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Pearlitic steel wires are cold-drawn in order to attain high strength from the alignment of the pearlite colonies along the wire axis, as well as achieve a considerable reduction in the thickness of the ferrite lamellae. However, this high level of stress, in addition to surface defects and residual stresses, drastically decreases the strain ductility in tension and often in torsion. A significant limitation in torsion is the nucleation and growth of delamination cracks which propagate along the wire. Although this fracture phenomenon has long been studied, its origin and the underlying mechanisms remain debatable. This paper presents new microstructure investigations of drawn wires during torsion. The stages of initiation and propagation are defined towards a chronology of the development phases of delamination cracks based on the study of the microstructure of cold-drawn pearlitic steel wires before and after torsion. The curling of the grains leads to the creation of long grooves on the surface of the wire. These grooves increase stress concentration during twisting, thus localizing the formation of shear bands. Deformation and strain rate are so high in these bands that nanograins (10 to 30 nm) are formed. The delamination then appears to be mainly due to the localization of the single-shear deformation along the wire axis with mainly intergranular crack propagation.

Introduction

Pearlitic steel is commonly used to process strong wires for cables. Wire rod is cold-drawn, which hardens the final wire up to 7 GPa for the highest-drawing reductions [START_REF] Embury | The structure and properties of drawn pearlite[END_REF][START_REF] Raabe | Metallic composites processed via extreme deformation: Toward the limits of strength in bulk materials[END_REF][START_REF] Li | Evolution of strength and microstructure during annealing of heavily cold-drawn 6.3 GPa hypereutectoid pearlitic steel wire[END_REF][START_REF] Li | Segregation stabilizes nanocrystalline bulk steel with near theoretical strength[END_REF]. The resulting mechanical strength makes pearlitic wires essential components for structural engineering applications such as suspension bridge cables, tire cords, and springs. With a near eutectoid composition, pearlite is a composite of parallel ferrite and cementite lamellae, organized in colonies defined by a single ferrite crystallographic orientation and one orientation of the cementite lamellae [START_REF] Takahashi | Microstructures dominating ductility of eutectoid pearlitic steels[END_REF][START_REF] Pickering | The effect of transformation temperature and prior austenite grain size on the pearlite colony size in vanadium treated pearlitic steels[END_REF][START_REF] Bramfitt | A transmission-electron-microscopy study of the substructure of high-purity pearlite[END_REF][START_REF] Walentek | Electron backscatter diffraction on pearlite structures in steel[END_REF][START_REF] Li | Nucleation of austenite from pearlitic structure in an Fe-0.6C-1Cr alloy[END_REF].

During cold-drawing, pearlite colonies deform with most lamellae parallel to the direction in which the wire is drawn [START_REF] Langford | A study of the deformation of patented steel wire[END_REF][START_REF] Langford | Deformation of pearlite[END_REF][START_REF] Toribio | Effect of cumulative cold drawing on the pearlite interlamellar spacing in eutectoid steel[END_REF][START_REF] Zhang | Evolution of cementite morphology in pearlitic steel wire during wet wire drawing[END_REF][START_REF] Zhang | Hierarchical structures in cold-drawn pearlitic steel wire[END_REF]. The deformation of ferrite results in a noticeable texture evolution, by which <110> axes progressively rotate toward the wire axis [START_REF] Liu | Influence of microstructures and textures on the torsional behavior of pearlitic wires[END_REF][START_REF] Yang | Effect of cumulative strain on texture characteristics during wire drawing of eutectoid steels[END_REF][START_REF] Zidani | Deformation textures in wire drawn perlitic steel[END_REF][START_REF] Liu | Fiber texture evolution of ferrite wires during drawn-torsion and drawn-annealing-torsion process[END_REF][START_REF] Gondo | Relationship between mesoscale structure and ductility of drawn high carbon steel wire[END_REF]. This evolution mostly leads to a <110> fiber texture while, for specific process parameters (some association of die angles and drawing reductions, for example), a <110> cyclic texture is reported for a fraction of the wire radius [START_REF] Liu | Influence of microstructures and textures on the torsional behavior of pearlitic wires[END_REF][START_REF] Kanetsuki | Influence of texture on the torsional deformation behavior of drawn pearlitic carbon steel wires[END_REF][START_REF] Montesin | Evolution of crystallographic texture in thin wires[END_REF][START_REF] Zelin | Microstructure evolution in pearlitic steels during wire drawing[END_REF]]. An axisymmetric drawing strain was deemed to require too large a plastic work in <110> grains. Thus, an intragranular plane strain, combined with a supplementary bending of the grain, is preferred to accommodate the macroscopic strain tensor [START_REF] Hosford | Microstructural changes during deformation of [011] fiber-textured metals[END_REF]. This mechanism leads to grain curling in the wire crosssection, giving rise to an intricate microstructure sometimes called "Van Gogh's skies" [START_REF] Montesin | Evolution of crystallographic texture in thin wires[END_REF][START_REF] Gil Sevillano | Ciels de Van Gogh et propriétés mécaniques[END_REF]. For large drawing reduction, cementite partly dissolves, and ferrite is oversaturated in carbon in solid solution [START_REF] Languillaume | Cementite dissolution in heavily cold drawn pearlitic steel wires[END_REF][START_REF] Lamontagne | Comparative study and quantification of cementite decomposition in heavily drawn pearlitic steel wires[END_REF][START_REF] Borchers | Cold-drawn pearlitic steel wires[END_REF][START_REF] Guelton | Strain-induced dissolution of cementite in cold-drawn pearlitic steel wires[END_REF]. Dissolution starts in 'badly' oriented pearlite colonies, for which the initial orientation of the cementite lamellae is nearly perpendicular to the wire rod [START_REF] Zhang | Evolution of cementite morphology in pearlitic steel wire during wet wire drawing[END_REF][START_REF] Nam | Void initiation and microstructural changes during wire drawing of pearlitic steels[END_REF]. At a very large strain, dynamic recovery of ferrite and cementite dissolution favor the decomposition of the pearlite microstructure in refined ferrite grains with high carbon content. Carbon is mainly segregated at the grain boundaries [START_REF] Herbig | Atomic-scale quantification of grain boundary segregation in nanocrystalline material[END_REF][START_REF] Li | Mechanisms of subgrain coarsening and its effect on the mechanical properties of carbonsupersaturated nanocrystalline hypereutectoid steel[END_REF].

Beyond these microstructural evolutions, drawing generates high residual stresses and long grooves on the wire surface along the drawing direction [START_REF] Lefever | Modeling of the delamination of high strength steel wire[END_REF][START_REF] Shinohara | Deformation analysis of surface flaws in stainless steel wire drawing[END_REF][START_REF] Lee | Process design of multi-stage wet wire drawing for improving the drawing speed for 0.72 wt% C steel wire[END_REF]. During subsequent tension of a drawn wire, the combination of heterogeneous internal stresses along the wire radius, elongated pearlite microstructure, decrease of the interlamellar spacing, and carbon oversaturation of ferrite, all induce high yield stress and a smooth and long elasto-plastic transition [START_REF] Phelippeau | Cold drawn steel wiresprocessing, residual stresses and ductility-part I: metallography and finite element analyses[END_REF][START_REF] Toribio | Tensile fracture behavior of progressively-drawn pearlitic steels[END_REF][START_REF] Durgaprasad | Microstructures and mechanical properties of as-drawn and laboratory annealed pearlitic steel wires[END_REF][START_REF] Zhao | Non-monotonic radial distribution of tensile yielding in cold-drawn pearlitic wire[END_REF]. As the work-hardening is very low due to the large plastic strain undergone by the wire, the high tensile stress dramatically reduces the total elongation in tension. It is no more than 2 to 3% for 3.5 drawing strain [START_REF] Phelippeau | Cold drawn steel wiresprocessing, residual stresses and ductility-part I: metallography and finite element analyses[END_REF][START_REF] Toribio | Tensile fracture behavior of progressively-drawn pearlitic steels[END_REF][START_REF] Durgaprasad | Microstructures and mechanical properties of as-drawn and laboratory annealed pearlitic steel wires[END_REF][START_REF] Zhao | Non-monotonic radial distribution of tensile yielding in cold-drawn pearlitic wire[END_REF][START_REF] Zhang | Microstructure and strengthening mechanisms in cold-drawn pearlitic steel wire[END_REF][START_REF] Zhou | Torsion delamination and recrystallized cementite of heavy drawing pearlitic wires after low temperature annealing[END_REF]. However, the fracture surface is still characteristic of a ductile fracture with a dimpled facies [START_REF] Toribio | Tensile fracture behavior of progressively-drawn pearlitic steels[END_REF][START_REF] Zok | On the analysis of delamination fractures in high-strength steels[END_REF].

The torsion behavior is much better than tension, with large strain before fracture. This ductility allows for cabling drawn wires [START_REF] Zhou | Torsion delamination and recrystallized cementite of heavy drawing pearlitic wires after low temperature annealing[END_REF][START_REF] Van Raemdonck | Torsion tests as a tool for high strength wire evaluation[END_REF][START_REF] Yang | Nanostructure and mechanical properties of heavily colddrawn steel wires[END_REF][START_REF] Hu | Origin and mechanism of torsion fracture in cold-drawn pearlitic steel wires[END_REF]. The rupture is ductile with a flat fracture surface for moderate drawing ratios and medium carbon content (close to eutectoid point) [START_REF] Van Raemdonck | Torsion tests as a tool for high strength wire evaluation[END_REF][START_REF] Yang | Nanostructure and mechanical properties of heavily colddrawn steel wires[END_REF][START_REF] Hu | Origin and mechanism of torsion fracture in cold-drawn pearlitic steel wires[END_REF][START_REF] Das | Failure analysis of motor tire bead wires during torsion test[END_REF]. However, under some circumstances, a delamination crack initiates along the wire during torsion and propagates along the wire axis leading to a helical fracture surface [START_REF] Lefever | Modeling of the delamination of high strength steel wire[END_REF][START_REF] Van Raemdonck | Torsion tests as a tool for high strength wire evaluation[END_REF][START_REF] Yang | Nanostructure and mechanical properties of heavily colddrawn steel wires[END_REF][START_REF] Das | Failure analysis of motor tire bead wires during torsion test[END_REF][START_REF] Godecki | Phenomena associated with the torsional deformation of steel wires[END_REF][START_REF] Bae | Effect of interlamellar spacing on the delamination of pearlitic steel wires[END_REF][START_REF] Shimizu | Fracture mechanics aspects of delamination occurrence in highcarbon steel wire[END_REF]. Though many works have been dedicated to this problem, the origin and propagation mechanisms of delamination are yet to be fully understood. Some authors assume that delamination cracks initiate at small holes on the wire surface coming from the intersection of shear bands [START_REF] Lefever | Modeling of the delamination of high strength steel wire[END_REF][START_REF] Van Raemdonck | Torsion tests as a tool for high strength wire evaluation[END_REF]. It is also reported that cracks originate at internal delamination under the wire surface [START_REF] Hu | Origin and mechanism of torsion fracture in cold-drawn pearlitic steel wires[END_REF]. The propagation mechanism is also under debate.

A common approach is to evaluate the local stresses, including residual hoop stress, in the fracture mechanics frame [START_REF] Lefever | Modeling of the delamination of high strength steel wire[END_REF][START_REF] Van Raemdonck | Torsion tests as a tool for high strength wire evaluation[END_REF][START_REF] Shimizu | Fracture mechanics aspects of delamination occurrence in highcarbon steel wire[END_REF][START_REF] Goes | Fragmentation of as-drawn pearlitic steel wires during torsion tests[END_REF]. Although, this can be criticized for very thin wires (diameter equal to or less than a few hundreds of micrometers). The fact that the surface of Delamination mechanism delamination cracks is relatively smooth with large flat plateaus and the rapid crack propagation along the wire axis led to the assumption that the rupture is mostly by cleavage [START_REF] Shimizu | Fracture mechanics aspects of delamination occurrence in highcarbon steel wire[END_REF]. This assumption could be reinforced by observing the fracture surface of a CT sample taken from an HPT deformed pearlite [START_REF] Shimizu | Fracture mechanics aspects of delamination occurrence in highcarbon steel wire[END_REF]: The fracture surface follows the highly deformed pearlite microstructure. This could also explain the negative influence of a circular texture, which gives rise to a majority of {111} cleavage planes parallel to the radial longitudinal planes of the wire [START_REF] Liu | Influence of microstructures and textures on the torsional behavior of pearlitic wires[END_REF]. However, other experimental facts contradict this mechanism. For instance, a recent study proves that delamination cracks are associated with a thin layer of fine grains [START_REF] Tanaka | Nature of delamination cracks in pearlitic steels[END_REF]. Comparison with large shear strain under high-pressure torsion leads to the conclusion that it results from severe local plastic deformation. It is assumed that the finegrained regions developed first during the torsion test. Then, delamination crack propagates through these regions, though this has not been proved directly.

This paper aims to understand further the initiation and propagation of delamination cracks during the torsion of a cold-drawn pearlitic wire. For comparison, two wires are studied: one giving rise to a regular behavior in torsion, the other displaying a delamination fracture. The microstructure is analyzed after cold-drawing, then local observations of the intragranular structure are performed during torsion, close to the wire surface and near stable and unstable cracks. FIB techniques in SEM allowed preparing thin foils, which are characterized by TEM and automated crystallographic orientation mapping coupling with precession (PACOM). After a description of the experimental procedures and the presentation of the main results, a discussion presents new hypotheses for delamination crack initiation and propagation mechanisms.

Experimental Procedure

Pearlitic steel wires (chemical composition in Table 1) were cold-drawn from a 1.73 mm diameter to 0.30 mm, up to a true strain of 3.5. The wires were coated with a thin layer of brass to improve lubrication during drawing. Two drawing schedules were imposed: the section reduction was the same at each drawing pass for both. It corresponded to a true strain between 0.13 and 0.17, accounting for the actual dispersion of an industrial process.

For samples labeled 'ND-samples', the last step with a 0.02 true strain was added to the regular schedule. This is well-known for reducing the level of the residual stresses in longitudinal and hoop directions [START_REF] Willemse | Effect of small drawing reductions on residual surface stresses in thin cold-drawn steel wire, as measured by X-Ray diffraction[END_REF]. The other samples, without the final low reduction pass, are labeled 'D-samples'. Torsion tests were performed on a specific laboratory machine equipped with a torque sensor. Its capacity was up to 0.225 kg.m 2 .s -2 with an accuracy of 5.10 -4 kg.m 2 .s -2 . The shear strain γ is calculated from the twist angle θ and the wire length L:

= ( 1 
)
where r is the wire radius.

The current shear stress τ at a radius r is deduced from the measured torque T [START_REF] Bailey | Fundamental aspects of torsional loading[END_REF]:

Delamination mechanism = 3 + (2)
The torsion rate is estimated to be 0.6 s -1 .

SEM observations were performed either with a LEO GEMINI 1530 or with a FEI Helios 660, both equipped with an EBSD system from EDAX. The orientation imaging analysis was performed with TSL OIM Analysis. For EBSD analyses, transverse and longitudinal sections of wires were mechanically polished, then with a JEOL Cross Section Polisher. EBSD acquisitions were performed at a tension of 15 kV and an intensity of 0.8 nA. The step size was set between 10 and 20 nm.

FEI Helios ion beam enabled the TEM sample preparations. For observations close to a crack tip, the samples were prepared following the process previously described [START_REF] Lozano-Perez | A guide on FIB preparation of samples containing stress corrosion crack tips for TEM and atom-probe analysis[END_REF]: The crack tip was protected with a Pt layer, then a slice containing the crack was removed from the bulk and thinned.

Crystallographic orientation mappings were obtained using the precession assisted crystal orientation mapping technique. Maps and bright-field images were acquired on TEM samples with a Tecnai F20 using a NanoMEGAS ASTAR system [START_REF] Rauch | Coupled microstructural observations and local texture measurements with an automated crystallographic orientation mapping tool attached to a TEM[END_REF]. The acquisition step was between 3 and 6 nm with a spot size of 7, which corresponds to a beam size of 3 to 4 nm.

Results

Microstructure of cold-drawn wires

As commonly reported, a large drawing reduction aligns the pearlitic colonies along the wire axis. A complex microstructure with curled grains develops in the cross-section. The local disorientation, the large density of dislocations, and the high level of internal stresses complicate an EBSD analysis: many pixels cannot be accurately indexed. However, the microstructure within a longitudinal section of the drawn wire is regular enough to be analyzed with conventional EBSD techniques [START_REF] Zhang | Hierarchical structures in cold-drawn pearlitic steel wire[END_REF][START_REF] Guo | Microstructure and texture evolution in fully pearlitic steel during wire drawing[END_REF][START_REF] Jamoneau | Measurement of texture gradient in heavily cold-drawn pearlitic wires[END_REF]. The IPF map along the wire axis (zaxis) highlights that a large majority of grains have a <110> direction parallel to the axial axis, and few grains belong to the <112>//z component (Figure 1.a). At a drawing strain of 3.5, the grain diameter lies between 200 and 500 nm in the radial direction, their length being a few micrometers.

Statistical information is obtained if the EBSD map is large enough or several maps are averaged along the wire axis. This allows for pole figures to be calculated. {001} and {011} pole figures reveal a strong <110> texture (Figure 1.c). It cannot be deduced from these results if this is a fiber or a cyclic texture. However, since the measurements are made in the center of the wire, a <110> fiber texture may be assumed [START_REF] Guo | Microstructure and texture evolution in fully pearlitic steel during wire drawing[END_REF][START_REF] Zhao | Crystallographic texture difference between center and sub-surface of thin cold-drawn pearlitic steel wires[END_REF].

In the cross-section, the microstructure is wavy and intricate at large drawing strains. The local crystallographic orientation (Figure 2) is measured by scanning nanobeam and collected on Precession electron diffraction (PED) patterns. A cross-correlation comparison is made with simulated diffraction (ASTAR). Though the investigated area is much smaller than EBSD maps, the ribbon-like curled structure is evidenced: In the center of Figure 2.b, the Sshape grain (noted 'S'), with <101> parallel to the wire axis, is a typical example. The cementite lamellae are then bent to parallel the grain boundary as already observed [START_REF] Fang | Microstructure and mechanical properties of cold-drawn pearlitic wires affect by inherited texture[END_REF] (Figure 2.a). The ribbons formed in the cross-section by these grains have an average length between 0.5 and 1 µm and a width between 50 and 150 nm. If the crystallographic Delamination mechanism orientation along the wire axis is quite constant within these grains, it seems that a {112} plane lies parallel to the longest boundary (Figure 2.c). This leads to a 30° disorientation along the S-grain length. Few grains, as the one noted 'A' in Figure 2.b, get away from the main <110> texture and are less likely to curve. However, their shape is far from equiaxed. It probably results from the constraints imposed by their neighboring <110> grains. Nevertheless, the orientation is rather homogeneous within the entire grain.

In some locations, large-angle disorientation is measured between neighboring elongated grains. Few nanograins, 30 to 100 nm in size, sometimes decorates the grain boundaries (see, for instance, area 'B' in Figure 2.c) and delineates a kind of 'kink band' crossing through the microstructure. A premise of such a microstructure can be evidenced in Langford's early work (see, for instance, Figure 4.E in [START_REF] Langford | A study of the deformation of patented steel wire[END_REF]) though it is mostly subgrains rather than grain, probably due to a smaller drawing strain.

Since curling affects the entire cross-section, it must lead to irregularities at the surface.

Depending on the grain curvature, curling creates protrusions and intrusions (Figure 3). Since grains are largely elongated along the wire axis, they are probably related to the longitudinal grooves observed on the wire surface after drawing. The microstructure has distinct similarities to cross-section observations along the wire central axis below the wire surface.

However, under a sharp groove, grain curling is so localized and intense in <110> grain that a kink develops along the radial direction with several nanograins or subgrains (see area 'A' in Figure 3). The disorientation between from either side of the kink is about 60°. It probably comes from a groove, resulting from surface grain curling, which closed under the local compressive hoop stress at the wire surface during a next drawing pass [START_REF] Shinohara | Deformation analysis of surface flaws in stainless steel wire drawing[END_REF]. Delamination mechanism 

Torsion behavior 3.2.1. Mechanical behavior

After cold-drawing up to 3.5, ND-and D-samples were both deformed in torsion. Even after a large amount of cold-drawing, pearlitic wires still have a good ability to be twisted before fracture. The torque -strain curve for ND-sample is a perfect illustration of this behavior (Figure 4). The torsion's initial behavior is nearly the same for both samples: same shear modulus and yield stress. The influence of residual stresses, which results from the last pass, Delamination mechanism does not seem to affect the elastoplastic domain.

For D-sample, which did not experience the last pass with a low reduction, the torque drops sharply after the macroscopic yield stress. The behavior is typical of the delamination occurrence [START_REF] Zhou | Torsion delamination and recrystallized cementite of heavy drawing pearlitic wires after low temperature annealing[END_REF][START_REF] Van Raemdonck | Torsion tests as a tool for high strength wire evaluation[END_REF][START_REF] Hu | Origin and mechanism of torsion fracture in cold-drawn pearlitic steel wires[END_REF]: The sudden torque decrease corresponds to the crack propagation through the entire wire cross-section. The long plateau at a rather constant torque is associated with the delamination crack propagation along the wire axis. Finally, the torque increase after the plateau comes from the twist of the two-half wires and, in this way, is no longer representative of the actual behavior. The important consequence to remember is that the torque drop denotes the irreversible damage of the wire. 

Wire surface

After cold-drawing, parallel longitudinal grooves are visible at the wire surface (Figure 5.a).

Their frequency and intensity depend on the drawing conditions as line speed or crosssection reduction [START_REF] Lefever | Modeling of the delamination of high strength steel wire[END_REF][START_REF] Lee | Process design of multi-stage wet wire drawing for improving the drawing speed for 0.72 wt% C steel wire[END_REF]. Though their origin is still under debate, they offer a helpful marker to quantify the amount of torsion and its homogeneity along the sample length.

After 0.1 torsion strain, they are more pronounced than after cold-drawing, torsion increasing the intensity of the wire's surface roughness (Figure 5).

Even in the ND-sample, which does not delaminate during torsion, several cracks are observed beneath the wire surface (Figure 6). They systematically originate from a steel groove at the wire surface, filled with brass used for coating. Though the pearlitic microstructure is lightly revealed at high magnification (Figure 6.a), their relationship with the grain curling at the wire surface (Figure 3) is not straight. In this sample, the crack growth is stable: Its average length slightly grows up from 5 µm at a strain of 0.1 to 20 µm at a torsion strain of 0.3 (Figure 6.b). These cracks do not lead to rupture, the fracture surface after torsion being flat within the wire cross-section. Delamination mechanism The light grey layer and spots at the wire surface are residual traces of brass coating after cold drawing.

Subsurface microstructure

After torsion, the subsurface microstructure is observed by TEM. Thin foils are machined by FIB in the wire cross-section. ND-sample is twisted to 0.2, whereas D-sample is twisted to 0.06. These strain levels are the macroscopic ones, without considering local phenomenon ahead grooves or cracks.

In ND-sample twisted up to an applied strain of 0.2, the ribbon curled structure, inherited from drawing, is still visible with a main <110> component (Figure 7.a). Within most of the <110> grains, the orientation is less homogeneous than after drawing. This is mainly visible for the hoop direction (Figure 7.b). During torsion, new boundaries develop with an angle larger than 15°. They delineate fine grains that align along a wire radius below the groove (Figure 7.a). These fine grains, slightly elongated and curled, have a length between 200 and 500 nm. Their width is almost the same as after drawing.

In D-sample, twisted up to an applied strain of 0.06 in torsion, a thin foil was cut normally to a groove, close to an unstable crack and ahead of a shear band (Figure 8 

Stable and delamination cracks

To further understand crack initiation and growth during torsion, cross-section observations are performed in the cross-section of ND-sample after a torsion strain of 0.2, along a stable Additional observations were made on a delamination surface to check any difference with the microstructure along a stable crack. D-sample was twisted to the torque drop (Figure 4), which corresponds to the unstable propagation of a longitudinal crack through the wire cross-section, at least until the mid-diameter. A reverse torsion was then applied until the complete fracture, which occurs right at the plasticity onset. The fracture surface is shown in 

Maps (c) and (d) are enlargement of the area close to the stable cracks, white zones in the TEM image (e) (the map location corresponds to the red rectangle in (a)). (GB = 15°, IPF is superimposed with image quality)

. ). However, it is also clear that the orientations of the nanograins are diverse. These different findings confirm former observations [START_REF] Tanaka | Nature of delamination cracks in pearlitic steels[END_REF] and make visible a presumed microstructure that was unresolved by EBSD.

It can then be concluded that the microstructure along a delamination crack in D-sample (Figure 13.a) is very similar to the microstructure along stable cracks in ND-sample (Figure 10):

-a thin layer of nanograins decorating the crack surface;

-the same size of nanograins;

-large disorientation between nanograins compared to the main texture;

-and, outside of the nanograin domain, a persistence of the curled microstructure inherited to the cold drawing.

These are strong indications that the same mechanism occurs for stable and delamination cracks. This also prove that the nanograin bands exist before the appearance of cracks. Delamination mechanism 

Discussion

Deformation mechanisms 4.1.1. Cold-drawing

The origin of grain curling during cold-drawing of pearlitic wire is well documented in the literature since the seminal work by [START_REF] Langford | A study of the deformation of patented steel wire[END_REF][START_REF] Langford | Deformation of pearlite[END_REF][START_REF] Hosford | Microstructural changes during deformation of [011] fiber-textured metals[END_REF][START_REF] Gil Sevillano | Ciels de Van Gogh et propriétés mécaniques[END_REF]. It results from an intense <110> texture, which favors four equivalent slip systems during drawing. The fifth one, needed to accommodate the imposed strain tensor, required high deformation energy, as evidenced by a large value of the Taylor factor for the <110> grains [START_REF] Hosford | Microstructural changes during deformation of [011] fiber-textured metals[END_REF]. Figure 14 clearly highlights this point: A Taylor simulation is done for the crystallographic orientations of the grains observed in Figure 2, assuming that the strain tensor imposed in each grain is strictly equal to the macroscopic drawing strain tensor (Figure 14.a). The curled grains ((e.g., grain 'S' in Figure 14.a) have a Taylor factor equal to or higher than 4.3. The only grain with the lowest Taylor factor (grain 'A' in blue in Figure 14.a) has, in fact, a different orientation. From Figure 2.b, it appears to be close to <100>//z and <012>//r orientation. The almost rectangular shape of grain 'A' indicates that deformation is mostly imposed by the surrounding grains.

Plane strain conditions are fulfilled when only two slip systems among the four equivalent ones are active within the <110> grains. Two different Taylor simulations can thus be Delamination mechanism performed for two plane strain tensors rotated by π/2 in the wire cross-section. Figures 14.b

and c compare the Taylor factor for the two simulations and show that the <110> grains divide into 'soft' and 'hard' orientations (resp. blue and red colors). The accommodation of the imposed strain is then completed by a rigid body rotation, which requires much less energy than five slip systems simultaneously active. Grains are less constrained at the wire surface. Therefore, they have more freedom to bend, creating bumps and grooves, as seen in Figure 3. Since grains are elongated after several drawing passes, this creates long groves along the wire surface. Subsequent passes generated a hoop compression on the groove edges, which leads to a localized kink within some <110> grains (Figure 3.b). This mechanism probably results in the fragmentation of the cementite lamellae within the kink band and in the formation of tilt sub-boundaries, as observed in the area 'A' in Figure 3.a).

Torsion behavior of cold-drawn wires

Equations ( 1) and ( 2) allow for computing the shear stress -shear strain curve at the wire surface from the torque -strain data. This yields more accurate information about the mechanical behavior of drawn wires under torsion (Figure 15). Oscillations at large strain mostly result from the torque derivation in Eq. ( 2). Though the ND sample does not delaminate during torsion, a stress peak is observed right after the yield stress (Figure 15). It comes from the change of strain path from drawing to torsion [START_REF] Lefever | Modeling of the delamination of high strength steel wire[END_REF][START_REF] Van Raemdonck | Torsion tests as a tool for high strength wire evaluation[END_REF]. Since drawing imposed a strong microstructural anisotropy of the ferrite (texture and dislocation microstructure) and the alignment of cementite lamellae along the wire axis, the cross-effect resulting from the strain path change is maximum [START_REF] Zhao | Non-monotonic radial distribution of tensile yielding in cold-drawn pearlitic wire[END_REF][START_REF] Schmitt | A parameter for measuring the magnitude of a change of strain path: validation and comparison with experiments on low carbon steel[END_REF]. Delamination mechanism Due to the longitudinal anisotropy of the drawn wire at the onset of plasticity, shearing along the wire axis is much easier than shearing in the cross-section. The torsion is then accommodated by simple shear and a rigid body rotation [START_REF] Liu | Fiber texture evolution of ferrite wires during drawn-torsion and drawn-annealing-torsion process[END_REF]. The microstructure observations show that this mechanism is strongly heterogeneous. The results in Figure 9 evidence this. The groove inclination corresponds roughly to a local shear strain of 0.56, whereas the applied strain is equal to 0.06 because of the localization of torsion in this zone of the wire length. The pole figures, inside and outside the band, clearly show that the internal slice is, in fact, a localized shear band. This rotation corresponds to a local shear of about 1. Thus, the surface groove delineated a localized shear band, in which the strain is more than five times the imposed macroscopic strain, while the accommodation is obtained by a rigid body rotation on each side. The wire deforms in torsion similar to a deck of cards [START_REF] Liu | Fiber texture evolution of ferrite wires during drawn-torsion and drawn-annealing-torsion process[END_REF][START_REF] Liu | Torsional modelisation of the torsion texture of steel cord[END_REF].

The microstructure along a stable crack in the ND sample gives a second example (Figure 10). A shear band is highlighted, oriented along the wire radius (Figure 11.b). Even if the applied torsion strain is 0.2, the local strain within the shear band is much larger than in the previous case. The pole figures calculated from the grain orientations outside the shear band again confirm a rigid body rotation on each part of the band (Figure 11.a). This induces a large shearing within the band. Moreover, cracks are not related to any specific grain orientation (Figure 11.b and c), which contradicts the hypothesis of a cleavage fracture, sometimes assumed to account for delamination [START_REF] Liu | Influence of microstructures and textures on the torsional behavior of pearlitic wires[END_REF].

Shear band localization and crack propagation

The shear bands can result from geometrical or microstructural reasons. First, the grooves, formed at the wire surface by the curled grains, generate stress concentration. A second hypothesis is that peculiar features of the drawn microstructure locally soften the wire.

The first hypothesis is tested by erasing the grooves at the wire surface after drawing. The As shown above, macroscopic torsion is mainly accommodated by simple shear along the longitudinal direction. It means an easy path for dislocations exists along the wire axis for strain localization. This is achieved by the microstructural alignment along the wire axis. A second softening mechanism is needed to extend the shear band along the radial direction.

Such a propagation seems difficult as the cementite lamellae are mostly parallel to the wire length and could act as strong obstacles to dislocations within the ferrite. However, beneath the most acute grooves, grains are strongly bent (area 'A' in Figure 3.a, for instance), which leads to the breakage of the cementite lamellae and even to a partial dissolution of cementite due to the high local strain [START_REF] Fang | Microstructure and mechanical properties of cold-drawn pearlitic wires affect by inherited texture[END_REF]. This delineated an easy path for simple shear. An additional cause for strain localization comes from grain orientation after drawing. The <110> texture is such that, for an important localized bending, a {112} slip plane is aligned with the radial shear plan induced by torsion. Taylor simulations are performed on the microstructure presented in Figure 3 for a simple shear on a radial plane and parallel to the wire axis. Several grains have a very low Taylor factor (blue grains A, B, and C in Figure 17), Delamination mechanism which means simple shear is easy. Moreover, these grains are aligned along the wire radius (dotted line in Figure 17), which favors shear propagation along this direction.

These different results evidence the preliminary steps of crack formation. Since localized shear bands accommodate imposed torsion, the strain and strain rate are very high within these bands. The average distance between two bands is measured to about 10 µm, and their average width is around 500 nm. It means that the strain and strain rate are roughly 20 times their macroscopic values. At the crack initiation, the strain and strain rate in a band can thus be as high as 10 and 1 s -1 , respectively. This undoubtedly results in adiabatic heating; the temperature increase is estimated as:

∆ = . ( 3 
)
where τ is the shear stress, ρ the density, Cp the specific heat, and β a parameter which represents the fraction of deformation work dissipated in heat (usually taken as 0.9). For a shear stress of 2500 MPa for cold-drawn pearlitic steel and a shear strain of 0.5, the increase of temperature is of the order of 300°C if the diffusion is neglected, a weak assumption owing to the high strain rate. This local heating, combined with the large strain, is enough for continuous dynamic recrystallization.

The following observations confirm continuous dynamic recrystallization. When the deformation starts to localize close to the surface, a large strain is experienced within the grains in the band. Some grain fragmentations are visible with the appearance of subgrain boundaries. A few of them evolve toward grain boundaries, and several fine grains (100 to 200 nm) can be identified (Figure 7). The dynamic recrystallization is in its first step, as proved by the pole figure within the band where traces of rotated <110> grains are still evidenced (Figure 9.b). As the torsion test is continued, the strain increases in the shear band, and the continuous dynamic recrystallization progresses. One may assume that it is almost finished when a crack appears. The shear band is then mainly formed by nanograins (10 to 30 nm). The pole figures, restricted to the nanograins (grain size below 30 nm -GB = 15°), do not show any specific texture. This is a good indication that nanograins result from dynamic recrystallization in the localized shear band, as this was reported in iron after surface mechanical attrition [START_REF] Tao | An investigation of surface nanocrystallization mechanism in Fe induced by surface mechanical attrition treatment[END_REF] or in rail steel after fatigue [START_REF] Pan | Formation of nanocrystalline structure in pearlitic steels by dry sliding wear[END_REF][START_REF] He | On the microstructure evolution and nanocrystalline formation of pearlitic wheel material in a rolling-sliding contact[END_REF], for instance. As the crack propagates toward the wire center, mode II propagation induces an intense shear in front of the crack tip, which allows the shear localization and the dynamic recrystallization to progress. So, the delamination crack is wholly decorated with nanograins when it reaches the center (Figure 13).

The last question concerns the propagation mechanism of the crack within the nanograin band. As there is no preferential orientation of the nanograins, it is almost impossible to assume cleavage fracture. After delamination, the fracture surface reveals a series of microholes so that a ductile fracture can be inferred (Figure 18.a). Moreover, a cross-section of a delaminated wire shows irregularities along the crack path (Figure 18.b). The typical size of these steps compares with the nanograins' mean size, which can be coherent with an intergranular propagation. Such a mechanism was already suggested by [START_REF] Zok | On the analysis of delamination fractures in high-strength steels[END_REF] and more recently by [START_REF] Jaya | Fracture behavior of nanostructured heavily cold drawn pearlitic steel wires before and after annealing[END_REF]. Even if cementite is largely dissolved locally, the interface between ferrite and carbon-rich phase, associated with former cementite lamella, is considered as a weak link [START_REF] Leitner | Crack path identification in a nanostructured pearlitic steel using atom probe tomography[END_REF]. It can then be concluded that delamination corresponds to a shear failure associated with shear bands [START_REF] Pineau | Failure of metals I: Brittle and ductile fracture[END_REF]. Delamination mechanism 

Conclusion

The microstructure of heavy cold-drawn pearlitic steel wires was characterized before and after torsion deformation. Significant results are highlighted:

• Below the grooves at the wire surface, grain orientations favor simple shear along the wire axis on a radial plane;

• During torsion, bands of nanograins are observed along the radial direction;

• On each side of these bands, crystallographic texture indicated a rigid body rotation, accommodating the local shear deformation within the bands.

These results allow to define different propagation steps and to draw a chronology of the initiation and propagation of delamination cracks:

(i) Shear localization under the most acute longitudinal grooves induces nanograin formation by continuous dynamic recrystallization;

(ii) The high local strain within the nanograin bands, 10 to 20 times the applied strain, leads to crack initiation;

(iii) Cracks mainly propagate by intergranular fracture along the nanograin boundaries.

Figure 1 :

 1 Figure 1: EBSD maps of grain orientations on a transverse plane: IPF in the longitudinal z (a) and radial r (b) directions, superimposed with image quality (GB = 15°) (c) {001} and {011} pole figures calculated from the EBSD data (ND-sample; ε = 3.5).

Figure 2 :Figure 3 :

 23 Figure 2: (a) Bright-field TEM image of curled grains in the wire cross-section (NDsample; ε = 3.5). Orientation maps obtained with ASTAR system for longitudinal (b) and hoop (c) directions, corresponding to the red rectangle in (a) (image quality and grain boundaries (GB = 15°) are superimposed).

Figure 4 :

 4 Figure 4: Torque -strain (γ at the surface of the sample) curves in torsion of the two colddrawn ND-and D-samples.

Figure 5 :Figure 6 :

 56 Figure 5: Wire surface of ND-sample after a torsion strain equal to 0.1: general view of the wire (a); enlarged view (b).Longitudinal grooves are clearly visible on the enlarged view.

Figure 7 :Figure 8 :

 78 Figure 7: ASTAR orientation maps in the cross-section at the wire surface of ND-sample (γ = 0.2). IPF in the longitudinal (a) and hoop (b) directions (GB = 15°; IPF is superimposed with image quality).

crack (Figure 10 Figure 9 :

 109 figures calculated from the grain orientation outside the shear band show a <110> texture rotated by 11° about the wire axis 1 (Figure 11.a). No definite grain orientation can be noticed in the shear band (Figure 11.b). Even restricted to the nanograins (grain size below 30 nm -GB = 15°), no specific texture clearly appears (Figure 11.c).

Figure 12 .Figure 10 :

 1210 Figure 12.a. The right side of the micrograph corresponds to the delamination surface, parallel to the longitudinal section of the wire, extending from the wire surface almost to the wire center. The left part is the torn surface after the rupture in reverse torsion: The fracture surface clearly aligns with the elongated microstructure coming from the drawing (left side in Figure 12.a).

Figure 11 :Figure 12 :

 1112 Figure 11: (a) Pole figures calculated from the orientations maps in Figure 10.a without the shear band containing the nanograins; (b) Orientation map of the shear band in the microstructure presented in Figure 10.a, and associated pole figures; (c) Orientation map of the nanograins within the shear band and corresponding pole figures (ND-sample; γ = 0.2). 1 2

Figure 13 :

 13 Figure 13: (a) ASTAR orientation maps in a normal section to the delamination surface (GB=15°, IPF in the longitudinal and hoop directions superimposed with image quality). (b) Detail at a higher magnification showing clearly the thin layer of nanograins. Note the location of the thin foil in Figure 12.b.

Figure 14 :

 14 Figure 14: Taylor factors calculated from the orientation map of Figure 2 (A and S refer to the same grains as in Figure 2). (a) corresponds to the drawing deformations (tension along the wire axis and compression in the radial directions), (b) and (c) correspond to two different plane strain conditions. The Taylor factor ranks between 2 ('soft' grainsin blue) to 4.3 ('hard' grains -in red).

Figure 15 :

 15 Figure 15: Shear stress -shear strain curve in torsion for ND-sample.

Figure 16 :

 16 Figure 16: Wire surface after polishing (a), and after polishing and a torsion strain of 0.3 (b).

Figure 17 :

 17 Figure 17: Taylor factors calculated for a simple shear on a radial plane (whose trace in the cross-section is the white dotted line) and in the longitudinal direction. The grain orientations are given in Figure 3. The Taylor factor is between 2 (in blue) to 4.3 (in red).

Figure 18 :

 18 Figure 18: Magnification of the fracture surface (a) and SEM observation of a cross-section containing a crack (b).

Table 1 :

 1 Chemical composition of the pearlitic steel wires

		C	Mn	Si	Cr	Fe
	wt.%	0.9	0.33	0.22	0.23	Bal.

Note in this case, the thin foil is normal to the wire axis and not to the groove direction.
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