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Introduction

Annealing is of central importance in metallurgy to restore the ductility and control the mechanical properties of materials through recovery and recrystallization processes. In geosciences, annealing is the rule rather than the exception in the deep crust and mantle, modifying the microstructure and mechanical properties of rocks. Despite its importance and many experimental studies over the past decades, especially in metals, predicting the evolution of the microstructure during annealing remains a challenge [START_REF] Doherty | Current issues in recrystallization: a review[END_REF][START_REF] Rollett | Grain boundary mobilitya brief review[END_REF][START_REF] Humphreys | Recrystallization and Related Annealing Phenomena[END_REF], which is mostly due to the high number of phenomena and variables at play. There is therefore a critical need for new experiments and analyses determining the relative impact of these phenomena.

In highly deformed materials, annealing involves recovery, which decreases the stored energy by reorganizing and annihilating dislocations. However, the main phenomenon at play is recrystallization by nucleation and growth of substructure-free grains, ultimately lowering the stored energy of the material as the growth of new grains removes dislocations and reduces the grain boundary surface area. A better understanding of recrystallization therefore requires a better understanding of the main factors controlling the nucleation and grain growth kinetics. The nucleation rate is usually considered to be largely insensitive to the annealing temperature, but directly proportional to the stored energy [START_REF] Humphreys | Recrystallization and Related Annealing Phenomena[END_REF][START_REF] Burke | Recrystallization and grain growth[END_REF]. The growth kinetics (the focus of this work) is described by the grain boundary migration rate, v, which is commonly expressed as:

= v MF ( 1 
)
where F is the driving force and M is the (intrinsic) grain boundary mobility [START_REF] Haessner | Recrystallization of Metallic Materials[END_REF]. F can be split into F S + F σ [START_REF] Zhang | Local boundary migration during recrystallization in pure aluminium[END_REF], where F S is the stored energy in the deformed matrix and F σ is associated with the grain boundary curvature. It is well known that the grain boundary mobility (M) depends largely on temperature, but also on intrinsic parameters such as misorientation or crystallography of the boundaries [START_REF] Doherty | Current issues in recrystallization: a review[END_REF][START_REF] Humphreys | Recrystallization and Related Annealing Phenomena[END_REF][START_REF] Sternlicht | The mechanism of grain boundary motion in SrTiO3[END_REF]. Grain boundary mobility may also be severely affected by extrinsic factors such as particles, solutes or pores, which cause pinning [START_REF] Lücke | A quantitative theory of grain-boundary motion and recrystallization in metals in the presence of impurities[END_REF][START_REF] Cahn | The impurity-drag effect in grain boundary motion[END_REF][START_REF] Smith | Grains, phases, and interfaces: an interpretation of microstructure[END_REF][START_REF] Nes | On the Zener drag[END_REF].

The material of interest in this work is the AZ31B magnesium alloy. This interest stems from three reasons. First, magnesium alloys have attracted increasing attention in the last two decades due to their low mass density compared to other conventional metallic materials, making them good candidates for the next generation of lightweight metallic materials. Second, the low crystal symmetry (hexagonal) and the strong viscoplastic anisotropy (dominant basal slip system) make magnesium a good analogue of major rock-forming minerals [START_REF] Drury | Large strain deformation studies using polycrystalline magnesium as a rock analogue. Part II: dynamic recrystallisation mechanisms at high temperatures[END_REF][START_REF] White | Large strain deformation studies using polycrystalline magnesium as a rock analogue. Part I: grain size paleopiezometry in mylonite zones[END_REF][START_REF] De Bresser | On dynamic recrystallization during solid state flow: effects of stress and temperature[END_REF]. Third, magnesium alloys are appropriate for experiments with quasi-in situ characterization of the microstructure under low-pressure conditions in an SEM.

Previous works on the recrystallization of deformed AZ31B alloys have reported different phenomena: (i) texture evolution due to the preferential growth of grains with prismatic planes {11-20} parallel to the extrusion direction [START_REF] Yi | Microstructural evolution during the annealing of an extruded AZ31 magnesium alloy[END_REF][START_REF] Chao | Static recrystallization kinetics of a heavily cold drawn AZ31 magnesium alloy under annealing treatment[END_REF][START_REF] Pérez-Prado | Texture evolution during annealing of magnesium AZ31 alloy[END_REF], interpreted as a result of the anisotropy of the grain boundary mobility [START_REF] Bhattacharyya | Texture enhancement during grain growth of magnesium alloy AZ31B[END_REF], (ii) recrystallization kinetics mainly controlled by the presence of twins and shear bands in the deformed microstructure [START_REF] Jäger | Influence of annealing on the microstructure of commercial Mg alloy AZ31 after mechanical forming[END_REF][START_REF] Su | Static recrystallization behavior of magnesium AZ31 alloy subjected to high speed rolling[END_REF][START_REF] Shi | Effect of initial microstructure on static recrystallization of Mg-3Al-1Zn alloy[END_REF], and (iii) evolution of the misorientation profiles across grain boundaries [START_REF] Bhattacharyya | Texture enhancement during grain growth of magnesium alloy AZ31B[END_REF][START_REF] Shi | Effect of initial microstructure on static recrystallization of Mg-3Al-1Zn alloy[END_REF]. Two studies have explored the evolution of Mg alloys during annealing using quasi-in situ EBSD, one focusing on the relationship between twins and nucleation [START_REF] Shi | Effect of initial microstructure on static recrystallization of Mg-3Al-1Zn alloy[END_REF] and the other, on the effect of solute segregation on grain boundary mobility [START_REF] Zeng | Texture evolution during static recrystallization of cold-rolled magnesium alloys[END_REF]. None of these studies, however, focused on the driving forces controlling grain boundary migration during the annealing of highly deformed materials, and, when analysing the evolution of grain boundary misorientation, the recrystallization front was not distinguished from the grain boundaries separating two deformed or two recrystallized grains. This is problematic since recent studies on highly deformed cubic materials, based on cutting-edge techniques, have shown only little (if any) effect of the misorientation or plane normal on the grain boundary mobility [START_REF] Zhang | Local boundary migration during recrystallization in pure aluminium[END_REF][START_REF] Zhang | Analysis of the growth of individual grains during recrystallization in pure nickel[END_REF][START_REF] Fan | Oriented during recrystallization revisited in three dimensions[END_REF][START_REF] Zhang | In-situ investigation of local boundary migration during recrystallization[END_REF][START_REF] Zhang | Boundary migration in a 3D deformed microstructure inside an opaque sample[END_REF][START_REF] Schmidt | Watching the growth of bulk grains during recrystallization of deformed metals[END_REF], but rather concluded that the spatial variations in stored energy and the local grain boundary curvature represent the two dominant factors controlling the migration of the recrystallization front.

To evaluate the driving forces controlling the grain boundary migration rate (v), it is necessary to measure the properties of the recrystallization front [START_REF] Rollett | Grain boundary mobilitya brief review[END_REF][START_REF] Humphreys | Recrystallization and Related Annealing Phenomena[END_REF] and to relate the dislocation density (or stored energy) and boundary curvature to the mobility. This requires local in situ observations associated with a more classical approach of averaging recrystallization variables. Ideally, it also requires discriminating the effects of the driving forces from those of the grain boundary mobility and, hence, excluding the effect of extrinsic factors.

In this paper, our goal is to characterize the effects of the variations of stored energy and the local grain boundary curvature on the recrystallization kinetics of highly deformed Mg alloys. To do so, we designed an experiment that meets the following prerequisites: (i) the deformed (pre-annealed) samples have different microstructures and dislocation contents but are otherwise similar (same fraction of secondary particles, etc), (ii) all samples are subjected to the same annealing sequence (in particular, to the same temperature), and (iii) the evolution of the microstructures is observed in detail, by in situ EBSD.

Materials and methods

We used a commercial-purity AZ31B magnesium alloy (~96% Mg, ~3% Al, ~1% Zn) with a recrystallized microstructure. The apparent mean grain size, in terms of the diameter of the circle of equivalent surface area, was ~9 μm (mode ~5 μm). Most grains had an internal misorientation spread lower than 1%, indicating that grains were initially nearly single-crystalline, and the initial twin boundary fraction was lower than 1%. The material had an intense basal texture, with a maximum of the orientation distribution function of 8 (see Supplementary material).

Deformation experiments

The samples were machined for deformation in plane strain compression along different directions with respect to the basal texture (Fig. 1). Two samples had their dominant c-axis along the compression direction (CD), one sample had its dominant c-axis along the transverse direction (TD), and three samples had their dominant c-axis along the elongation direction (ED). Samples of 10 × 8 × 10 mm (along ED, TD and CD, respectively) were deformed using a channel-die compression device [START_REF] Maurice | Hot plane strain compression testing of aluminum alloys by channel-die compression[END_REF]. Before deformation, the samples were carbon-coated using a graphite spray and wrapped in polytetrafluoroethylene (Teflon) films to reduce friction effects during deformation, and then heated up to the target temperature in 30 s to 1 min. After deformation, the samples were water-quenched within 1 s. The relatively high heating and cooling rates of the system minimize thermally-induced microstructure changes [START_REF] Maurice | Hot plane strain compression testing of aluminum alloys by channel-die compression[END_REF].

The samples were deformed at two different temperatures: 250 and 300 °C (0.59 and 0.64 T m , respectively, where T m is the melting temperature), and two different strain rates: 10 -2 and 10 -1 s -1 . To prevent, as much as possible, recrystallization during deformation (dynamic recrystallization), von Mises strains were limited to ~0.12, except for two samples, for which von Mises strains were 0.25. Small volumes of dynamically recrystallized grains developed during the deformation experiment (Table 1). The resulting maximal stresses during deformation ranged from 81 MPa to 164 MPa (Fig. 1, Table 1). In the following, samples are named after the maximal stress they developed during deformation (e.g. "S81" for "sample with maximal stress of 81 MPa"). The key microstructural features of the deformed samples are provided in Table 1 and more details can be found in Supplementary Material. In the following, the deformed samples constitute the "initial state" of our samples and will be referred as such, as we analyse annealing microstructures as a function of the attributes of the initial, deformed microstructures.

Annealing experiments

The deformed samples were cut in half parallel to the CD-ED plane (Fig. 1a), and the resulting internal surfaces were mechanically polished using SiC papers and oil-based diamond suspensions (down to 0.25 μm) and then electro-polished using a solution composed of 5% nitric acid (50%), 15% acetic acid, 20% distilled water and 60% ethanol, at ~5 °C and in two steps (3 V for 30 s and 1.5 V for 45 s). The sample microstructures were observed on this surface before and during annealing, with no need for new polishing after each annealing.

The in situ annealing experiments were carried out in a CamScan X500-FE CrystalProbe SEM-EBSD chamber. Samples were fixed to an inhouse ceramic stage with three thermocouples attached; one to the heater surface, one to the sample surface, and one to the ceramic stage holder (see Supplementary Material). Calibrations showed average heating and cooling rates from 25 to 300 °C under low vacuum (~2 Pa) of 77 °C•min -1 and 1.5-6 °C•min -1 , respectively. The temperature difference between the base and the surface of the sample was about 50 °C for a 2-mm thick sample. For each sample, we conducted one annealing experiment consisting of four to six thermal cycles, each followed by EBSD measurements at T < 50 °C for a quasi-in situ monitoring. Since a steady-state temperature at the surface could not be reached, the time during which the base of the heater remained higher than 200 °C (which corresponds to ~150 °C at the surface) was considered as annealing time. Cumulative annealing times are provided in Table 2 and heating-cooling curves in the Supplementary Material.

EBSD analysis and microstructural proxies

After each annealing step, two orientation maps were acquired: a general map, with a step size of 0.7 μm and a grid of 347 × 282 pixels (~243 × 197 μm 2 ), and a high-spatial-resolution map in a smaller region, with a step size of 0.4 μm and grids of between 299 × 162 pixels (~120 × 65 μm 2 ) and 285 × 270 pixels (~114 × 108 μm 2 ). General and high-resolution orientation maps were acquired in ~40 and ~20 min, respectively. EBSD patterns were indexed using the Refined Accuracy algorithm in AZtec v.3.2 software of HKL Technology, leading to an angular resolution of 0.1 to 0.5°. For most samples, the raw indexing rate was higher than 90% (see Supplementary Material for details).

The resulting EBSD data were analysed using the MTEX toolbox v5.1.0 [START_REF] Bachmann | Texture analysis with MTEXfree and open source software toolbox[END_REF][START_REF] Mainprice | Descriptive tools for the analysis of texture projects with large datasets using MTEX: strength, symmetry and components[END_REF] and in-house codes provided in Supplementary Material. The overall procedure is summarized in Fig. 2. Grains were reconstructed using the fast multiscale clustering algorithm [START_REF] Mcmahon | Boundary identification in EBSD data with a generalization of fast multiscale clustering[END_REF], which allowed to track the evolution of both the apparent (2D) grain size and the grain boundary roughness (see Appendices A and B for definitions). Boundary roughness was estimated with the solidity parameter, (S), but we present the data as S i = 1 -S, so that the grain boundary roughness takes a minimal value of 0 for grains with straight faces and values up to 1 as the roughness of the grain boundary increases.

A commonly used metric, the "kernel average misorientation (KAM)", was chosen as a proxy to quantify the local lattice distortion. The KAM is defined as the average value of the misorientation angles between a pixel and its neighbours. It correlates, to first order, with the density of geometrically necessary dislocations and the associated stored energy [START_REF] Wilkinson | Strain mapping using electron backscatter diffraction[END_REF][START_REF] Calcagnotto | Orientation gradients and geometrically necessary dislocations in ultrafine grained dual-phase steels studied by 2D and 3D EBSD[END_REF][START_REF] Kamaya | Measurement of local plastic strain distribution of stainless steel by electron backscatter diffraction[END_REF][START_REF] Godfrey | Characterization and influence of deformation microstructure heterogeneity on recrystallization[END_REF]. We used the KAM to locate and estimate the magnitude and gradients of the stored energy and to track recovery in sub-structured grains.

The KAM calculation involves two parameters: the misorientation threshold and the kernel size [START_REF] Kamaya | Assessment of local deformation using EBSD: quantification of accuracy of measurement and definition of local gradient[END_REF][START_REF] Wright | A review of strain analysis using electron backscatter diffraction[END_REF]. The misorientation threshold enables one to exclude grain boundaries from the calculation and was set to 5°. The kernel size depends on the number of pixel neighbours (also known as the "KAM order") and the pixel size. In the present study, the balance between a proper spatial resolution and low KAM uncertainty (resulting from the angular uncertainty and the presence of non-indexed points) has been achieved by using a 2nd-order kernel for the medium-resolution maps and a 4th-order kernel for the high-resolution maps. This choice leads to fairly similar kernel sizes (or radii) The orientation distribution within a grain was also quantified using the grain kernel average misorientation (GKAM). The GKAM was used to distinguish recrystallized from non-recrystallized, sub-structured grains. In general, the distribution of KAMs values within a grain shows a strong asymmetry, which was accounted for using appropriate (robust) metrics: the sample median and the interquartile range. Working from the KAM and band contrast EBSD maps, a threshold value of ~0.2-0.3% was chosen for the GKAM to segment the recrystallized grains. Most recrystallized grains showed KAMs of the order of the typical EBSD angular resolution, which confirms that recrystallized grains are virtually dislocation-free.

Once the recrystallized grains were segmented, grain boundaries were classified into three types: RX-RX, SS-SS and RX-SS, where RX-RX boundaries separate recrystallized grains, SS-SS boundaries separate sub-structured grains, and RX-SS boundaries constitute the recrystallization front. We followed the evolution during annealing of the recrystallization front length per unit area, S V , and of the grain impingement ratio, which is the ratio of the length of the RX-RX boundaries to the total boundary length of the recrystallized grains, RX-RX + RX-SS. We also use microstructure path plots to follow the microstructural evolution of the samples [START_REF] Dehoff | Annealing Processes -Recovery, Recrystallization and Grain Growth[END_REF][START_REF] Vandermeer | Recrystallization in hot vs cold deformed commercial aluminum: a microstructure path comparison[END_REF].

If we consider that the elastic forces associated with a dislocation decay as the inverse to the distance, the dislocations closer to the recrystallization front have a stronger effect on it. To determine how local differences in dislocation density (or stored energy) drive the mobility of the recrystallization front, we define a new proxy, κ, which estimates the KAM gradient across the recrystallization front,

= | - | κ KAM KAM b arctan px px t 1 2 (2) 
where KAM px1, 2 are the KAM values of the adjacent pixels on both sides of the recrystallization front and b t the boundary thickness (considered equal to 1 nm). Fig. 3 displays an example of a κ map. Since we compare data for EBSD maps with similar resolutions, we ignored the step size in the κ computation (Eq. ( 2)). κ allows to (i) determine if local differences of stored energy in the vicinity of the recrystallization front correlates with the presence of protrusions and retrusions and (ii) gauge the effect of the stored energy by correlating the average κ and the average recrystallization front velocity.

Kinetics of recrystallization and grain growth

We used logistic (Verhulst) growth curves [START_REF] Verhulst | Notice sur la loi que la population suit dans son accroissement[END_REF] to model the evolution of the recrystallized fraction (X V ) over logarithmic time and to estimate the recrystallization rate, G ̇. The average speed of the recrystallization front as a function of time was estimated using the Cahn-Hagel spatially averaged boundary migration rate method, as detailed in Appendix C and Ref. [START_REF] Cahn | Divergent pearlite in a manganese eutectoid steel[END_REF]. Grain growth kinetics was estimated using standard procedures detailed in Appendix C.

Results

Evolution of the recrystallized fraction

The evolution of the recrystallized fraction with time varies markedly across samples (Figs. 4,5a). In the four deformed samples with average KAMs higher than 1.2°, the recrystallization fraction increased very rapidly in the first annealing step (< 19 min) and then only moderately to end up forming a plateau for most samples (Fig. 5a). S119, which shows the fastest recrystallization, reached a recrystallized fraction plateau after 40 min of annealing, at a recrystallized fraction of 93%. S142a and S142b reached recrystallized fraction plateaus at a similar time of 80 min of annealing, though at very different recrystallized fractions of 83 and 51%, respectively. In contrast, S164 exhibits a continuously increasing recrystallized fraction until the end of the annealing experiment (400 min), where the recrystallized attains 66%. The deformed samples with average KAMs lower than 1 showed a continuous increase of recrystallized fraction during the annealing experiment, although the process significantly slowed down after 80 min (Fig. 5a). The recrystallized fractions within 80 min of annealing are noticeably lower in these samples. The recrystallized fraction in S81 remains significantly lower than in the other samples at all annealing times. However, the final recrystallized fraction for S107, with an initial (deformed state) average KAM of 0.97°, is higher than those observed for S142b and S164, which have initial average KAMs of 1.21°and 1.26°, respectively (Fig. 5a).

The evolution of the recrystallized fractions, which never attain 100% in the present experiments, cannot be represented by the standard Johnson-Mehl-Avrami-Kolmogorov (JMAK) model, which assumes full recrystallization at infinite time. We therefore used logistic curves over logarithmic time to fit the experimental measurements (Fig. 5b, see Appendix C2). The fitting procedure provides maximum, final recrystallized fractions ranging from 19 to 93% (Table 3). Two curves show unreliable trends, which can be explained by problems in the experimental measurements. For S164, the measured recrystallized fractions align almost linearly in the semi-logarithmic plot (Fig. 5b), which results in a logistic curve with a sigmoidal shape that departs significantly from the others. We think that this anomalous trend may have been caused by the image distortion issues in some EBSD maps (see Supplementary Material). For S119, the very fast recrystallization prevented us from recording any data before the plateau is reached. Thus the fitting procedure provides a robust estimate of the recrystallization plateau (parameter L), but the curve shape and location are poorly constrained (parameters k and m, see Table 3).

The recrystallized fraction at each annealing time correlates positively with the average initial KAM for all samples (Fig. 5c). This correlation becomes weaker with time (Fig. 5c), with R values decreasing from 0.90 at 19 min to 0.81 at 269 min. This can largely be explained by the off-trend path followed by sample 107 which, despite low initial recrystallization rates, after about 70 min of annealing attains higher recrystallized fractions than two samples with higher average initial KAMs. The recrystallized fraction at each annealing time also somewhat correlates with the initial grain size (see Supplementary Material). However, this correlation can be questioned, since the p-value of the regressions is unsuitable. Moreover, initial grain sizes and KAMs also correlate positively. Thus, this apparent correlation may just result from the correlation of both grain size and recrystallized fraction with the average initial KAM.

The series of GKAM maps provided in Fig. 6 illustrates the evolution of the recrystallization front during annealing. The recrystallization front tends to move towards areas that contain grains with high GKAMs. Grains with low GKAMs tend to persist during recrystallization, as the recrystallization front slows down or stay put as it meets them. However, transitory stagnation of the recrystallization front may also happen at the contact with a few grains with high GKAMs (the black circle in Fig. 6).

Evolution of the grain boundary roughness

The time series of segmented grain boundary maps (Fig. 7) shows that recrystallized grains growing with low impingement ratios (i.e., with a low fraction of RX-RX grain boundaries, see Section 2.3) develop irregular shapes, increasing their boundary roughness with time. Overall, the surface of the recrystallization front remains very irregular during annealing (Figs. 6 and7). In contrast, RX-RX boundaries generally appear smooth or straight and show equal-angle triple junctions (Fig. 7).

The different behaviour between the RX-RX and RX-SS boundaries accounts for (i) a general increase with time of the average grain boundary roughness as long as the grain impingement ratio remains lower than ~0.4 and (ii) a decrease or stagnation of the overall grain boundary roughness at impingement ratios higher than ~0.4 (Fig. 8a).

Recrystallization front features

The evolution of the recrystallization front length per unit area (S V ) as a function of the recrystallized fraction shows that the six samples exhibited different trends (Fig. 8b). Four samples attained maximal S V values at recrystallized fractions within the range 40-60%, indicating symmetrical microstructure evolution paths. The samples with initial KAMs higher than 1.2°reached similar maximal S V values of 0.06 μm -1 , whereas S107, with an initial KAM of 0.97°, reached a maximal S V value lower than 0.045 μm -1 . This indicates that samples with higher initial KAMs develop recrystallization fronts of greater lengths per unit area, which implies higher rates of (non-clustered) nucleation, a more irregular recrystallization front surface, or a combination of both.

The KAM and κ maps illustrate how the gradients of stored energy control the progression of the recrystallization front on scales lower than the grain size (Fig. 9). The recrystallization front tends to develop protrusions towards high KAM regions (boundary segments with high κ values) and retrusions towards low KAM regions (boundary segments with low κ values). Still, exceptions occur (cf. red arrow in Fig. 9a,b).

Evolution of the stored energy associated with dislocations

To characterize the evolution of the stored energy associated with dislocations in the samples, we analyse the evolution of the average KAM within the sub-structured domain during annealing. In samples with high initial KAMs (> 1.2°), the average KAM within the substructured domain decreases rapidly in the first annealing step (< 19 min) followed by a slow monotonic decrease (Fig. 10a). The two samples with lower initial KAMs (< 1°, S81 and S107) show different evolutions to each other. S81 show an evolution similar to one of the samples with initial KAMs higher than 1.2, except for the first annealing step, for which the decrease in average KAM is lower. In contrast, S107 exhibits a steady decrease in average KAM throughout annealing. A similar difference between (S107) and the others had already been observed on the evolution of the recrystallized fraction (see Section 3.1). The decrease of stored energy in the sub-structured domain can result from two complementary factors: recovery, which reorganizes and annihilates dislocations, and selective growth of new grains in the high stored-energy regions leading to a decrease of area of the substructured domain (indirect effect). Evidence for the second process is the stronger decrease in the average KAM in the sub-structured domain (Fig. 10a) than in the individual grains (see Supplementary Material), k: curve shape parameter; L: maximum RX fraction; m: location of the inflexion point; C.V.: coefficients of variation of the different fitted parameters.

Fig. 6. Recrystallization front evolution during annealing, shown as GKAM maps for S164 and S107. Note the irregularity of the recrystallization front, how the recrystallization front tends to move towards areas containing grains with high GKAMs (red to yellow-green grains), and how grains with low GKAMs (blue and green grains) tend to persist during annealing. The black circle in the upper central panel indicates the counter-example of a grain with a high GKAM that persists during annealing. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

which is also qualitatively shown by the series of KGAM maps (Fig. 6).

The evolution of the average κ values at different annealing times (Fig. 10b) illustrates the evolution of the stored energy associated with dislocations in the vicinity of the recrystallization front. The average κ values show a similar evolution as the average KAMs, even if the initial fast decrease step is missing, as the recrystallization front cannot be defined at the initial state. Different evolutions of the average κ values are observed for samples with low (< 1°) and high (> 1.2°) KAMs. However, the κ paths of all samples run approximately parallel (except for S142b, probably due to acquisition issues during the last EBSD scan, as already mentioned). This contrasts with the average KAMs, which had markedly different evolutions for the two samples of low initial KAMs, indicating that although the average stored energies differ between the two samples, their distributions in the vicinity of the recrystallization front are similar.

Evolution of the recrystallized grain size

The increase of recrystallized grain size slows down after 80 min of annealing for all samples (Fig. 11a, Table 4). The three samples developing the highest maximal stresses (S164, S142a, and S142b) exhibit similar evolutions and final values of the recrystallized grain sizes (Fig. 11a, Table 4). The samples with the lowest and highest final recrystallized fractions, S81 and S119, respectively, show similar evolutions, but different final recrystallized grain sizes (Fig. 11a, Table 4).

Power-law curves appropriately fit the evolution of average recrystallized grain sizes for all samples but S107, which, despite its high correlation coefficient (> 0.9), shows a significantly higher standard error in the fit than the others (Fig. 11a, b, Table 4). Excluding this sample, the grain growth exponents (n) range from 7 to 18 (Table 5).

Texture evolution and misorientation along the RX front

Sub-structured and recrystallized grains show different textures and texture evolutions among samples, as the samples were compressed at different directions with respect to the strong as-received basal texture (Fig. 12a and Supplementary Material). The deformation and the postannealing textures show that dynamically and statically recrystallized grains display similar overall patterns, but with different intensities (Fig. 12a). For instance, recrystallized grains in S81, S142b and S142a (deformed with their dominant c-axis along CD) tend to develop a maximum of {1210} close to ED (Fig. 12 and Supplementary Material). This maximum, which is already present in the dynamically recrystallized grains, is reinforced during annealing. In S119 and S107 (deformed with the dominant-axis along ED), dynamically and statically recrystallized grains show textures characterized by concentration of [0001] (c-axis) around ED, forming a girdle with an opening of 10-20°, and development of a secondary incomplete fibre of [0001] at a high angle to ED. However, texture evolution during annealing in these two samples differs markedly. In S119, the [0001] girdle at a low angle to ED is reinforced, indicating preferential growth of this texture component, whereas, in S107, the texture is weakened, with disappearance of the initial [0001] maximum parallel to ED. Lastly, in S164 (deformed with the c-axis maximum along TD), recrystallization does not significantly change the deformed texture, which is weak (see Supplementary Material).

The misorientation angle distributions along the recrystallization front (but also along with RX-RX interfaces) differ significantly from one sample to another and evolve only slightly during annealing (Fig. 12b). This implies that specific grain boundaries do not influence the recrystallization process.

Discussion

The microstructural evolution observed for all samples indicates that, under the tested annealing conditions, recrystallization in AZ31 Mg alloys develops by nucleation and growth of substructure-free grains at the expenses of the deformed (sub-structured) grains. This process is fast (minutes to hours) and exhausts before completion in all cases.

Dislocation-driven (F S ) vs curvature-driven (F σ ) grain boundary migration

The experiments provided several microstructural pieces of evidence of the major influence of the stored energy associated with dislocations on grain boundary mobility and recrystallization kinetics, as indirectly quantified by the KAM and k proxies. These are (i) the strong positive correlation between the recrystallized fraction and the initial average KAMs, especially in the first stages of annealing (Fig. 5c), (ii) the tendency of the recrystallization front to move preferentially towards areas or grains with high KAMs and GKAMs (Fig. 6), (iii) the tendency of grain boundary segments adjacent to areas with low KAMs to stay put and the high survival rate of the grains with low GKAMs (Fig. 6), and (iv) the correspondence between high/low k values and protrusions/retrusions in the recrystallization front (Fig. 9).

The roughness of the recrystallized grain boundaries increases with time as long as recrystallized grains grow mainly at the expenses of the deformed material, which globally corresponds to grain impingement ratios lower than ~0.4 (Fig. 8a). Recrystallization therefore develops essentially by the progression of a highly irregular recrystallization front (Fig. 7). The absence of an overall reduction in the recrystallization front curvature during recrystallization further supports that the stored energy associated to dislocations, not the grainboundary curvature, is the main factor that drives the progression of the recrystallization front.

Similar generation of rough interfaces with protrusions/retrusions during static recrystallization of highly sub-structured aggregates was previously observed in cubic-symmetry metals such as high-purity aluminium [START_REF] Zhang | Local boundary migration during recrystallization in pure aluminium[END_REF][START_REF] Zhang | In-situ investigation of local boundary migration during recrystallization[END_REF][START_REF] Zhang | Boundary migration in a 3D deformed microstructure inside an opaque sample[END_REF] or nickel [START_REF] Zhang | Analysis of the growth of individual grains during recrystallization in pure nickel[END_REF]. In halite, it was also observed at moderate temperatures (~0.55 T m ), but face-parallel grain boundary migration predominated at high temperatures (~0.65 T m ) [START_REF] Piazolo | Temperature dependent grain boundary migration in deformed-then-annealed material: observations from experimentally deformed synthetic rocksalt[END_REF]. Studies on aluminium [START_REF] Zhang | Local boundary migration during recrystallization in pure aluminium[END_REF][START_REF] Zhang | In-situ investigation of local boundary migration during recrystallization[END_REF][START_REF] Zhang | Boundary migration in a 3D deformed microstructure inside an opaque sample[END_REF] interpreted the protrusions/retrusions in a similar way as in this work, as promoted by local variations in stored density, although a role of the local decrease of curvature in the retrusion segments once they reach a critical curvature was also suggested [START_REF] Zhang | Local boundary migration during recrystallization in pure aluminium[END_REF]. The limited spatial resolution of our EBSD maps prevented us from evaluating such a very local effect, however.

Influence of the stored energy on recrystallization rates and final recrystallized fractions

Monitoring the evolution of the recrystallized fraction with time (at similar annealing temperatures) revealed (i) an increasing then decreasing recrystallization rate with logarithmic time, (ii) a positive correlation between the initial average KAM and the recrystallized fraction, particularly at the beginning of recrystallization, (iii) highly variable recrystallization rates among samples, and (iv) different evolutions of the recrystallization rates for the two samples with average KAMs lower than 1°.

The evolution of the recrystallization rate (Ġ) during annealing (Fig. 13) indicates that the samples with the highest initial average KAMs recrystallized faster. This can also be seen from the negative correlation between the initial average KAM and the annealing time corresponding to 50% of the final maximum recrystallization fraction (Fig. 13b) (i.e., the inflexion point of the logistic curve in Fig. 5b). The final recrystallized fraction does not always correlate with faster kinetics (Fig. 13c). A clear example arises when comparing S142b and S107 (Fig. 13), where the sample with a slower kinetics, S107, reaches a higher final recrystallized fraction.

The analysis of the evolution of the recrystallized rates (Fig. 13) and recrystallization fractions (Fig. 5) shows that, in general, the recrystallization rate and the final recrystallized fraction correlate with the initial KAM and the maximal stress in the deformation experiment. However, two samples (S107 and S119) deviate from this trend. The possible reasons behind this are discussed below. Samples 107 and 119 were deformed with their dominant c-axis along ED. As a consequence, they developed higher twinning fractions than the others (~50% vs. ≤26%, Table 1, Fig. 4). The higher twinning fractions in the deformed microstructures might explain more effective recrystallization during a R: correlation coefficient, p-val: two-sided p-values, and std. err.: the standard error of linear regression on log-log plot (Fig. 11b). b Last measure (stage 4) not taken into account due to EBSD map artefacts.

annealing (both samples achieved higher final recrystallized fractions than others, with higher initial stored energies, as indicated by their higher initial KAMs). Previous works reported that compression and crossing twins on AZ31B Mg alloys act as nucleation sites for recrystallization [START_REF] Jäger | Influence of annealing on the microstructure of commercial Mg alloy AZ31 after mechanical forming[END_REF][START_REF] Shi | Effect of initial microstructure on static recrystallization of Mg-3Al-1Zn alloy[END_REF][START_REF] Li | Orientational analysis of static recrystallization at compression twins in a magnesium alloy AZ31[END_REF]. However, the two samples display different evolutions, which point to different processes at play. S119 displays extremely fast initial recrystallization kinetics, achieving a maximal recrystallized fraction of 93% in < 40 min of annealing (Fig. 5). The analysis of the microstructural evolution for this sample highlights some correlation between the presence of twin boundaries and the occurrence of recrystallization (compare the microstructures before and after 19 min of annealing in Fig. 4). On the other hand, S107 displays much lower initial recrystallization rates, resulting in a higher final recrystallized fraction than samples with higher initial KAMs and recrystallization rates (e.g. S164 and S142b in Fig. 5a,b). Analysis of the microstructural evolution for this sample does not show any clear spatial correlation between high twin boundary density in the deformed state and recrystallization (Fig. 4). Indeed, in this sample, as in the remaining ones, many twin boundaries are preserved during annealing (Fig. 4). Moreover, for the other samples, the absence of a positive correlation between the initial twin fraction and the final recrystallized fraction or the recrystallization kinetics suggests that this is a secondorder factor in our experiments.

The reasons for the different kinetics of microstructural evolution of S107 during annealing remain unclear. Recrystallization is slower and continues up until the end of the experiment, producing an almost steady decrease of the average KAM (and therefore stored energy) in the sub-structured domain. The grain growth parameters estimated for this sample, and in particular the grain growth exponent, are consistent with the ones observed in normal grain growth models. However, it displays an evolution of the grain boundary roughness and the average κ value similar to other samples, suggesting that annealing in this sample is still dominated by recrystallization powered by local differences of stored energy.

Grain boundary mobility vs. local stored energy

To further explore the influence of the stored energy associated to dislocations on the recrystallization kinetics, we plotted the evolution of the average velocity of the recrystallization front (the compensated recrystallization rate, Ġ CH , see Appendix C3 for the definition) against the evolution of κ (Fig. 14a). Several features stand out. First, both values decrease with time in a roughly linear manner, suggesting a correlation between them. The only exception is the first annealing stage in S81, but it is likely due to an artefact caused by an overestimation of S V by including grain boundaries from dynamically recrystallized grains. Second, the paths do not converge, which means that, for a given κ, the recrystallization front developed different average velocities in the different samples. For instance, an average velocity of migration of the recrystallization front (Ġ CH ) of 2.0 μm•s -1 is attained at κ = 0.55°•nm -1 in S81, but at κ = 0.84°•nm -1 in S142b. Third, the stagnation of the recrystallization front (Ġ CH = 0) is predicted to occur for different average κ values (varying between 0.5 and 0.78°•nm -1 ) in the different samples.

To avoid any noise effect in the estimation of κ, we also estimate a truncated median by rejecting all κ values < 0.5°•nm -1 from the distribution (Fig. 14b), such very low κ values result from misorientation measurements of the order of the angular resolution of EBSD (see Supplementary Material). Using this approach, all samples with high initial KAMs (> 1.2°) roughly converge into a single path, characterized by a stagnation of the recrystallization front at κ ≃ 1°•nm -1 (Fig. 14b). However, samples with initial KAMs lower than 1°still follow different paths and should attain stagnation of the recrystallization front at lower κ values. This elicits the question as to whether the stored energy (F S ) is the only key factor controlling the velocity of the recrystallization front in AZ31B alloys or if other factors need to be considered. This is particularly true for S107.

Crystallography-controlled grain boundary mobility factors

As the temperature is the same in all experiments, the only intrinsic boundary mobility factors that can explain the variation in recrystallization evolution among samples are crystallographic. To evaluate the influence of these factors, it would be necessary to track the boundary misorientation and textures with time, but this is not possible with 2D experiments, as it is impossible to correlate the migration of grain boundaries to their crystallographic planes. However, in situ monitoring allowed us to discard the occurrence of face-parallel grain boundary migration, leading to the development of crystal facets, and hence boundary migration controlled by specific crystallographic planes.

The lack of systematic changes with time in the misorientation angle distribution along the recrystallization front (Fig. 12b) indicates little to no effect of special grain boundaries on the recrystallization front mobility. This agrees with the lack of a misorientation angle control already observed in cubic-symmetry materials [START_REF] Zhang | Local boundary migration during recrystallization in pure aluminium[END_REF][START_REF] Zhang | Analysis of the growth of individual grains during recrystallization in pure nickel[END_REF][START_REF] Fan | Oriented during recrystallization revisited in three dimensions[END_REF][START_REF] Zhang | In-situ investigation of local boundary migration during recrystallization[END_REF][START_REF] Zhang | Boundary migration in a 3D deformed microstructure inside an opaque sample[END_REF][START_REF] Schmidt | Watching the growth of bulk grains during recrystallization of deformed metals[END_REF].

The texture changes as a result of recrystallization (Fig. 12a). However, in contrast to previous works [START_REF] Yi | Microstructural evolution during the annealing of an extruded AZ31 magnesium alloy[END_REF][START_REF] Chao | Static recrystallization kinetics of a heavily cold drawn AZ31 magnesium alloy under annealing treatment[END_REF][START_REF] Pérez-Prado | Texture evolution during annealing of magnesium AZ31 alloy[END_REF], only the samples deformed with their dominant c-axis along CD show preferential growth of grains with prismatic planes {-12-10} parallel to ED. The dynamically recrystallized grains in these samples already showed a maximum of {-12-10} close to ED at deformed state, suggesting that they acted as seeds for recrystallization. The samples deformed with a dominant c-axis along with TD shows markedly different evolutions, characterized by either a slight opening and concentration of the c-axis about ED or a strong weakening of the texture. It can therefore be concluded that, in our experiments, the initial texture and the orientations of the dynamically recrystallized grains control the texture evolution during annealing.

Stagnation of the recrystallization front

Progressive smoothing of grain boundaries during recrystallization was proposed as a stagnation mechanism [START_REF] Holm | How grain growth stops: a mechanism for grain-growth stagnation in pure materials[END_REF]; however, this mechanism does not apply here as smoothing is observed at RX-RX boundaries (and can therefore explain their stagnation), but not at the recrystallization front, which remains irregular throughout the experiment. In contrast, we found evidence that the decrease in stored energy in the vicinity of the recrystallization front (measured with κ) contributes to the decrease in migration rate in a roughly linear manner. Still, as mentioned previously, stagnation of the recrystallization front occurs at different κ for the samples with lower initial stored energy.

This observation might be explained if extrinsic factors played a role along with the decreasing stored energy. The series of in situ EBSD orientation maps and fore-scattered electron images provide no evidence of pinning by secondary particles (Zener pinning) in our samples. Pinning due to solute (impurities) segregation to grain boundaries was previously observed in Mg alloys during annealing at 350-400 °C [START_REF] Zeng | Texture evolution during static recrystallization of cold-rolled magnesium alloys[END_REF][START_REF] Hadorn | Role of solute in the texture modification during hot deformation of Mg-rare earth alloys[END_REF]. Solute segregation is, however, complex to evaluate without direct evidence, as it depends on variables, which are difficult if not impossible to assess from 2D EBSD experiments, such as the boundary plane normal [START_REF] Lücke | On the theory of impurity controlled grain boundary motion[END_REF] or local boundary velocity [START_REF] Lücke | On the theory of impurity controlled grain boundary motion[END_REF][START_REF] Lücke | Recovery and Recrystallization of Metals[END_REF]. The hypothesis of a recrystallization front stagnation induced by the accumulation of solutes coupled with a decrease of the stored energy is plausible. However, this would require further testing such as characterizing the density of solute particles at the recrystallization front or comparing the behaviours of pure Mg and AZ31B alloy under similar conditions. Moreover, to explain the protracted recrystallization in samples with low initial KAMs, impurity levels should significantly differ or solute segregation pinning should be more effective in pinning fast-moving boundaries.

Regarding potential free surface artefacts, samples developed no surface oxidation during annealing, so this effect can be discarded. The presence of grain boundary grooving due to electro-polishing [START_REF] Sachenko | Effect of faceting on the thermal grainboundary grooving of tungsten[END_REF] was not directly evaluated and there is no previous literature on a potential effect in AZ31B. Grain boundary grooving might lead to a local grain boundary stagnation [START_REF] Gottstein | Grain Boundary Migration in Metals: Thermodynamics, Kinetics, Applications[END_REF] and explain some off-trend observations such as stuck boundary segments with high κ values. In any case, we consider unlikely that these artefacts, which essentially result in local pinning, can cause global stagnation of the recrystallization front.

Grain growth

Previous works on AZ31B provided grain growth exponents typically ranging between 2 and 5 [START_REF] Bhattacharyya | Texture enhancement during grain growth of magnesium alloy AZ31B[END_REF][START_REF] Su | Recrystallization and grain growth of deformed magnesium alloy[END_REF][START_REF] Miao | Grain growth kinetics of a fine-grained AZ31 magnesium alloy produced by hot rolling[END_REF][START_REF] Wang | Grain growth kinetics of bulk AZ31 magnesium alloy by hot pressing[END_REF]. The parabolic growth model, for which boundary migration is mainly driven by boundary energy, uses a value of 2 [START_REF] Humphreys | Recrystallization and Related Annealing Phenomena[END_REF]. In contrast, the fitted power-law curves of all samples but S107 provide grain growth exponents between 7 and 18 (Fig. 6, Table 5). Deviation from the parabolic model is to be expected, as recrystallization in AZ31B is far from the one of an ideal, singlephase pure material, due to preferential nucleation and highly anisotropic growth. Materials with higher dislocation content or pinning forces usually display higher n values [START_REF] Humphreys | Recrystallization and Related Annealing Phenomena[END_REF]. We propose therefore that the high n values (≫5) obtained in this work are representative of grain growth rates during dislocation-driven recrystallization.

Conclusions

For annealing of highly to moderately deformed AZ31B Mg alloys at moderate temperature (~0.62 T m ), we conclude that • Recrystallization develops by nucleation and growth of sub- grains. It develops but remains incomplete.

• Recrystallization is driven by the stored energy associated with dislocations rather than by grain boundary energy. Evidence for dislocation-driven recrystallization are: o a strong irregularity (roughness) of the recrystallization front as it progresses in the sub-structured domain; o a strong correlation between the KAM and the recrystallized fraction throughout annealing; o a clear preferential consumption of grains with high GKAMs; o a first-order linear correlation between the κ parameter for the stored energy in the vicinity of the recrystallization front and the spatially averaged recrystallization front velocity (Cahn-Hagel compensated velocity).

• Twinning exerts some control on recrystallization by favouring nucleation as inferred from the anomalous behaviour of S107 and, to a lesser extent, S119.

• The decrease in stored energy with time cannot alone explain the incomplete final recrystallization, in particular in the samples with low initial stored energies. A plausible explanation would be a combination of a decrease in the stored energy and solute drag, but confirmation of a possible role of solute drag requires further testing.

• The logistic (Verhulst) growth curve provides a good prediction of the observed evolution of the recrystallization fractions as long as experimental data are available for most of the recrystallization process. This curve is an alternative to traditional recrystallization models to evaluate recrystallization kinetics, and it can be used for both full and incomplete recrystallization.

• The grain growth exponents (n) estimated for this experiment are much higher [START_REF] Sternlicht | The mechanism of grain boundary motion in SrTiO3[END_REF][START_REF] Lücke | A quantitative theory of grain-boundary motion and recrystallization in metals in the presence of impurities[END_REF][START_REF] Cahn | The impurity-drag effect in grain boundary motion[END_REF][START_REF] Smith | Grains, phases, and interfaces: an interpretation of microstructure[END_REF][START_REF] Nes | On the Zener drag[END_REF][START_REF] Drury | Large strain deformation studies using polycrystalline magnesium as a rock analogue. Part II: dynamic recrystallisation mechanisms at high temperatures[END_REF][START_REF] White | Large strain deformation studies using polycrystalline magnesium as a rock analogue. Part I: grain size paleopiezometry in mylonite zones[END_REF][START_REF] De Bresser | On dynamic recrystallization during solid state flow: effects of stress and temperature[END_REF][START_REF] Yi | Microstructural evolution during the annealing of an extruded AZ31 magnesium alloy[END_REF][START_REF] Chao | Static recrystallization kinetics of a heavily cold drawn AZ31 magnesium alloy under annealing treatment[END_REF][START_REF] Pérez-Prado | Texture evolution during annealing of magnesium AZ31 alloy[END_REF][START_REF] Bhattacharyya | Texture enhancement during grain growth of magnesium alloy AZ31B[END_REF] than those proposed in previous works on AZ31B Mg alloys. This is attributed to a grain growth driven by stored energy associated with dislocations. The FMC algorithm uses a hierarchical clustering method that groups pixels with similar orientations, starting from individual data points and iteratively coarsening to form larger clusters. At each step in the hierarchy, every cluster is scored based on the similarity of orientations it contains and on its distinction from neighbouring groups. The highest-scoring groups form the final segmentation of the orientation data and, thus, the grains. The FMC algorithm does not require setting a threshold disorientation value to locate grain boundaries, but a cut-off value to determine the optimum number of clusters in your data. It is therefore a semi-supervised iterative method. Here, the cut-off value was optimized to produce the best grain reconstruction for the recrystallized grains. Occasionally, this approach produced over-segmentation artefacts within the deformed domain, which do not affect the results and conclusions on the evolution of static recrystallization. where ∑gb twins corresponds to the total length of the Mg twin grain boundaries and ∑gb total to the total length of magnesium-magnesium grain boundaries.

A.2. Twin grain boundary fractions

Fig. 1 .

 1 Fig. 1. Deformation experiments and resulting microstructures and textures. (a) Sample deformation coordinate system. ED: extension direction, TD: transverse direction, CD: compression direction. (b) Deformation textures represented as pole figures (equalarea projection) with intensities in multiples of a uniform distribution (half-width 5°). (c) von Mises logarithmic strain-stress curves (numbers indicate the percentage of twin boundaries after deformation in each sample). (d) Average KAM as a function of the maximal stress.

Fig. 2 .

 2 Fig. 2. Sequential steps used in the analysis of the annealed microstructures.

Fig. 3 .

 3 Fig. 3. The κ proxy. (a) Reference KAM map using a discrete colour scale, numbers are expressed in degrees. (b) Associated κ values (in °•nm -1 ) along the recrystallization front.

Fig. 4 .

 4 Fig. 4. Microstructure evolution during annealing, illustrated by KAM maps for all samples. Grain boundaries are represented in black (first column) or white (columns 2-4), and twins are represented in red. Samples are ordered by increasing initial average KAM (top to bottom). Annealing time increase from left to right, in the same manner for all samples but S119, for which the last stage is 208 min. The bottom graph shows the full annealing sequence of S81. The heating-cooling curves are aligned ("back in time") to represent the annealing time, considered as the cumulative time above 200 °C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5 .

 5 Fig. 5. Recrystallized fraction evolution during annealing. (a) Recrystallized fraction evolution with time. For each sample, the initial average KAM is indicated. (b) Recrystallized fraction evolution with logarithmic time, fitted by logistic curves. For each sample, the maximum recrystallized fraction provided by the model is indicated. (c) Evolution of the relation between the initial average KAM and the recrystallized fraction, at each annealing time.

Fig. 7 .

 7 Fig. 7. Evolution of the different grain boundary types during annealing (sample S107; maps at 19, 40, 82 and 269 min of annealing).

Fig. 8 .

 8 Fig. 8. (a) Average grain boundary roughness vs. overall grain impingement ratio. Ascending paths indicate that grain boundaries become more irregular with time on average. Error bars are 2-σ errors. (b) Microstructure evolution path for the different samples characterized by the evolution of the recrystallization front length per unit area (S V ) as a function of the recrystallization fraction (X V ).

Fig. 9 .

 9 Fig. 9. KAM and κ maps illustrating how the local gradients in dislocation density control the progression of the recrystallization front. (a, c) High-resolution KAM maps for S81 and S164. Arrows indicate examples of protrusions (grey arrows) and retrusions (black arrows) towards the sub-structured domain due to high and low KAM regions in the vicinity of the recrystallization front, respectively. (b, d) κ values along the recrystallization front for the same regions. The red arrow in (a) and (b) shows the counter-example of a retrusion of the recrystallization front located in the vicinity of a high stored energy region. KAMs are in degrees and κ values in degree•nm -1 .(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 11 .

 11 Fig. 11. Evolution of the recrystallized grain size during annealing. (a, b) Grain size as a function of annealing time with grain growth curves fitted in (left) linear-linear and (right) log-log scales. On (a), error bars represent 2-σ errors. (c) The relation between the initial (deformed) average KAM and the recrystallized grain size as a function of time.

Fig. 12 .

 12 Fig. 12. Evolution of the texture and distribution of misorientation angles measured along the recrystallization front during annealing. (a) ED inverse pole figures of the deformed (sub-structured & dynamically recrystallized grains) and of recrystallized grains in at the end of the annealing. Densities are in multiples of a uniform distribution. (b) Evolution of misorientation angle distributions measured along the recrystallization front for the same samples. Texture and misorientation data for all samples are provided in the Supplementary Material.

Fig. 13 .

 13 Fig. 13. Evolution of recrystallization rates determined from the evolution of the recrystallized fractions as represented by logistic curves. (a) Recrystallization rate evolution with logarithmic time. Markers are plotted at experimental measurement times. Note that curves for samples with low initial KAM (yellow-orange) are located to the right, which means slower kinetics. (b) Time corresponding to the maximum growth rate (or, equivalently, 50% of the maximum recrystallization fraction, or the inflexion point of the curve) as a function of the initial average KAM. (c) Recrystallization rate as a function of recrystallized fraction. Note that, in (a) and (c), fast kinetics and maximum attained recrystallization rate are not correlated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 14 .

 14 Fig. 14. The average velocity of the recrystallization front (Cahn-Hagel compensated recrystallization rate -Ġ CH ) vs differences in locally stored energy (κ). Arrows indicate the sense of evolution with time (towards stagnation: Ġ CH = 0). The triangles represent the κ values of S119, which have only been defined for a stagnating recrystallization front (the "plateau"). (a) Median κ along the x-axis. (b) Truncated median κ along the x-axis, where κ values < 0.5°were removed from the distribution.

Fig. A1 .

 A1 Fig. A1. KAM maps showing grain reconstructions for the same area. (a) Grain reconstruction (in red) using the default pixel-to-pixel misorientation algorithm with a threshold set at 5°. (b) Grain reconstruction of the same area using the FMC algorithm. Note that recrystallized grains (in blue) are better segmented with the latter.

  Twin grain boundary fractions were estimated as:

Table 1

 1 Deformation experiments conditions and microstructural parameters of the deformed samples.

	Sample ref. T (°C) Strain rate	Final von Mises	c-Axis max.	Peak stress	DRX fraction	Twin boundaries	KAM (degrees)	Grain size (μm) Texture
			(s -1 )	shortening	orientation	(MPa)	(%)	(%)					strength
									Median	IQR b	Geo.	Mode J-index
											mean		
	S164	250	0.1	0.11	Along ND	164	0.3	13.4	1.26	0.84	4.8	3.4	2.1
	S142a	250	0.01	0.25	Along CD	142	0.5 a	26.6	1.33	0.86	2.5	2.0	8.4
	S142b	300	0.1	0.24	Along CD	142	1.4	5.7	1.21	0.80	3.1	2.1	9.5
	S119	250	0.01	0.12	Along ED	119	0.1	49.9	1.34	0.82	3.1	2.1	6.8
	S107	300	0.1	0.12	Along ED	107	0.4	44.7	0.97	0.68	4.1	2.4	3.5
	S81	300	0.01	0.13	Along CD	81	1.0	19.5	0.86	0.75	5.7	3.7	7.5

a Not well constrained due to low EBSD indexing in recrystallized areas. b IQR -Interquartile range.

Table 2

 2 Cumulative annealing times for the different samples. The annealing time corresponds to the time above 200 °C (~150 °C at the sample surface).

	Sample	Annealing times (mm:ss)				
		Stage 1	Stage 2	Stage 3	Stage 3'	Stage 4	Stage 5
	164	18:49	39:43	82:39	149:45	274:36	398:08
	142a	19:40	40:48	83:06	-	267:56	-
	142b	18:28	39:33	81:40	-	266:08	-
	119	19:21	40:52	83:16	-	246:07	-
	107	19:22	39:55	82:17	-	267:10	-
	81	18:10	39:19	81:56	-	268:13	-

of 1.6 and 1.4 μm, respectively (hence allowing direct comparisons between the two types of maps).

Table 3

 3 Logistic curve parameters fitting the evolution of the recrystallized fraction with time in the different annealing experiments.

	Sample	k	C.V. (%)	L	C.V. (%)	m	C.V. (%)
	S164	0.6	19	0.7	3.9	5.8	3.6
	S142a	1.4	14	0.8	1.4	6.4	1.4
	S142b	1.4	30	0.5	2.7	6.2	3.5
	S119	6.1	104	0.9	0.6	6.4	9
	S107	1.2	21	0.7	6.2	7.8	2
	S81	1.6	24	0.2	16.3	8.5	4

Table 4

 4 Average size of recrystallized grains.

	Time	S164		S142a		S142b		S119		S107		S81	
		Geo. mean	n	Geo. mean	n	Geo. mean	n	Geo. mean	n	Geo. mean	n	Geo. mean	n
	19 min	6.52	119	7.19	266	6.67	171	9.91	195	6.78	72	4.47	21
	40 min	7.14	113	8.02	277	7.03	166	10.86	159	7.97	81	4.33	31
	80 min	9.26	105	8.15	272	7.89	160	10.86	159	12.91	67	5.18	31
	270 min	9.2	97	8.92	251	7.18	193	11.49	153	13.95	68	6.28	36
	398 min	9.3	101										

n: number of grains.

Table 5

 5 Recrystallized grain growth fitting parameters.

	Sample ref.	K (μm 2 /s)	n	1/n	R a	p-val a	Std. err. a
	S164	7.86E+03	8.34	0.12	0.89	0.02	0.03
	S142a	1.58E+08	13.02	0.08	0.97	0.03	0.01
	S142b b	1.70E+04	8.88	0.11	0.97	0.14	0.03
	S119	4.92E+13	17.69	0.06	0.94	0.06	0.02
	S107	6.08E-01	3.38	0.30	0.93	0.07	0.08
	S81	2.90E+01	7.20	0.14	0.94	0.06	0.04
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Appendix A. Grain and twin segmentation

A.1. Grain segmentation using the fast multiscale clustering (FMC) algorithm

We used the FMC algorithm [START_REF] Mcmahon | Boundary identification in EBSD data with a generalization of fast multiscale clustering[END_REF], instead of the more commonly used pixel-to-pixel misorientation thresholding algorithm, because the latter did not produce a satisfactory segmentation of the RX grains due to the strong initial texture of the material, which resulted in frequent low-angle disorientations between adjacent grains (Fig. A1).

Appendix B. Grain size

Apparent (2D) grain sizes were estimated based on EBSD grain segmentation as equivalent circle diameters from the grain section areas as d = 2√(area/π). Grains cut by the edges of the maps were not considered. Size properties were estimated using the GrainSizeTools script [START_REF] Lopez-Sanchez | GrainSizeTools: a Python script for grain size analysis and paleopiezometry based on grain size[END_REF]. Grain size modes are based on the kernel density estimator (KDE) approach [START_REF] Lopez-Sanchez | An evaluation of different measures of dynamically recrystallized grain size for paleopiezometry or paleowattometry studies[END_REF]. Error bars for the geometric mean were estimated using [START_REF] Lopez-Sanchez | Which average, how many grains, and how to estimate robust confidence intervals in unimodal grain size populations[END_REF]:

where μ log and σ log are the arithmetic mean and the standard deviation of the log-transformed data, n the sample size and t the t-score from the tstudent distribution at 95% of certainty (confidence interval).

Appendix C. Grain size and recrystallized fraction kinetics

C.1. The grain growth model.

To analyse the evolution of recrystallized grain sizes over time, we used the equation [4]

where D is the average apparent final grain size, D 0 the average apparent initial grain size (i.e. the nuclei size), t the time, n a constant that controls the growth rate, and k a growth rate constant with an Arrhenius-type temperature dependence, k = k 0 + exp (-H/RT) [START_REF] Burke | Recrystallization and grain growth[END_REF][START_REF] Murty | Kinetics of grain growth[END_REF]. Since we are dealing with nucleation and growth, D ≫ D 0 and thus D -D 0 ~D. Moreover, the thickness of the samples is several orders of magnitude larger than the average recrystallized grain size at the end of the annealing process; thus we ignore any sample thickness effect [START_REF] Vandermeer | On the grain growth exponent of pure iron[END_REF]. The grain growth function was fitted using logarithmic plots and a least-squares regression algorithm as in the Scipy v.1.3.1 optimize Python package [START_REF] Virtanen | SciPy 1.0: fundamental algorithms for scientific computing in Python[END_REF] (Python codes are given in Supplementary Material). The correlation coefficient, the two-sided p-value, and the standard error of the regression were estimated.

C.2. The logistic (Verhulst) growth curve

The logistic function [START_REF] Verhulst | Notice sur la loi que la population suit dans son accroissement[END_REF] is an equation that produces an S-shaped that properly represents growth limited to a defined maximum value (Fig. C1),

The logistic function produces a curve similar to those of the JMAK model [START_REF] Kolmogorov | On the statistical theory of crystallization of metals[END_REF][START_REF] Avrami | Kinetics of phase change. I general theory[END_REF] but includes a parameter (L) to define the asymptotic recrystallization fraction (Fig. C1). The logistic function is also differentiable so provides the growth rate at any time. The logistic function was fitted using a Levenberge-Marquardt algorithm [START_REF] Marquardt | An algorithm for least-squares estimation of nonlinear parameters[END_REF] as put in the Scipy (v.1.3.1) optimize Python package [START_REF] Virtanen | SciPy 1.0: fundamental algorithms for scientific computing in Python[END_REF] (Python codes are given in Supplementary Material). Reported errors are coefficients of variation in percentage at 2-sigma level (i.e. the confidence interval at 95%).

C.3. Cahn-Hagel interface averaged recrystallization method

The Cahn-Hagel spatially-averaged interface migration rate method [START_REF] Cahn | Divergent pearlite in a manganese eutectoid steel[END_REF] is a method that allows estimating the spatially-averaged speed of the recrystallization front using the following relation:

where S V is the length of the recrystallization front per unit area (i.e. the normalization factor) and dX V /dt the RX rate (G ̇).

Appendix D. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.matchar.2020.110382.