strength are required [START_REF] Imasato | Properties of ultra-fine grain binderless cemented carbide 'RCCFN[END_REF][START_REF] Engqvist | Microstructure and Abrasive Wear of Binderless Carbides[END_REF][START_REF] García | Cemented carbide microstructures: a review[END_REF]. Their development is rather recent due to the difficulty of their fabrication requiring elevated temperature and high pressure. Most recent studies use spark plasma sintering and hot isostatic pressure techniques. Additions of carbides, borides or oxides with different amounts, dissolving or not in the carbide phase were investigated to enhance densification and improve mechanical properties [START_REF] Mukhopadhyay | Recent developments on WC-based bulk composites[END_REF][START_REF] Nie | Development of manufacturing technology on WC-Co hardmetals[END_REF][START_REF] Sun | A Review on Binderless Tungsten Carbide: Development and Application[END_REF].

In WC-Co hardmetals, small additions of transition metal carbides like VC or Cr3C2 are used to prevent grain growth. In these alloys, grain growth occurs by Ostwald ripening mechanism, involving WC dissolution in Co and WC precipitation at WC/Co interfaces. VC and Cr3C2 were shown to form a carbide layer (VC or CrC) at WC/Co interfaces, which would be responsible for grain growth inhibition [START_REF] Jaroenworaluck | Segregation of Vanadium at the WC/Co Interface in VC-doped WC-Co[END_REF][START_REF] Lay | Location of VC in VC, Cr3C2 codoped WC-Co cermets by HREM and EELS[END_REF][START_REF] Sugiyama | Formation of (W,V)Cx layers at the WC/Co interfaces in the VC-doped WC-Co cemented carbide[END_REF][START_REF] Johansson | A computational study of thin cubic carbide films in WC/Co interfaces[END_REF].

In binderless tungsten carbide, grain growth occurs by grain boundary migration and it was established that carbide grain size may also be controlled by the addition of minor amounts of carbides as TiC, TaC, ZrC, VC or Cr3C2 [START_REF] Imasato | Properties of ultra-fine grain binderless cemented carbide 'RCCFN[END_REF][START_REF] Huang | Binderless WC and WC-VC materials obtained by pulsed electric current sintering[END_REF][START_REF] Wang | Binderless sub-micron WC consolidated by hot pressing and treated by hot isostatic pressing[END_REF][START_REF] Ren | Effect of ZrC nano-powder addition on the microstructure and mechanical properties of binderless tungsten carbide fabricated by spark plasma sintering[END_REF][START_REF] Chang | Ultrafine WC-0.5Co-xTaC cemented carbides prepared by spark plasma sintering[END_REF][START_REF] Pötschke | Influence and effectivity of VC and Cr3C2 grain growth inhibitors on sintering of binderless tungsten carbide[END_REF][START_REF] Pötschke | Fundamentals of sintering nanoscaled binderless hardmetals[END_REF][START_REF] Nino | Effects of TaC and TiC addition on the microstructures and mechanical properties of Binderless WC[END_REF]. It was observed that Cr3C2 is more efficient than VC to prevent grain growth and that it allows the densification to be achieved at lower temperature [START_REF] Pötschke | Grain growth during sintering of tungsten carbide ceramics[END_REF]. In WC-Al2O3 composites, the effect of Cr3C2 or VC addition on grain growth kinetics was ascribed to an interface reaction which could be due to segregation [START_REF] Dong | Influence of VC and Cr3C2 as grain growth inhibitors on WC-Al2O3 composites prepared by hot press sintering[END_REF]. Up to now, few detailed microstructural investigations were carried out in binderless tungsten carbides. A few concern a carbide containing TaC and some Co (0.5 wt%) where both Co and Ta were found in WC/WC grain boundaries [START_REF] Chang | Ultrafine WC-0.5Co-xTaC cemented carbides prepared by spark plasma sintering[END_REF]. In binderless tungsten carbide with VC and Cr3C2 addition, both V and Cr or only Cr were detected in some grain boundaries [START_REF] Wang | Binderless sub-micron WC consolidated by hot pressing and treated by hot isostatic pressing[END_REF][START_REF] Lay | Grain boundary segregation in sintered materials: Effect on densification and grain growth[END_REF]. The distribution of Cr and V in the binderless tungsten carbide is not yet accurately determined and the exact role of such carbides in restricting grain growth is not understood.

In this work, the constitution and microstructure of binderless tungsten carbide with VC or Cr3C2 additions were investigated. Due to the small quantity of additives, transmission electron microscopy (TEM) and associated analytical techniques at the nano-scale were used to determine the distribution of Cr and V in the material. Results were interpreted with the help of isothermal sections of the W-C-Cr and W-C-V systems and compared with literature data. The Cr and V grain boundary segregation was studied and the segregation width was evaluated.

Experimental

Binderless WC samples used in this study are part of a work devoted to the sintering behaviour and grain growth of these materials [START_REF] Pötschke | Influence and effectivity of VC and Cr3C2 grain growth inhibitors on sintering of binderless tungsten carbide[END_REF][START_REF] Pötschke | Fundamentals of sintering nanoscaled binderless hardmetals[END_REF][START_REF] Pötschke | Grain growth during sintering of tungsten carbide ceramics[END_REF]. The used powders were WC DN3.0 (DBET of 115 nm, C content of 6.10 wt.% and O content of 0.40 wt.%), VC 160 (DBET of 470 nm, C content of 17.71 wt.% and O content of 0.90 wt.%) and Cr3C2 160 (DBET of 320 nm, C content of 13.03 wt.% and O content of 0.68 wt.%), all from H.C. Starck Germany. WC powders were milled with either 1 % VC or 1% Cr3C2 (wt. %) for 48 h in a WC-Co vessel with WC-Co balls. It resulted in a small contamination of the powder with Co (~0.05 wt. %, as measured by ICP-OES). After milling the grain size was in the range of 50-200 nm, as observed from microstructural images and the BET size was 80 nm. Specimens were sintered at 1900°C using a sinter-HIP furnace with 100 bar Ar gas pressure.

The microstructure of samples after the sintering stage was studied by field emission scanning microscopy (FESEM) using a Carl Zeiss Ultra 55 and by transmission electron microscopy (TEM) using a JEOL 3010 microscope. The arithmetic average WC grain size dWC and the grain size distribution were determined using the linear intercept method (ISO 4499-2,-3). Here, micrographs with appropriate magnification of 20000 times and a number of at least 900 WC grain intercepts were used to determine dWC and the grain size distribution.

Analytical measurements were carried out by scanning transmission electron microscopy (STEM) using a 2100F JEOL microscope equipped with an energy dispersive X-ray spectroscopy (EDS) device. STEM/EDS investigations of the binderless carbides were performed with a probe size of 1 nm. To study grain boundary segregation, the magnification of the observed area and the map size were chosen to get a pixel size of about 1 nm. For general views of the samples, the pixel size in the map was close to 5 nm.

Cr and V grain boundary segregation was investigated in this work. Owing to the resolution of the maps, grain boundary segregation can be detected but segregation width cannot be directly measured. To evaluate the segregation level, a geometrical method was used, slightly different from the one applied in [START_REF] Roulon | Interface characteristics in cemented carbides with alternative binders[END_REF] due to solubility of Cr in WC [START_REF] Brieseck | Diffusion and solubility of Cr in WC[END_REF]. A small box including the boundary in the center was delimited in the acquired maps (Fig. 1). Typical box size was 20-40 nm in width and 50-90 nm in length and the amount of inhibitor elements was measured in this box. Then the amount of inhibitor found in WC grains in the close vicinity of the grain boundary was also measured. For V, the quantity in WC grains is tiny, only due to redeposition of the elements during Ar beam milling of the TEM thin foil. For Cr, it is due to redeposition and also to the solubility of Cr in WC [START_REF] Brieseck | Diffusion and solubility of Cr in WC[END_REF]. Carbon was excluded from the analyses as the quantification of light elements is difficult by EDS, so only W and Cr or V elements were considered in the analyses [START_REF] Williams | Transmission Electron Microscopy[END_REF]. Moreover, no corrections of the Cliff-Lorimer factors used by the EDS software or absorption correction were carried out. For the segregation evaluation, only grain boundaries with the habit plane nearly parallel to the electron beam were selected. It allows the composition of the adjacent WC grains to be accurately determined as the redeposition is not uniform on the TEM thin foil. It also limits the effect of thin foil thickness variation on the analysis.

For the calculation, it was assumed that each inhibitor atom in the carbide phase or in the boundary occupies the same volume as a W atom in WC. In the grain boundary, the inhibitor atoms were considered to segregate as a carbide or as a metal. Comparing e.g. the volume of the metastable CrC carbide [START_REF] Delanoë | Cr-rich layer at the WC/Co interface in Cr-doped WC-Co cermets: segregation or metastable carbide?[END_REF] with face centred cubic lattice (fcc) (4 metallic atoms / unit cell, aCrC = 0.410 nm) or of Cr metal with body centred cubic lattice (bcc) (2 atoms / unit cell, aCr=0.2885 nm) with WC (1 W atom /unit cell, aWC = 0.2906 nm, cWC = 0.2837 nm), it corresponds to an overestimate of about 20% for CrC and about 70% for Cr. From the geometry of the box and the measured concentrations of inhibitor elements in the carbide phase (mc) and in the whole box (m), the thickness of the segregation layer, e, is evaluated close to :

e = 𝑙 1 𝑙 2 𝐿 𝑚-𝑚𝑐 1-𝑚𝑐 (Eq. 1)
where l1 and l2 are the width and the length of the box and L is the length of the boundary in the box (Fig. 1).

Figure 1: Drawing of the small box used for segregation width evaluation in the grain boundary.

Results and discussion

Material constitution and microstructure

Before sintering, X-ray diffraction patterns of the milled powder with and without additives only showed WC peaks. Cr3C2 and VC were not detected. After sintering, supplementary -M2C (M = W, Cr) peaks were detected only in the sample prepared with Cr3C2 due to a slightly understoechiometric composition [START_REF] Pötschke | Influence and effectivity of VC and Cr3C2 grain growth inhibitors on sintering of binderless tungsten carbide[END_REF][START_REF] Pötschke | Fundamentals of sintering nanoscaled binderless hardmetals[END_REF][START_REF] Pötschke | Grain growth during sintering of tungsten carbide ceramics[END_REF]. However, the distinction between β and -M2C is complicated, since only very weak peaks mark the differences. However, in samples sintered in the same way consisting of higher amount of M2C (unpublished IKTS study) the -phase could be proven unequivocally. This is in agreement also with the phase diagram [START_REF] Kurlov | Tungsten Carbides: Structure, Properties and Application in Hardmetals[END_REF]. At sintering temperature the phase is stable, the conversion to the low temperature modification β´-W2C is kinetically retarded [START_REF] Kurlov | Neutron and x-ray diffraction study and symmetry analysis of phase transformations in lower tungsten carbide W2C[END_REF]. The microstructure of the samples after the sinter-HIP stage is shown in Fig. 2. FESEM and TEM images as well as the linear intercept measurements done on FESEM images show that both samples have comparable grain size distribution (Fig. 3). As seen in Table 1 the mean WC grain size is 0.23 ± 0.02 µm. However, the d99 values show that in case of VC additions some larger grains are more common compared to Cr3C2 addition. Thus, the grain size measurements conducted on scanning electron microscopy images indicate a more homogeneous microstructure with Cr3C2 addition compared to the sample with VC addition. This is in agreement with TEM images. In both samples, WC grains have a distinctive facetted shape with basal and prismatic habit planes. In the WC sample sintered with Cr3C2, numerous M2C grains were observed in contact with the basal facets of WC grains (Fig. 4). The conducted TEM investigations did not allow a clear distinction between β-and -W2C. However, the ß and  modification are closely related and differ only in the ordering of the C atoms. Therefore the (0001)β-M2C and (0001)-M2C planes are parallel and diagonal of the β-M2C unit cell corresponds to the a lattice parameter of the -M2C unit cell [START_REF] Kurlov | Neutron and x-ray diffraction study and symmetry analysis of phase transformations in lower tungsten carbide W2C[END_REF]. The observed M2C grains adopt a special orientation relationship regarding the adjacent WC grains described as:

(0001)M2C // (0001)WC with [1,1,-2,0]M2C // [1,1,-2,0]WC if the ß-M2C phase is assumed (1) or (0001)M2C // (0001)WC with [1,0,-1,0]M2C // [1,1,-2,0]WC for the ordered -M2C phase (2)

Such an orientation relationship was also observed for the solid state transformation of W2C into WC by carburization of tungsten recently [START_REF] Mühlbauer | Transition of W2C to WC during carburization of tungsten metal powder[END_REF]. In both structures the arrangement of the W atoms in the planes perpendicular to the z-axis corresponds to that of WC. Therefore, an epitaxial growth of M2C on WC is very likely. Differences between the lattice parameters of WC and the corresponding distances in W2C are further reduced with increasing Cr content minimizing the misfit (~1.9%) between both phases [START_REF] Stecher | Untersuchungen im System Chrom-Wolfram-Kohlenstoff[END_REF][START_REF] Gladyshevskiy | The Ternary W-Cr-C System[END_REF]. 

Cr distribution in the material with Cr3C2 grain growth inhibitor

Analytical investigations in the sample were first conducted by STEM/EDS at small magnification. Cr rich areas were easily visible as their size attains 300 nm. They are numerous and dispersed in the material, also sometimes present at triple junctions of grain boundaries (Fig. 5). They correspond to the M2C phase identified by electron diffraction. The amount of Cr in M2C was determined to be close to 20 at%. In WC, a value of about 1.5 at% was found, equal to the maximum Cr solubility measured in WC [START_REF] Brieseck | Diffusion and solubility of Cr in WC[END_REF]. Further analyses were performed in about ten grain boundaries. Cr segregation was observed in all cases (Fig. 6). The thickness of the segregation layer was estimated comparing measurements on and off grain boundaries for the three boundaries in Fig. 6c,d 

V distribution in the material with VC grain growth inhibitor

Investigations of the sample with VC addition reveal the existence of V-rich carbide grains in WC-1 VC. Some of them are very small, less than nm in size. They are mainly located at triple junctions where they form triangular grains (Fig. 7). Their exact structure, i.e. (W,V)C or (W,V)2C, could not be determined due to their small size. The presence of V was investigated in more than twenty grain boundaries, however, no segregation could be detected (Fig. 8). On the other hand, small VC compounds were often found at the triple junctions of grain boundaries sometimes with a size less than a few nanometers. 

Discussion

In this study, it is observed that the distribution of Cr and V in binderless carbides differs. In the specimen sintered with Cr3C2, (Cr,W)2C phase in addition to WC is found and is homogeneously distributed in the material. Previous investigations carried out on heating the WC-1 Cr3C2 carbide have shown that the (W,Cr)2C phase appears at about 1000°C while the Cr3C2 phase disappears above 1200°C [START_REF] Pötschke | Grain growth inhibition of hardmetals during initial heat-up[END_REF]. These experimental findings are supported by thermodynamic calculations in the ternary C-Cr-W system as illustrated by the existence of a three-phase field WC-(W,Cr)3C2-(Cr,W)2C in the isothermal section at 1000°C (Fig. 9a). However, the formation of (W,Cr)2C would be only thermodynamically possible at this temperature if a C-deficit exists. These observations are also in agreement with Cr3C2/WC diffusion couple experiments carried out between 1550°C and 1750°C showing that a (W,Cr)2C layer forms in the solid state at the contact between Cr3C2 and WC [START_REF] Brieseck | Diffusion and solubility of Cr in WC[END_REF]. Comparison of the carbide constitution with phase diagram data indicates that the initial composition of WC-1 Cr3C2 is close to the two-phase field {WC + (W,Cr)2C} at 1900°C (Fig. 9b). Moreover, assuming some carbon loss occurring during the sintering stage would shift the composition inside the two-phase field in agreement with the present results. The observed epitaxy orientation of (W,Cr)2C compounds on the basal facets of WC grains likely results from the solid state reaction between WC and Cr3C2 or from a diffusion-induced recrystallization process occurring in (W,Cr)2C grains [START_REF] Yoon | Theories and observations of chemically induced interface migration[END_REF][START_REF] Hartung | Interdiffusion and reaction of metals: the influence and relaxation of mismatch-induced stress[END_REF]. The enrichment in W atoms of (W,Cr)2C grains upon heating could induce high elastic stresses leading to the recrystallization of stress-free grains with low interface energy with WC as was observed for Co in WC-Co cemented carbides sintered in the solid-state [START_REF] Bounhoure | Discussion of nonconventional effects in solid-state sintering of cemented carbides[END_REF][START_REF] Bounhoure | Effect of C content on the microstructure evolution during early solid state sintering of WC-Co alloys[END_REF]. In addition to the formation of (W,Cr)2C, Cr segregation with a thickness of about 1-1.5 monolayer is found at WC grain boundaries. The observation of (W,Cr)2C phase homogeneously distributed in the material and Cr grain boundary segregation suggests two mechanisms for grain growth inhibition. On one hand, (W,Cr)2C phase has numerous interfaces with WC grains which decreases the amount of WC/WC grain boundaries. Moreover, the interfaces of (W,Cr)2C with basal facets of WC grain have a low energy which should stabilize them. Additionally a pinning effect (Zener model) could be assumed, which is known to be effective for nanoinclusions of a secondary phase [START_REF] Rahaman | Sintering of ceramics[END_REF]. The presence of (W,Cr)2C phase should therefore limit grain growth. On the other hand, Cr segregation could restrict WC/WC grain boundary migration by a drag effect [START_REF] Cahn | The impurity-drag effect in grain boundary motion[END_REF] or by decreasing their energy [START_REF] Kirchheim | Grain coarsening inhibited by solute segregation[END_REF]. In the specimen sintered with VC, both WC and V-rich carbide phases are found after sintering. According to the calculated isothermal section at 1000°C only (W,V)C compound is expected in the solid state at the contact between VC and WC carbides (Fig. 9c). The initial composition of the studied carbide lies close to the {WC + (W,V)C} two-phase field at 1900°C (Fig. 9d). Assuming a loss of carbon during the sintering stage would shift the composition in this two-phase field in agreement with the observed constitution of the carbide. No V solubility is expected in WC while W has a high solubility in (V,W)C phase having also a broad homogeneity area with respect to the carbon content [START_REF] Rudy | Untersuchung im System Vanadin-Wolfram-Kohlenstoff[END_REF][START_REF] Huang | Binderless WC and WC-VC materials obtained by pulsed electric current sintering[END_REF]. Therefore, even assuming some carbon losses no M2C phase formation would be expected. The size of the V-rich carbide grains observed at triple junctions is much smaller than the initial VC powder, probably due to powder milling. The preferred location of the V-rich carbide grains at triple junctions likely arises from grain rearrangement and diffusion during the sintering process. Moreover, no V grain boundary segregation was detected. The grain growth inhibiting effect of VC addition could be due to the presence of nanometric V-rich carbides at triple junctions of grain boundaries. They likely hinder grain boundary migration by anchoring the triple junctions. As their distribution is uneven in the specimen, grain growth could happen for some grains, resulting in a less homogeneous microstructure than for materials with Cr addition.

It is interesting to compare Cr and V grain boundary segregation in binderless tungsten carbide and tungsten carbide based hardmetals. On one hand, in binderless tungsten carbide, only Cr segregates in WC grain boundaries. On the other hand, in WC-Co alloys, V and Cr segregate together with Co [START_REF] Yamamoto | High resolution transmission electron microscopy study in VC-doped WC-Co compound[END_REF][START_REF] Yamamoto | High resolution microscopy study in Cr3C2-doped WC-Co[END_REF] and it was observed that they replace about 1/3 of Co atoms in grain boundaries [START_REF] Weidow | Grain and phase boundary segregation in WC-Co with small V, Cr or Mn additions[END_REF]. These observations emphasize the effect of Co in the grain boundary segregation of V in WC-Co alloys.

Conclusion

Chemical investigations at the nano-scale of binderless WC allow some assumptions on grain growth inhibition mechanisms for Cr and V to be proposed. In WC with Cr3C2 addition, Cr grain boundary segregation was observed along with numerous small (W,Cr)2C grains distributed in the carbide. Cr segregation could limit grain growth by exerting a drag effect on grain boundary or by lowering their energy. The numerous (W,Cr)2C grains distributed in the carbide could also impede grain growth by decreasing the amount of WC grain boundaries or by pinning effect. In binderless WC with VC addition, no grain boundary segregation could be detected, but nanometric V-rich carbide grains were observed in most grain boundary triple junctions. In this material, grain growth restriction could be due to the anchoring of triple junctions by these small V-rich carbides.
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 2 Figure 2. FESEM (a and b) and TEM (c and d) images of binderless WC sintered with (a,c) Cr3C2 and (b,d) VC.

Figure 3 .

 3 Figure 3. Grain size distribution as distribution density (frequency per grain size class) and cumulative distribution (∑ grains smaller than current grain size class) for WC-1 Cr3C2 and WC-1 VC samples

Figure 4 .

 4 Figure 4. TEM image of binderless WC-1 Cr3C2. (a) WC grain viewed along [1,1,-2,0] direction, diffraction pattern of (b) the WC grain, (c) the M2C phase with indexing according to the -M2C phase

Figure 5 .

 5 Figure 5. STEM/EDS investigations in the carbide with Cr3C2 additive. (a) General image and corresponding (b) Cr, and (c) W elemental maps. (d) Detailed view at a triple junction between WC grains and corresponding (e) Cr, and (f) W elemental maps.

  . The calculation gives an estimate of the film width of 0.31-0.41 nm. These widths are equivalent to 1.3-1.7 monolayer (ML) of CrC or 1.8-2.4 ML of Cr, by defining 1 ML as equal to the spacing between (111) atomic planes of CrC or Cr.

Figure 6 .

 6 Figure 6. Cr segregation in grain boundaries of binderless WC with Cr3C2 additive. (a,b) Image and Cr elemental map of grain boundaries with M2C phase arrowed at the triple junctions. (c,d) Image and Cr elemental map of grain boundaries without M2C phase at the triple junction.

Figure 7

 7 Figure 7 Analyses in binderless carbide with VC addition. (a,d) Image of the sample and corresponding (b,e) V, (c,f) W elemental maps.

Figure 8 .

 8 Figure 8. Image of grain boundary triple junctions and corresponding elemental V maps in binderless WC-1 VC: (a,b) with and (c,d) without a small V rich compound at the triple junction where (b) and (d) are mapping of V element. No V segregation is visible in the grain boundaries.

Figure 9 .

 9 Figure 9. Isothermal sections of W-C-Cr (a-b)and W-C-V (c-d) systems at 1000°C and 1900°C calculated using the Thermo-Calc software (version 2019a)[START_REF] Sundman | The thermocalc databank system[END_REF] and SGSOL database (version 2019)[START_REF]SGSOL Solution Database, version[END_REF].

Table 1 :

 1 Results of linear intercept measurements on FESEM images for WC-1 VC and WC-1 Cr3C2 (dwc arithmetic average WC grain size)

	GGI addition	dWC	Standard	d10	d50	d90	d99
	wt-%	µm	deviation µm	µm	µm	µm	µm
	1 VC	0.25	0.19	0.07	0.19	0.48	1.03
	1 Cr3C2	0.21	0.15	0.06	0.17	0.41	0.74
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