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Introduction

During the thermomechanical processing of metals desired properties in the final product can be obtained via controlling recrystallisation and the related annealing phenomena [START_REF] Humphreys | Recrystallization And Related Annealing Phe-1054 nomena[END_REF]. The process of recrystallisation involves the softening of plastically deformed metal by restoring its ductility. Recrystallisation is a structural transformation that progresses heterogeneously and typically its kinetics can be separated in two main stages: nucleation and growth [START_REF] Doherty | Current issues in recrystallization: A review[END_REF].

The term nucleation in recrystallisation typically refers to the incubation and growth stages of a subgrain already present in the deformed microstructure [START_REF] Humphreys | Recrystallization And Related Annealing Phe-1054 nomena[END_REF]. Considering nucleation, the subgrain model theory was introduced by Cahn [START_REF] Cahn | A new theory of recrystallization nuclei[END_REF], Beck [START_REF] Beck | Do Metals Recrystallize?[END_REF] and more recently Humphreys [START_REF] Humphreys | A unified theory of recovery, recrystallization and grain 1063 growth, based on the stability and growth of cellular microstructures-I 1064 The basic model[END_REF] in studies that shed light on the nuclei selectivity of recrystallisation. According to these, * Corresponding Author Email address: myriam.dumont@ensam.eu,+33687980216 (M. Dumont ) 1 currently at: Arts et Métiers Institute of Technology, MSMP, HESAM Université, F-59000 Lille, France 2 currently at: NLMK Belgium Holdings NV, Rue des Rivaux 2, 7100, La Louvière, Belgium for a subgrain to become a successful nucleus of recrystalli-16 sation, there are two main criteria that must be fulfilled; the 17 nucleus needs to acquire a critical size and a boundary mo-18 bility advantage [START_REF] Hutchinson | Nucleation of recrystallisation[END_REF]. In some cases the size threshold may be 19 reached during annealing by the process of rotation and coales-20 cence of two or more subgrains as proposed by Hu [START_REF] Hu | Recovery and Recrystallization of Metals[END_REF]. Nev-21 ertheless, it is also essential to have or to attain a misorienta-22 tion with its environment to achieve the necessary mobility [START_REF] Hutchinson | Nucleation of recrystallisation[END_REF]. and observed that special boundaries are less affected by solute, 35 although overall all boundaries underwent a reduced migration 36 rate [START_REF] Aust | Grain Boundary Migration in High Purity Lead 1078 and Dilute Lead-Tin Alloys[END_REF]. It has been suggested that low Σ GB mobility be-37 comes predominant over the one of general GBs [START_REF] Homma | Orientation dependence of secondary recrys-1081 tallisation in silicon-iron[END_REF], as solute segregation enhances the mobility contrast in the microstructure [START_REF] Harase | Coincidence grain boundary and 1084 (100) [001] secondary recrystallization in Fe-3% Si[END_REF][START_REF] Harase | Coincidence boundary and secondary recrystallization in fcc 1088 and bcc metals[END_REF][START_REF] Aust | Solute effects on the structural and migration be-1091 haviour of grain boundaries[END_REF].

Another important aspect of recrystallisation is the orientation dependence of stored energy [START_REF] Dillamore | Oriented nucleation in 1094 the formation of annealing textures in iron[END_REF]. In general by increasing the cold rolling strain in bcc alloys, the orientations present in the cold-rolled microstructure rotate towards the {111} uvw , γ-fibre component and {hkl} 110 (α-fibre) component. In this case, {111} uvw (γ-fibre grains) are able to accommodate relatively higher amount of strain and have a higher Taylor factor than other grain orientations. As the driving force for recrystallisation is proportional to the stored energy of deformation, parent grain orientations are expected to influence the recrystallisation preferences. An established orientation dependence of the stored energy in subgrain coarsening was shown elaborately by Dillamore [START_REF] Dillamore | Oriented nucleation in 1094 the formation of annealing textures in iron[END_REF] and later by Hutchinson [START_REF] Hutchinson | Recrystallisation textures in iron resulting from nucle-1097 ation at grain boundaries[END_REF] in low carbon steels. The study of Hutchinson [START_REF] Hutchinson | Recrystallisation textures in iron resulting from nucle-1097 ation at grain boundaries[END_REF] suggested that nucleation proceeds in an orientation-dependent manner. It has also been shown [START_REF] Gangli | A combined model of oriented nucleation 1099 and selective growth for the recrystallization of interstitial-free steels[END_REF] that nucleation in heavily rolled (75-85%) steels takes place primarily in orientations of high Taylor factor (i.e. high stored energy). In the study of recrystallisation it is therefore essential to evaluate the effect of parent grain structure on the recrystallisation process.

Recrystallisation texture strongly depends on the thermomechanical process parameters i.e. annealing conditions and deformation mode, while its formation and orientation dependence to the deformed structure has attracted significant research interest throughout the years [START_REF] Sebald | Modeling of recrystallization textures: interac-1102 tion of nucleation and growth[END_REF]. Two major theories have prevailed to explain the origin of the recrystallisation texture: (i) by its nucleation preferences; oriented nucleation, (ii) the observed texture is claimed to be a result of the preferred growth of some grains; oriented growth. Nevertheless, to date, both theories are widely used to explain recrystallisation observations and in practice both can contribute to texture formation. As Dillamore and Katoh observed [START_REF] Dillamore | The mechanisms of recrystallization in cubic 1104 metals with particular reference to their orientation-dependence[END_REF], a successful recrystallisation theory must explain both the origin and orientation dependence of the recrystallised grain with the deformed matrix.

In the case of pure Fe and low carbon steels, the recrystallisation texture is typically characterized by a strong {111} 112 (component of the γ-fibre) texture with the peak intensity being dependent on the cold rolling reduction [START_REF] Kestens | Transformation And Recrystallization Textures 1107 Associated With Steel Processing[END_REF]. Meanwhile, the {411} 148 component is sometimes present in the recrystallisation texture, as it has been reported for interstitial free and electrical steels [START_REF] Hutchinson | Development and control of annealing textures in low-1110 carbon steels[END_REF][START_REF] Yoshitomi | Co-1112 incidence grain boundary and role of inhibitor for secondary recrystal-1113 lization in Fe-3% Si alloy[END_REF]. The origin of this texture component shares some attention in literature, yet the mechanism of its formation is still under debate, as direct observations are generally lacking. The formation of {111} uvw texture can be influenced by the thermomechanical process parameters and the chemical composition of the alloy [START_REF] Hutchinson | Development and control of annealing textures in low-1110 carbon steels[END_REF]. As far as the chemical composition is concerned, the recrystallisation texture can be affected by the presence of elements such as P, Se, Sb, Sn etc. even in low concentrations [START_REF] Grabke | Surface and grain boundary segregation on and in iron 1116 and steels[END_REF]. In several occasions the intentional addition of solutes is accompanied by a weakening of the γ-fibre [START_REF] Lyudkovsky | Effect of Antimony on Recrystalliza-1119 tion Behavior and Magnetic Properties of a Nonoriented Silicon Steel[END_REF][START_REF] Tanaka | Magnetic properties and recrystallization texture 1123 of phosphorus-added non-oriented electrical steel sheets[END_REF][START_REF] Nakashima | Effect of Tin Ad-1127 dition on Primary and Secondary Recrystallizations of Silicon Steel[END_REF]. In particular for Sn addition, previous research showed that Sn reduced the {111} uvw texture component intensity, while the intensity of {110} 001 increased in the recrystallisation texture [START_REF] Suzuki | Sn Segregation at 1131 Grain Boundary and Interface between MnS and Matrix in Fe-3 mass%Si 1132 Alloys Doped with Tin[END_REF][START_REF] Godec | Sn Segregation and Its In-1135 fluence on Electrical Steel Texture Development[END_REF]. The mechanism via which Sn is thought to affect texture formation is often attributed to the enhanced mobility of some CSL interfaces related to seg-96 regation phenomena. However, these texture observations with 97 solute addition were performed in a post-mortem fashion, as 98 samples were characterized at the end of the processing and Joule effect. This particular experimental setup enables very fast heating and cooling rates up to about 100 • C s -1 , while temperature is regulated by two thermocouples welded close to the region of analysis. More details on the experimental setup can be found elsewhere [START_REF] Bozzolo | Fast in-situ annealing stage cou-1146 pled with EBSD: A suitable tool to observe quick recrystallization mech-1147 anisms[END_REF]. EBSD mappings were performed at room temperature after each annealing cycle, so that the microstructure does not evolve during the acquisition time, which would be a serious drawback for fast-kinetic phenomena. EBSD maps were obtained in a selected region of interest in the initial condition and after each heat treatment cycle. For efficiency purposes, given the repeatability and duration of the experiment, the EBSD mappings were performed with a step size of 2 µm to be completed within less than 60 minutes covering an area of 400 µm × 600 µm. Additional EBSD measurements were performed on the initial state of the materials using a Zeiss Gemini 500 field-emission gun scanning electron microscope (FEG-SEM) equipped with an EDAX Hikari Super acquisition system. These EBSD scans were performed using a finer step size down to 0.05 µm. Crystal orientations throughout this manuscript are expressed using the conventional orientation representation shown as Orientation Distribution Functions (ODFs) within the Euler space (φ 1 , Φ, φ 2 = 0-90 • , due to the orthorhombic sample-crystal symmetry of the bcc structure) and their intensity is expressed in multiple random density [START_REF] Bunge | Texture Analysis in Materials Science[END_REF].

Heat-treatment in SEM chamber

Starting from the as deformed state, samples were heat treated inside the SEM on the heating stage. The heat treatment applied to both binary and ternary was similar, but longer accumulative holding time was used in the case of the ternary due to slower recrystallisation kinetics [START_REF] Mavrikakis | Segregation affecting the evolution of primary recrystalliza-1153 tion textures in a ternary Fe-Si-Sn alloy[END_REF]. During the 1st heating step, a heating rate of 35 • C/s was followed, while the following heating steps were performed with the maximum possible heating rate ∼ 100 • C/s. Short isothermal holdings at 700 • C were applied and holding time was gradually increased once the kinetics became slower, i.e. during the second half of the transformation, and until almost full recrystallisation was achieved.

To analyse the kinetics of recrystallisation, the non-isothermal heat-treatments followed in this study (including heating/cooling sections) Fig. 1b, needed to be converted into isothermal. For this purpose, the approach of Whittaker and Sellars was used (at Φ = 0 • ). LSE also include the {112} 110 of the α-fibre [START_REF] Quadir | Deformation banding and recrystallization of α 1161 fibre components in heavily rolled IF steel[END_REF] as this orientation is also known to recrystallise at a later stage of static recrystallisation. The reader is referred to the Supplementary Material for more details on the data segmentation.

Atom probe characterisation

From the EBSD scanned areas, regions of interest were selected and prepared into tips for APT. Site-specific sample preparation was performed in a FEI Helios NanoLab 600 Dual Beam focused ion beam (FIB -SEM), following the lift-out technique as described elsewhere [START_REF] Thompson | In situ site-specific specimen preparation for atom probe to-1165 mography[END_REF]. Atom probe experiments were conducted in a LEAP 3000XHR instrument with a detector efficiency of 0.37. All measurements were performed in voltage mode, with the sample base temperature and the pulse fraction set at 70 K and 20%, respectively. The APT data were analysed with the IVAS software after calibration of the reconstruction parameters [START_REF] Gault | Advances in the reconstruction of atom probe tomography data[END_REF]. Finally, segregation at the interfaces was quantified using the well-established method of the Gibbsian excess number, Γ GB i [START_REF] Seah | Grain Boundary Segregation[END_REF]. Such analysis yields a value of concentration insensitive to the measurement resolution and inclination angle of the interface with respect to the axis of analysis [START_REF] Krakauer | Subnanometer scale study of segregation 1175 at grain boundaries in an Fe(Si) alloy[END_REF].

Results

The as deformed state

In our previous study, the deformed state ( = 2), at the RD-ND plane, was analysed in-depth using EBSD measurements and performing a dislocation density calculation based on misorientation data [START_REF] Mavrikakis | A multi-scale study of 1142 the interaction of Sn solutes with dislocations during static recovery in 1143 α-Fe[END_REF]. Overall, the analysis of the deformed state, on the basis of deformation features, fraction of main texture components and stored energy analysis from EBSD [START_REF] Mavrikakis | A multi-scale study of 1142 the interaction of Sn solutes with dislocations during static recovery in 1143 α-Fe[END_REF],

suggested that the addition of Sn neither induced noticeable solid solution strengthening nor alter the known stored energy sequence (in agreement with the work of Dillamore et al. [START_REF] Dillamore | Oriented nucleation in 1094 the formation of annealing textures in iron[END_REF])

and that the binary and ternary alloys have very similar as deformed microstructures at this stage. Although in the annealed state prior to cold rolling, the ternary alloy had a finer microstructure as a result of Sn addition, the grain sizes after intermediate annealing were 145 and 104 µm for binary and ternary alloys, respectively.

The regions of interest investigated during the experiment were chosen to be as representative as possible of the overall as deformed state. In the initial scans, as deformed {111} uvw as well as {001} 110 oriented grains were included in the area of analysis. Their respective volume fraction in the as deformed state, may not represent accurately the global one but the focus is to study their behavior and interaction during recrystallisation. In both materials large non-indexed areas are also included in the EBSD maps (black zones in Fig. 4). Fig. 2 shows a high resolution EBSD overview of the as deformed microstructure stages of recrystallisation [START_REF] Mavrikakis | Effect of nano-segregation of tin on recrystallisation and 1178 grain growth in automotive steels[END_REF]. At later stages of recrystallisa-314 tion, these observations remained and in the case of the ternary 315 alloy other orientations emerged in the recrystallisation texture 316 (Fig. 3d andf). This behaviour will be discussed in detail in Fig. 7a shows the growth rates of recrystallised grains within 

Onset of recrystallisation

After the thorough examination of the recrystallisation orientation preferences and kinetics with the addition of Sn, it is evident that the HSE regions are of great importance. Therefore, the substructure of a HSE region of the ternary alloy was further investigated. The EBSD characterization of the ND-RD section (Fig. 9), revealed that the HSE region had a finer intragranular cell-structure of subgrains, while LSE regions were considerably coarser. If the subgrain model of Cahn [START_REF] Cahn | A new theory of recrystallization nuclei[END_REF] is assumed to describe the mechanism of nucleation of recrystallised grains, a nucleus derives from a successful subgrain that grows The as deformed microstructure constitutes the initial state 532 and will define the path for the thermally activated phenom-533 ena that will take place during annealing. Thus, it is impor-534 tant to have a good understanding of the microstructure at this 535 stage. The alloys were cold rolled at a true strain of about = 2. At these large levels of strain, the deformed microstructure is known to be comprised of a well-defined network of subgrains [START_REF] Doherty | Current issues in recrystallization: A review[END_REF]. The subgrain structure is formed by dislocation accumulation arranged in a cell like structure in the grain interior [START_REF] Griffiths | Dislocation arrangements in deformed poly-1197 crystalline 3% silicon-iron[END_REF].

The dislocation arrangement within the deformed grains differs with grain orientation as the energy of deformation is known to be stored heterogeneously across different orientations [START_REF] Dillamore | Oriented nucleation in 1094 the formation of annealing textures in iron[END_REF]. It is suggested that subsequent nucleation of recrystallisation proceeds in an orientation-dependent manner [START_REF] Hutchinson | Recrystallisation textures in iron resulting from nucle-1097 ation at grain boundaries[END_REF]: for cold rolled metals, recrystallisation takes place primarily in orientations with high stored energy [START_REF] Gangli | A combined model of oriented nucleation 1099 and selective growth for the recrystallization of interstitial-free steels[END_REF]. More specifically, according to the Taylor factor criterion, the {110} 110 orientation (at Φ = 90 • of the α-fibre) is expected to demonstrate the highest capacity to store the energy of deformation [START_REF] Dillamore | Oriented nucleation in 1094 the formation of annealing textures in iron[END_REF]. However, such orientation is scarcely observed in the cold rolled microstructure of conventionally processed single-phase α-Fe [START_REF] Nguyen-Minh | Occurrence of shear 1200 bands in rotated Goss {110} 110 orientations of metals with bcc crystal 1201 structure[END_REF]. In cold rolled α-Fe the most abundant, high Taylor factor orientations, are {111} uvw (γ-fibre) orientations. During rolling, the {111} uvw grains exhibit higher slip activity than the other orientations and as a result store higher amount of energy during deformation. In particular, the {111} 112 oriented grains are prone to form shear bands during deformation [START_REF] Haratani | Contribution Of 1204 Shear Banding To Origin Of Goss Texture In Silicon Iron[END_REF]. On the contrary, the {001} 110 (at Φ = 0 • of the α-fibre) component are the lowest dislocation density grains [START_REF] Dillamore | Oriented nucleation in 1094 the formation of annealing textures in iron[END_REF]. Therefore, during recrystallisation of the cold deformed materials, the {111} uvw grains usually recrystallise readily, while the {001} 110 orientations are more reluctant to recrystallise [START_REF] Hutchinson | Development and control of annealing textures in low-1110 carbon steels[END_REF].

The sequential EBSD experiments showed that the solute addition altered markedly the recrystallisation preferences. In brief, it was observed that during annealing, HSE regions recrystallise promptly without Sn addition however, when Sn is added, the onset of recrystallisation is greatly retarded in these regions of the as deformed microstructure. A distinct difference observed in the ternary alloy is that LSE regions recrystallise independently at a later stage of the process. As a result, the recrystallized texture is weaker compared to the binary alloy and the presence of some {001} uvw texture components are also observed.

Overall, the texture observations made from the sequential EBSD experiment are in accordance with ex situ observations [START_REF] Mavrikakis | Segregation affecting the evolution of primary recrystalliza-1153 tion textures in a ternary Fe-Si-Sn alloy[END_REF], where the analysis of several thousands recrystallized grains showed that Sn is affecting significantly the recrystallisation texture from the onset. Additionally, the overall recrystallisation kinetics of the two alloys, shown in the global study [START_REF] Mavrikakis | Segregation affecting the evolution of primary recrystalliza-1153 tion textures in a ternary Fe-Si-Sn alloy[END_REF], displayed the same retardation of recrystallisation nucleation with the addition of Sn shown in the present work. In section 3.2.1, we saw that the recrystallisation kinetics of HSE and LSE regions in the ternary alloy showed a distinct change in the JMAK exponent.

In an earlier study [START_REF] Mavrikakis | Segregation 1207 of Sn on migrating interfaces of ferrite recrystallisation: quantification 1208 through APT measurements and comparison with the solute drag theory[END_REF], we have reported the segregation of Sn at half-recrystallisation in migrating GBs. Here, the focus is shifted to the very beginning of recrystallisation and the initial segregation state. The retardation of recrystallisation in the HSE regions, in the presence of Sn, was identified to be a key point to understand the solute effect on texture evolution.

Hence, such regions were selected to perform a site-specific chemical analysis. site saturation x 0 S n = 1/3 were used as reported for Sn in α-Fe in 639 [START_REF] Lejček | On the segre-1214 gation behavior of tin and antimony at grain boundariesof polycrystalline 1215 bcc iron[END_REF]. The segregation kinetics were calculated for a semi-finite 640 volume with a half interface and half grain [START_REF] Fournier Dit Chabert | Finite element simulation of interfacial segregation in dilute alloys[END_REF]. A GB width, 641 δ=0.5 nm was selected as in the study of Inoue et al. [START_REF] Inoue | Grain boundary self-diffusion in high pu-1217 rity iron[END_REF].

642

For the purpose of the present simulation the subgrain width is 643 assumed to be comparable to grain boundary width [START_REF] Mavrikakis | Effect of nano-segregation of tin on recrystallisation and 1178 grain growth in automotive steels[END_REF]. The 644 grain with a half grain size 1 , x= 300 nm was divided in ele-645 1 the half grain size, x= 300 nm was selected as this value corresponds to the half of the mean subgrain size, d 0 /2 experimentally observed in the ROI. We have observed that the binary alloy recrystallises mainly from the grain interior of the {111} uvw prior grains producing a strong {111} uvw texture. Essentially, the recrystallisation mechanism in these regions is the one introduced by Cahn in low carbon steels [START_REF] Hutchinson | Development and control of annealing textures in low-1110 carbon steels[END_REF][START_REF] Kestens | Transformation And Recrystallization Textures 1107 Associated With Steel Processing[END_REF]. Similarly, in our binary alloy, recrystallisation proceeds heterogeneously with the HSE regions reaching full recrystallisation whilst nucleation is still not initiated in the LSE. Eventually, there is a critical time for which the dislocation density in the LSE regions becomes higher than in the recrystallised HSE regions. This dislocation density difference provides the driving force for the recrystallised grains of HSE regions to migrate into the LSE regions. Such recrystallisation process is known as strain induced boundary migration (SIBM) or GB bulging. It occurs as a crystal within a lower dislocation density region is favoured to grow into an adjacent region with a higher dislocation density [START_REF] Humphreys | A unified theory of recovery, recrystallization and grain 1063 growth, based on the stability and growth of cellular microstructures-I 1064 The basic model[END_REF][START_REF] Bate | A re-evaluation of the mechanism of 1242 SIBM[END_REF], once a critical size and dislocation density difference is acquired [START_REF] Bailey | The Recrystallization Process in Some Poly-1245 crystalline Metals[END_REF]. The role of SIBM during static recrystallisation has been previously reported in the literature [START_REF] Hutchinson | Recrystallisation textures in iron resulting from nucle-1097 ation at grain boundaries[END_REF][START_REF] Theyssier | Recrystallization nucleation mechanism along 1249 boundaries in hot deformed Al bicrystals[END_REF][START_REF] Paggi | Strain induced grain boundary mi-1253 gration effects on grain growth of an austenitic stainless steel during 1254 static and metadynamic recrystallization[END_REF]. An example of SIBM can be observed in the sequential EBSD mappings of the binary alloy Fig. 12. The region 'A' shows the recrystallisation between a HSE and a LSE region separated by a prior GB. It is observed that after HSE regions are fully recrystallised, recrystallised grains from the HSE regions bulge into the sluggish LSE regions -yellow arrows in Fig. 12 indicate grains which bulge into LSE. The majority of grains migrating into adjacent LSE regions had the {111} uvw , consisting about 75% at t = 2s, 72% at t = 4s, 65.5% at t = 6s of the migrating grains.

From these, were often {111} 112 grains, about 45% at t = 2s, 44% at t = 4s, 38% at t = 6s, respectively. As a consequence, the recrystallisation texture in the binary alloy is dominated by {111} uvw texture components, which nucleated faster in the HSE regions and grew to consume adjacent LSE regions (see Supplementary Material).

On the other hand, the recrystallisation with Sn addition is seen to be completely different. the presence of mobile boundaries is needed. 
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  Several theories have been developed on the basis of relative24 grain boundary mobility. Some boundaries with low Σ coin-25 cidence site lattice (CSL), are known to have higher mobility 26 than grain boundaries (GBs) with higher Σ or general GBs. Im-27 purities that remain in solid solution are known to drastically 28 alter grain boundary mobility and can impact remarkably grain 29 boundary migration-controlled phenomena, such as recrystalli-30 sation and phase transformations [8, 9, 10]. Solute segregation 31 at crystal interfaces largely determines the migration rates of 32 the different boundaries. Aust and Rutter have measured the 33 effect of small addition of Sn on the migration rate in pure Pb
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  with no association to Sn segregation state. 100 Latest technological developments in characterisation meth-101 ods now allow for the first time to correlate orientation prefer-102 ences with local chemical composition information. Correla-103 tive site-specific characterisation is undoubtedly opening more 104 avenues for deeper understanding in materials science, which 105 means that we have an unprecedented capability of analyzing 106 complex physical mechanisms in recrystallisation texture de-107 velopment. Here, we study the effect of Sn addition on the 108 static recrystallisation of Fe-Si model alloys. Si is a common 109 alloying element in steel and is usually added for the fabrica-110 tion of core materials in magnetic flux carrying devices [30]. 111 In a previous study, the Sn solute effect on the recovery prior The sequential EBSD experiments were performed in the Centre of Materials Forming (CEMEF), Mines ParisTech, in Sophia Antipolis, using a heating stage that has been developed in CEMEF and set up in a FEI XL30 scanning electron microscope (SEM) equipped with a TSL EBSD acquisition system. Both binary and ternary alloys in the as deformed state, were subjected to an interrupted annealing performed at 700 • C within the SEM chamber and characterized by EBSD to monitor the recrystallisation evolution. Fig. 1 displays a typical heat treatment during the sequential EBSD experiment as measured by the thermocouple welded on the sample surface. The heating device has a thin Ta foil on which the sample is pointwelded, shown schematically in Fig. 1a. An electrical current goes through the Ta foil so that both the Ta foil and the sample (with dimensions of about 3 × 4 × 0.2 mm 3 ) are heated by

Figure 1 :

 1 Figure 1: a) Sample configuration tested with EBSD and b) heat-treatment scheme followed during the sequential EBSD experiment in the SEM.

204 2 . 4 .

 24 Fig. 4 initial), bright and dark regions represent high IQ corre-230

Figure 2 : 3 . 2 .Figure 3 :

 2323 Figure 2: An overview of the as deformed (initial) microstructure in the ternary alloy measured by EBSD. a-b) in the ND-RD section: the ND-IPF map a)through the entire sample thickness and b) at a ROI between different prior grain orientations. c-f) in RD-TD section, at a similar position in the ND axis as in the sequential experiment: c) the ND-IPF mapping, d) the IQ image, e) the 1st neighbor KAM mapping and f) the average KAM measured in the high stored energy (HSE) and the low stored energy (LSE) regions.
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  the following sections, in view of local, sequential, EBSD mea-318 surements and chemical analysis with APT.

319 3 . 3 .Fig. 5

 335 Fig.5shows the evolution in normalised surface area of

363 3 . 3 . 1 .Figure 4 :

 3314 Figure 4: Sequential EBSD ND-IPF + GBs mappings of recrystallisation during annealing in a) binary and b) ternary alloy. The relative recrystallisation fractions are given at each step, lines represent GB misorientations of 8 -65 • .

  379 each region. Black arrows in Fig. 7a designate the moment 380 when recrystallisation proceeds in the LSE regions. The binary 381 alloy recrystallises rapidly and the recrystallised grains grow 382 fast. Overall the kinetics cannot be separated since HSE re-383 gions recrystallise and migrate into the LSE regions. Hence, 384 the kinetics of the binary alloy represents that of recrystallised 385 grains from the HSE regions. On the contrary, the ternary al-386 loy recrystallises in a more individual manner; HSE and LSE 387 regions recrystallise separately and their kinetics are indepen-388 dent. The grains recrystallising within LSE regions nucleate 389 at a later stage and their growth is faster. The overall kinetics 390 show a mean behaviour resulting from the contribution from 391 both HSE and LSE regions.

392 3 . 3 . 2 .Figure 5 :

 3325 Figure 5: The evolution in normalised surface area of the main annealing texture components during sequential heat-treatment at 700 • C for a) binary (open points) and b) ternary alloy (solid points) taking into account all the new grains. Arrows on the plots designate the stage when recrystallisation proceeds in the low-stored energy regions.

Figure 6 :

 6 Figure 6: Microstructural experimental data for recrystallisation from sequential EBSD the recrystallisation kinetics for the two alloys after separating the deformed state into HSE (blue squares) and LSE (red circles) regions for a) binary (open points) and b) ternary (solid points) alloys.

Figure 7 :

 7 Figure 7: Evolution of microstructure in the high (HSE) and low stored energy (LSE) regions respectively, a) the growth of new grains with annealing time for binary (open points) and ternary (solid points), arrows indicate the stage when recrystallisation proceeds in the LSE regions. The micro-texture ODF plots at the φ 2 = 45 • section of the Euler space of the new grains at the end of recrystallisation as a function of parent grain: for binary b.1) HSE (N=631), c.1) LSE (N=386) and for ternary b.2) HSE (N=328), c.2) LSE (N=282), respectively.
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Fig. 7c shows 1 .

 1 Fig.7cshows the texture evolution as a function of par-

Figure 8 :Figure 9 :

 89 Figure 8: The ternary alloy prior to cold rolling a) EBSD ND-IPF mapping of the microstructure (black lines representing GBs with 15 -65 • misorientation), b) different views of the APT volume with Sn segregation (green spheres) at the prior GB, c) the concentration profile for Sn perpendicular to the interface.

Figure 10 : 524 = 8 . 2 •

 1052482 Figure 10: (a) the concentration profiles perpendicular to the interface for the subgrain boundaries and (b) integral profiles that yield the Gibbsian excess number at each SGB.

613

  rior prior to the recrystallisation annealing and the SGBs should 614 not be solute enriched. Sn atoms are considered to be in solid 615 solution in the grain interior at t = 0. Nevertheless, during 616 annealing below the recrystallisation temperature, the disloca-617 tions at the SGBs tend to re-arrange via dislocation glide and 618 climb. The authors have previously discussed that Sn solutes 619 could already affect dislocation motion and retard the subgrain 620 formation during recovery processes [31]. 621 Making these assumptions (no segregation of Sn at SGBs at 622 t = 0), kinetics can be calculated tacking into account diffusion 623 from the grains to the SGBs and assuming local equilibrium be-624 tween grain and SGBs. Indeed, it is usually assumed that during 625 segregation, a local equilibrium between the GB and its vicinity 626 is attained since the time required to equilibrate the GB should 627 be faster compared to the time needed for diffusion from the 628 grain interior that controls the concentration at the GB vicinity. 629 Moreover, the temperature dependence of grain boundary seg-630 regation can be described by the Langmuir-McLean isotherm. 631 To account for these conditions and following the analysis of 632 Fournier Dit Chabert et al. [53], the segregation kinetics of Sn 633 was calculated by finite difference simulation in one dimension 634 using: (i) the second Fick law for the bulk diffusion in the grain, 635 and (ii) the Langmuir-McLean isotherm to calculate the local 636 equilibrium between the GB and its vicinity. A segregation en-637 ergy at random GBs at 700 • C, ∆G 0 S n = -51.3 kJmol -1 and a 638

Figure 11 :

 11 Figure 11: Kinetics of Sn segregation at the grain boundaries compared to the experimental APT values of Sn at subgrain boundaries and changing the diffusion coefficient from D bulk[START_REF] Torres | Diffusion of tin in α-iron[END_REF] to an efficient diffusion coefficient D e f f =D 3[START_REF] Klinger | Beyond the fisher model of grain boundary diffu-1223 sion: effect of structural inhomogeneity in the bulk[END_REF].

705 4 . 2 .

 42 Texture evolution with Sn 4.2.1. Recrystallisation affected by segregation With respect to the recrystallisation texture development, the observed segregation is also central. The presence of Sn at SGBs can explain the retardation of recrystallisation by decreasing the rate of subgrain coarsening due to solute drag pinning. The HSE regions should be more affected by Sn segregation at the SGBs, since hard Taylor factor orientations tend to form a finer substructure during deformation and to contain a higher density of intra-granular defects.

[ 3 ]

 3 ; a successful recrystallisation nucleus is formed during subgrain coarsening processes. Several possible mechanisms may come into play during recrystallisation to assist the subgrain formation and coarsening [62]: (i) recovery phenomena, rearrangement and accumulation of dislocations at the SGBs; (ii) subgrain coalescence phenomena via migration of low angle boundaries increasing gradually their misorientation with the matrix. Static recrystallisation of HSE regions, usually promotes a strong {111} uvw recrystallisation texture well known

Figure 12 :

 12 Figure 12: Magnified region of interest 'A' delimited by a white rectangle within Fig. 4a of the binary alloy, showing the interaction of high-stored energy (HSE) and a low-stored energy (LSE) region in the as deformed microstructure as recrystallisation advances at 700 • C in the binary Fe-Si alloy. a) ND-IPF mappings, orientation colored maps with IQ: b) for texture components {111} 112 and {111} 110 , c) for texture fibres {111} uvw and {100} uvw . High-angle grain boundaries are shown in black and a prior grain boundary is shown with a white dashed line (PGB). At t = 2s yellow arrows indicate recrystallised grains originated in the HSE regions adjacent to the PGB, which migrate into the LSE region during static recrystallisation via stress induced boundary migration (SIBM).

Figure 13 :Fig. 14 1 892= 20 •Figure 14 :

 131412014 Figure 13: The growth of the most dominant texture components, {111} 112 in HSE and {411} 148 in LSE for binary (open points) and ternary alloy (solid points).

911 4 . 3 .Figure 15 :Figure 16 :1001

 431516 Figure 15: a) The CSL boundary frequency normalised by the random grain assembly [76] and b) misorientation/axes bounding {411} 148 recrystallised grains at X rel V = 0.4 in the ternary alloy.

  

Table 372

 372 

1. The overall JMAK exponent in the kinetic law for the binary 373 alloy is close to unity. For the ternary alloy, the JMAK exponent 374 is different depending on the prior grain stored energy. HSE re-375 gions were found to recrystallise with an exponent n of about 376 0.6, while the LSE regions recrystallise later but much faster, n 377 = 1.2.

378

Table 1 :

 1 The JMAK kinetic model parameters from EBSD. The parameters of the recrystallisation kinetics are only given for fractions 0.1 < X V < 0.9[START_REF] Rossi | Quantitative metallography of recrystallization[END_REF]. The t 50[START_REF] Humphreys | Recrystallization And Related Annealing Phe-1054 nomena[END_REF] is given in seconds.

			Overall HSE	LSE
	Binary	n t 50	1.0 2.4	-	
	Ternary	n t 50	0.7 565	0.6 81	1.2 1080

  Sn segregation was measured with APT at

	593	
	594	SGBs of the non-RX structure within a substructured HSE re-
	595	gion (within a {111} 110 oriented region). The APT analy-
	596	sis revealed a remarkably high Sn segregation decorating the
	597	SGBs at the onset of recrystallisation, shown in Fig. 9. This
	598	experimental finding of Sn segregation at this early stage of re-
	599	crystallisation, is of great importance for understanding how the
	600	nucleation of recrystallisation may be affected by segregation.
	601	All segregation data measured at different stages of recrystalli-
	602	sation, reported here and in previous works, are summarised in
	603	Table 2 together with crystallographic information. First, we
	604	should consider the diffusion processes involved.
	605	4.1. Diffusion of Sn to subgrain boundaries
	606	The segregation results showed that a swift annealing of 1.6
	607	seconds at 700 • C was sufficient for Sn solutes to segregate at
		SGBs of the non-RX structure with levels of 0.6-1 at.nm -2 .

608

Hence, this raises the question of the diffusion mechanism that 609 transported the Sn atoms so efficiently to the SGBs. SGBs con-610 sist of dislocation accumulation, initially they are created due to 611 the large strain applied during cold deformation; at this stage, 612 Sn atoms should be mainly in solid solution in the grain inte-

Table 2 :

 2 Data on segregation of Sn during different stages of recrystallisation. Grain boundary crystallographic information as obtained from the EBSD orientation mappings and the values of interfacial segregation for Sn, Γ GB S n as analysed with APT.

		Adjacent grains	Euler Angles (φ 1 , Φ, φ 2 )	Boundary	Grain boundary, θ [h,k,l]	Interfacial excess of Sn (at. nm -2 )	Ref.
	Prior to cold rolling	Grain 1 Grain 2	31 • , 52 • , 43 • 28	Grain 1/ Grain 2	random GB, 28 • [123]	2.3 ± 0.1	This work

• , 26

  Segregation at the onset of static recrystallisation, at the substructure of the non-RX HSE regions, is of great importance for understanding how the nucle-762 ation is affected by segregation. In the most accepted subgrain 763 boundary model, by Winning et al. [67], the movement of such

	764	
	765	boundaries occurs through dislocation climb facilitated by va-
	766	cancies. The physical concept relates to the vacancy motion,
	767	which must first escape from the Sn atoms (overcoming the
	768	Sn-vacancy binding energy) so that subgrain boundary dislo-
	769	cations can climb [68, 67]. It is suggested that segregated Sn at
	770	this stage, will pin subgrain coarsening. Such an effect of Sn in
	771	Cu-Sn alloys was assumed also by Cram et al. [68], who mod-
	772	elled and tested the deformation behaviour of the alloys with
	773	various Sn contents during dynamic recrystallisation. In conse-
	774	quence, recrystallisation nucleation selectivity, as described by
	775	Cahn nucleation model [3] is retarded due to segregation.
	776	Subsequently, as recrystallisation advances, Sn grain bound-
	777	ary segregation is exerting a drag force at the migrating bound-
	778	aries of recrystallisation retarding the growth of recrystallised
	779	grains and the consumption of the non-RX matrix [52]. Hence,
	780	nucleation of new grains in the ternary alloy is delayed as evi-
	781	denced in the number of recrystallised grains at similar X V and
	782	areas of analysis, Fig. 3. The segregation data in Table 2 show
	783	that the amount of segregated Sn at the SGBs is higher than the
	784	one measured for later stages of recrystallisation on migrating
	785	HAGBs. This observation is somewhat unexpected and is con-
	786	sidered to be due either to desegregation of Sn occurs for longer
	787	annealing at 700 • C or to impurity C atoms and site competition
	788	for segregation [24].
	789	Furthermore, SIBM events of {111} uvw recrystallised grains
	790	into LSE regions is less often observed in the ternary alloy. The
	791	reason for this observation could be understood, (i) as the size
	792	criterion for the subgrains and dislocation density difference
	793	does not fulfil the Bailey -Hirsch threshold (Suppl. Mat.) and
	794	(ii) as Sn enrichment at the PGBs would induce a solute drag
	795	effect and could potentially limit GB bulging. For the latter to
	796	be valid, some Sn segregation should remain at the PGBs dur-
	797	ing subsequent cold deformation and recrystallisation anneal-
	798	ing. This still remains to be experimentally verified. Addi-
	799	tionally, the effect of initial grain size (which was finer for the
	800	ternary alloy) would also have favoured SIBM effect if solute
	801	drag was not acting on the PGBs.
	802	The overall effect of Sn solute segregation at the prior grain
	803	boundaries, subgrain boundaries and recrystallisation interfaces
	804	experimentally observed (Table 2), contribute in a significant
	805	texture softening compared to the binary alloy. The recrys-
	806	tallised grain intensity of {111} uvw is reduced (nucleation ef-
	807	fect), and {h11} 1/h 1 2 intensity increases.
	808	4.2.2. Role of parent grain orientation and formation
	809	of {h11} 1/h 1 2 recrystallised orientation
	810	To understand the formation of such texture we must first
	811	consider its origin. Deformed grains with {411} 148 orienta-
	812	tion may form within {112} 110 and {001} 110 crystals (main
	813	components of the LSE regions), where weak lattice curvatures
	814	are created at the vicinities of grain boundaries [69]. {411} 148
	815	regions in the deformation texture are often regarded to form
	816	after severe rolling reductions (i.e. higher than 90%). At large
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