S Cazottes 
email: sophie.cazottes@insa-lyon.fr
  
V Massardier 
  
R Danoix 
  
D Rolland 
  
S Cissé 
  
F Danoix 
  
Effect of cold rolling on phase separation in 2202 lean duplex stainless steel
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The effect of plastic deformation (cold rolling) on the thermal aging of a lean 2202 duplex stainless steel at intermediate temperatures (280 °C-450 °C) was studied using a combination of atom probe tomography and thermoelectric power measurements. In the undeformed condition, spinodal decomposition of ferrite was shown to be the prime aging process with an activation energy of 206 kJ/mol. Plastic deformation enhanced the aging and the austenite partly transformed into martensite. When no precipitation or phase transformation was observed in austenite, both ferrite and martensite decomposed. The spinodal decomposition kinetics of ferrite increased with increasing deformation rate. The FeCr-rich martensite also decomposed at 450 °C, via a nucleation and growth process, owing to a decrease of the Cr content in the matrix. Chromium nitrides, G-Phase, and Cu-rich precipitates were observed in the decomposed martensite.

Introduction

Lean duplex stainless steels (DSSs) were developed in the late 1990s to have a cheaper option of materials with similar mechanical corrosion properties to counterpart standard austenitic stainless steels (such as AISI 304 or 316) [ 1 , 2 ]. So, lean grades can often replace common 30x grades of the austenitic stainless steel family while the higher-alloyed standard grade of duplex stainless steel, namely 2205, was designed to replace grade 316 austenitic stainless steel. They contain lower Ni, Mo, and Cr contents than the 2205 standard DSS but higher Mn and N contents to maintain a ferrite/austenite ratio close to one.

The ferritic phase in lean DSSs contains approximately 24 at% Cr [START_REF] Maetz | Precipitation and phase transformations in 2101 lean duplex stainless steel during isothermal aging[END_REF] and undergoes ferrite decomposition for aging temperatures between room temperature (RT) and 500 °C [START_REF] Maetz | Microstructural evolution in 2101 lean duplex stainless steel during low-and intermediate-temperature aging[END_REF] . This well-documented phenomenon [START_REF] Brenner | Spinodal decomposition of iron-32 at.% chromium at 470°C[END_REF][START_REF] Brown | Atom probe studies of spinodal processes in duplex stainless steels and single-and dual-phase Fe-Cr-Ni alloys[END_REF][START_REF] Danoix | Atom probe studies of the Fe-Cr system and stainless steels aged at intermediate temperature: a review[END_REF][START_REF] Lemoine | Mössbauer study of the ferrite decomposition in unaged duplex stainless steels[END_REF][START_REF] Miller | Comparison of low temperature decomposition in Fe Cr and duplex stainless steels[END_REF][START_REF] Miller | Comparison of the rate of decomposition in Fe 45%Cr, Fe 45%Cr 5%Ni and duplex stainless steels[END_REF] is responsible for the embrittlement observed in aged Fe-Cr and stainless steels that contain ferrite and martensite in this temperature range . The initially homogeneous ferrite 1 decomposes into iron-rich alpha ( 𝛼) and chromium-rich alpha prime ( 𝛼') domains at the nanometric scale. Two mechanisms for this phase separation are possible: a continuous mechanism (spinodal decomposition) or a discrete mechanism (nucleation and growth, of 𝛼' precipitates) [START_REF] Porter | Phase Transformations in Metals and Alloys[END_REF] . To discriminate between these mechanisms, the time evolution of the Cr content wavelength and amplitude must be tracked as a function of time in the early stages, with spinodal decomposition showing t 0.15-0.20 behavior and nucleation and growth showing t 0.33 behavior. However, from a microstructural viewpoint, for most Cr contents, the spinodal decomposition leads to an interconnected (or sponge-like) structure, forming a continuous network of 𝛼' zones whose Cr content increases with aging time until reaching the equilibrium composition predicted by the phase diagram. The nucleation and growth mechanism occurs through the development of isolated particles of the same 𝛼' phase, which is theoretically predicted to reach the equilibrium composition from the beginning. These morphological differences are commonly used to discriminate between the SD and NG mechanisms. However, even for low Cr content, de-percolation of the 𝛼' network can occur, and the morphology of the spinodally decomposed domains can be visually very similar to that formed by the NG mechanism. For 2205 and 2003 DSSs, a spinodal mechanism was reported for temperatures ranging from 250 °C to 450 °C [ 4 , 12 , 13 ].

The decomposition rate in Fe-Cr alloys is well documented [ 5-7 , 9 , 10 ] and is affected by both the aging temperature and alloy composition. Applied elastic stress is also known to affect the decomposition mechanism [START_REF] Dahlstrom | Influence of a Mechanical Load on the Ageing of Fe-Cr Alloys[END_REF] . Phase-field simulation has shown that the morphology of the decomposed phases is dependent on the load direction relative to the crystal direction [START_REF] Li | Phase decomposition and morphology characteristic in thermal aging Fe-Cr alloys under applied strain: a phase-field simulation[END_REF] . Indeed, under applied stress, the 𝛼' domains tend to align along elastic soft directions; therefore, the morphology of the decomposed structure is greatly affected by the amount of stress and the strain orientation. Recent atom probe tomography (APT) experiments revealed an increase in the kinetics of phase separation with applied load in a 15-5 PH martensitic stainless steel aged at 450 °C [START_REF] Danoix | Effect of external stress on the Fe-Cr phase separation in 15-5 PH and Fe-15Cr-5Ni alloys[END_REF] . In that case, the phase separation occurred via a NG mechanism. Moreover, the decomposition kinetics appeared to be affected by the orientation of the load relative to the crystal orientation; however, no clear orientation or elongation of the Cr-rich precipitates was observed. Zhou et al. also reported an effect of strain on the phase separation kinetics in DSS welds [START_REF] Zhou | Concurrent phase separation and clustering in the ferrite phase during low temperature stress aging of duplex stainless steel weldments[END_REF] . The phase separation observed in the Fe-Cr system leads to a significant loss of ductility and increase in hardness and yield strength, resulting in embrittlement of the steel [START_REF] Sahu | Effect of 475°C embrittlement on the mechanical properties of duplex stainless steel[END_REF][START_REF] Örnek | 748 K (475 °C) Embrittlement of duplex stainless steel: effect on microstructure and fracture behavior[END_REF][START_REF] Hättestrand | Study of decomposition of ferrite in a duplex stainless steel cold worked and aged at 450-500°C[END_REF][START_REF] Iacoviello | Effect of "475 °C embrittlement " on duplex stainless steels localized corrosion resistance[END_REF] . It is thus essential to characterize the decomposition kinetics of the ferrite to predict the evolution of the material properties under service conditions. The phase separation in DSSs has been shown to be faster than that in Fe-Cr binary systems of the same Cr content [START_REF] Brown | Atom probe studies of spinodal processes in duplex stainless steels and single-and dual-phase Fe-Cr-Ni alloys[END_REF] and therefore requires systematic characterization [START_REF] Miller | Comparison of low temperature decomposition in Fe Cr and duplex stainless steels[END_REF] . In particular, the effect of the deformation on the decomposition kinetics is not yet well documented for DSSs steels. Moreover, it is well known that in DSS steels, austenite transforms into martensite upon deformation [START_REF] Seetharaman | Influence of the martensitic transformation on the deformation behaviour of an AISI 316 stainless steel at low temperatures[END_REF] . This martensite contains around 15 wt% of Cr and is also prone to phase separation.

The aim of this paper is to study the effect of plastic deformation on the phase separation kinetics of ferrite in lean DSSs at intermediate temperature. First, the phase separation kinetics of a 2202 commercial alloy was followed using a global technique; thermoelectric power (TEP) measurements. Indeed, this global measurement technique is very sensitive to microstructural evolution in metallic material [START_REF] Perez | Thermoelectric power applied to metallurgy: principle and recent applications[END_REF][START_REF] Lavaire | Quantitative evaluation of the interstitial content (C and/or N) in solid solution in extra-mild steels by thermoelectric power measurements[END_REF][START_REF] Pelletier | Precipitation effects on thermopower in Al-Cu alloys[END_REF] and can be used to determine the activation energies responsible for demixion [ 4 , 26 ]. As this method requires data from three different temperatures, and in order to cover the temperature range for which phase separation was observed, the samples were aged at 280 °C, 350 °C and 480 °C. The phase separation products were then characterized using APT.

Secondly, the same alloy was then cold rolled to different deformation levels (0, 30% and 50%) and subsequently aged at 450 °C. Large differences in deformation levels and a high temperature were chosen in order to maximize the phase separation phenomenon for a limited ageing time. The kinetics of phase separation was also followed by TEP, and the decomposition products were characterized by APT. The effects of plastic deformation on the 𝛼-𝛼' phase separation is discussed.

Material and methods

Material and thermal treatments

The as-received material was a 12-mm-thick hot-rolled sheet of UR2202 (S32202 × 2XrNiN22-2) lean DSS. The composition of the steel is shown in Table 1 . The ferrite to austenite ratio of this commercial alloy in the as-received state was close to 1.

Experimental procedure

To study the effect of plastic deformation on ferrite phase separation kinetics, the as-received material was cold rolled along the prior transverse direction (TD) of the plate, as illustrated in Fig. 1 , to achieve thickness reductions of 30% and 50%. The microstructure after deformation was characterized by electron backscatter diffraction (EBSD) performed using a Zeiss Supra 55VP FEG SEM operated at 15 kV and equipped with an Oxford Instrument Symmetry EBSD camera using a step size of 0.5 μm. Map sizes are around 300 × 200 μm 2 . The post processing and data treatment was performed using Channel5 software and ATEX software [START_REF] Beausir | Analysis Tools for Electron and X-ray Diffraction[END_REF] . A standard post processing was performed, with the removal of all isolated pixels, and a correction up to four similar neighbors. The samples were prepared by classical mechanical polishing (down to a 1-μm diamond paste), followed by 20-min vibratory polishing using a Buehler Mastermet2 colloidal suspension.

The aging kinetics of the studied steel was followed using TEP measurements after aging at 280 °C, 350 °C, 450 °C, and 500 °C from 1 min up to 1086 h in salt baths. The apparatus provides the TEP of the steel relative to that of pure iron. The principle of the technique is described in [START_REF] Labonne | Precipitation kinetics in a Nb-stabilized ferritic stainless steel[END_REF] . For each investigated temperature T , the TEP, denoted S , of a sample of dimensions 60 × 3 × 1 mm 3 was measured before any heat treatment ( S(T,t 0 )) and after different aging times t ( S(T,t)) . The variation of TEP with time ΔS(T,t) = S(T,t) -S(T,t 0 ) was then plotted for the different aging temperatures. In the present case, the TEP variation can be attributed to the alloying elements leaving the solid solution or to the formation of precipitates (if they are small and coherent). All the measurements were repeated for each time step.

The nature of the aging products was characterized using APT. Parallepipedic samples with dimensions of 0.3 × 0.3 × 20 mm 3 were cut after grinding both initial 'TD' faces. The samples were subsequently thinned using the standard two-stage electrolytic polishing process to obtain sharp tips suitable for APT analysis [START_REF] Gault | Atom Probe Microscopy[END_REF] . The analyses were performed using a LEAP® 4000HR in voltage mode at 50 K with a pulseto-standing-voltage ratio of 20%, a nominal pulse repetition rate of 200 kHz, and a detection rate of 0.5%. The data were analyzed using IVAS 3.8 software. The reconstruction parameters used in this study included an image compression factor (m + 1) of 1.6 and a k factor of 4.1. Measurement of the compositions of the different phases relies on the identification of the mass peaks of mass spectra. As several overlaps occur in the mass spectra of this complex alloy and may depend on the analyzed phase, identification of the various peaks will be discussed in detail ( Section 3.4.1 ). Ferrite and austenite were primary identified in aged samples from the presence or absence of fluctuations of the Cr content. Their identification was then confirmed by their respective Ni, N, Mo, and Mn contents. As will be shown later ( Section 3.4.3 ), the obtained microstructure of the aged ferrite consisted of interconnected 𝛼' networks. Two independent parameters were used to characterize the progress of the 𝛼-𝛼' decomposition in ferrite: frequency distribution analysis of the Cr content fluctuations and the associated variation parameter ( V ) [ 4 , 7 , 16 , 29 ] and the characteristic wavelength of the microstructure formed, calculated using autocorrelation of presented concentration profiles [START_REF] Vonalvensleben | Statistical analysis of atom probe data[END_REF] . The parameter V is introduced to investigate the phase separation at the nanometer scale. This metric measures the absolute area difference between the experimental frequency distribution of observed given Cr contents and the corresponding binomial distribution, representing the random distribution of this element. The V parameter increases from 0 for a purely random solid solution up to 2 for extreme phase-separation cases. It should be noted that because of statistical fluctuations, experimental and binomial distributions are never identical but are considered similar when V remains smaller than 0.02-0.03.

Results

Microstructures before aging: effect of cold rolling

In the as-received state, the banded structure typically observed in DSS sheets was present. Using a log normal fitting based on the surface of the grains, the equivalent ferrite grain diameter was measured to be 45μm, while the austenite mean diameter 12 μm. Note that due to the small size of the maps, the ferrite grain diameter is underestimated as the larger grains are cut. After deformation, the bands elongated in the rolling direction; thinner and longer bands were therefore clearly visible. During deformation, the austenite partly transformed into martensite [ 22 , 31 , 32 ]. As martensite usually consists of micrometric lathes and as the defect density is high in this phase, a small step size and larger acquisition times were required for satisfactory indexing of this phase. In the current case, a rather large step size was selected to map areas large enough to visualize several grains; as a result, the martensite was hardly indexed ( Fig. 2 ).

However, a rough estimate of the different phase contents was made by assuming that all the non-indexed zones correspond to the martensitic phase. This very basic assumption cannot provide accurate values but allowed for a rough estimate of the volume fraction of the different phases, which could be used to interpret the TEP signal evolution presented later. An experimental ratio of 57/43 ferrite/austenite was determined. The martensite content in the 30% and 50% deformed samples was approximately 5% and 30%, respectively. These values are consistent with those observed in a LDX 2101 steel by Bassani et al., where the martensite transformation started just after 20% thickness reduction and 20% martensite was observed for 50% thickness reduction [START_REF] Bassani | Characterization of a cold-rolled 2101 lean duplex stainless steel[END_REF] .

Evolution of TEP during aging

The evolution of the TEP ( ΔS ) as a function of time for the undeformed sample, measured during isothermal aging between 280 °C and 500 °C, is presented in Fig. 3 a. For all temperatures, the TEP increased with time. This behavior was previously observed by Coste et al. [START_REF] Coste | Application of Thermoelectricity to NDE of Thermally Aged Cast Duplex Stainless Steels and Neutron Irradiated Ferritic Steels[END_REF] and Massoud et al. [START_REF] Massoud | Thermal aging of PWR duplex stainless steel components development of a thermoelectrical technique as a non-destructive evaluation method of aging[END_REF] for low-temperature aging of as-cast Fe-Cr-Ni DSS and was attributed to the spinodal decomposition of the ferritic phase and the precipitation of intermetallic G-phase particles rich in Si and Ni [START_REF] Coste | Application of Thermoelectricity to NDE of Thermally Aged Cast Duplex Stainless Steels and Neutron Irradiated Ferritic Steels[END_REF] . At 280 °C, the change of the TEP after 1000 h of aging was only 0.12 μV/°C, which is extremely small. This result was expected as the phase separation in Fe-Cr alloys is very slow at 300 °C, and no other microstructural change is expected in this temperature range. At higher temperatures, a similar evolution was observed at 350 °C and 400 °C, with TEP increases of 0.58 and 1.4 μV/°C, respectively, after 1086 h of aging. However, an important acceleration of the phase separation pro-cess between these temperatures was observed, as the same TEP value was obtained after 1086 h of aging at 350 °C and 8 h of aging at 450 °C.

The acceleration of the TEP kinetics with aging temperature suggests that the microstructural changes responsible for the TEP change are diffusion-driven processes and thus thermally activated. The activation energy can be determined by performing a time-temperature equivalence using the following formula:

𝑡 𝐴 exp ( -𝑄 𝑅. 𝑇 𝐴 ) = 𝑡 𝐵 exp ( -𝑄 𝑅. 𝑇 𝐵
) , where Q is the activation energy and t i and T i are the time and temperature of point i , respectively. The equivalent time-temperature curves in Fig. 3 b confirm the same mechanism at 350 °C and 450 °C, with an activation energy of Q = 206 kJ/mol. This activation energy is similar to that proposed by Maetz et al. [START_REF] Maetz | Microstructural evolution in 2101 lean duplex stainless steel during low-and intermediate-temperature aging[END_REF] ( Q = 185 kJ/mol), which is attributed to the decomposition of ferrite.

Effect of cold rolling on TEP evolution during aging

To quantify the effect of deformation on the aging behavior of the ferrite, aging at 450 °C was performed after cold rolling to 30% and 50% deformation. This temperature was selected as it results in the highest kinetics of phase separation, with the same phase transformation mechanism as that observed at lower temperatures. The evolution of TEP with aging time at 450 °C for the undeformed and deformed samples is shown in Fig. 4 . Increased deformation resulted in a greater TEP increase with aging time. For instance, the same TEP value attained after 1000 h of aging in the undeformed sample was reached after 100 h in the sample cold rolled to 30% deformation and after 3 h for the sample cold rolled to 50% deformation.

This increase in TEP after cold rolling may have three different sources. First, the decomposition kinetics of the ferrite could be enhanced by the higher stress state, as evidenced by [ 16 , 17 ], leading to higher TEP values for a deformed sample than an undeformed one. Sec- ond, as martensite is formed during cold rolling by destabilization of austenite, it will inherit the Cr content of the parent phase, which is considered to be very similar to that of ferrite a priori (even if not fully confirmed by APT analyses, as shown in Table 3 ). Similar to ferrite, martensite is therefore likely to decompose during thermal aging. Thus, for samples cold rolled to 30% and 50% thickness reduction, the proportion of phases prone to decompose (body-centered cubic (BCC) ferrite or martensite) increases, which automatically leads to a higher increase in TEP. Finally, martensite, which should inherit the parent austenite composition, contains higher interstitial (N and C) contents than ferrite. Because of the low solubility of interstitials in BCC structures, this may lead to additional precipitation phenomena, such as nitride or carbide precipitation [START_REF] Jessner | Investigations of the nitrided subsurface layers of an Fe-Cr-model alloy[END_REF] , in the investigated temperature range, affecting the TEP values. To better describe the effect of deformation on phase separation kinetics, the aging products were characterized by APT for the undeformed and cold-rolled conditions.

APT investigation of microstructural evolution

To correlate the TEP with the micro/nanostructural evolution, selected samples were characterized using APT after 1086 h of aging at 350 °C and 450 °C for the undeformed sample and after 1086 h of aging at 450 °C for the 50% deformed sample.

Phase composition

As aged ferrite (austenite) can be easily identified in undeformed samples by the presence (absence) of Cr content fluctuations, it is straightforward to identify both phases and correlate the phase nature and mass spectra specificities. The situation differs after cold rolling to 50% thickness reduction and 1086 h of aging at 450 °C, with the additional presence of martensite. Again, austenite was identified by the absence of any Cr content fluctuations, and ferrite was identified by the presence of 𝛼-𝛼' decomposition. Then, identification of martensite was straightforward; as will be discussed later, martensite is associated with the intense precipitation of chromium nitrides, with the presence of some other additional phases that are not observed in undeformed ferrite or austenite. Typical mass spectra for both ferrite and austenite are shown in Fig. 5 , with a focus on the regions exhibiting clear differences.

The two main differences between the mass spectra of ferrite and austenite are the absence/presence of C-and N-related peaks. This finding is in good agreement with the ability of austenite to incorporate larger amounts of interstitials than ferrite. Although C peaks are clearly observed (at 6 and 12 Da for C monoatomic ions and 18 Da for C 3 molecular ions), the situation is less trivial for nitrogen. The first obvious evidence of the presence of nitrogen is the existence of MoN 2 + molecular ions in the range of 53-57 Da. This tendency of N to form molecular ions with metal ions has been widely reported in the literature [START_REF] Andrén | Molybdenum-nitrogen and molybdenumcarbon complex formation in steels[END_REF][START_REF] Brenner | FIM-atom probe analysis of thin nitride platelets in Fe-3 at.% Mo[END_REF][START_REF] Deschamps | Low temperature precipitation kinetics of niobium nitride platelets in Fe[END_REF] . In this stainless steel, Mo, V, Cr, and Fe form such molecular ions. In the remainder of this paper, nitrogen detected as molecular ions will be reported as 'combined N'. Nitrogen is also detected as monoatomic ions at 14 Da; however, its quantification is difficult because this 14-Da peak overlaps with that of the main Si isotope, 28 Si 2 + . A thorough examination of the 14-Da peaks in Fig. 5 reveals their different shapes in ferrite and austenite, with a larger tail observed for the latter. This tail can be attributed to the presence of nitrogen, which is virtually absent from ferrite. Because of the insufficient mass resolution of the instrument used, it was not possible to discriminate between the contributions Fig. 5. Mass spectra of ferrite and austenite, with a focus on the regions where the differences are the most obvious. Both spectra contain 65 × 10 6 ions and were plotted using the IVAS background correction. and thus obtain an accurate quantification of both species. However, a semi-quantitative approach based on the use of the natural abundance of the three Si isotopes leads to the conclusion that approximately 65% of the 14-Da peak in austenite can be attributed to N. In the rest of the paper, the contribution of the peaks at 14, 14.5, and 15 Da will be reported as 'Si + N'. For ferrite, because of the absence of N, this contribution is purely Si, whereas for austenite, knowing the natural abundance of 28 Si (92.22%), the respective contributions of Si and N are estimated to be approximately 40% and 60%, respectively. In aged martensite, Si and N were also shown to be present in the 14-Da peak in the same proportions as in austenite.

The compositions of the different phases, as derived from individual peak identification, are reported in Table 3 . It should be noted that analyses conducted in the cold-rolled condition led to smaller investigated volumes (typically 5 × 10 6 ions per run) because of the brittleness of the sample during APT experiments. The volumes for this state may therefore suffer from lack of representativity compared with those in the undeformed condition (typically 100 × 10 6 ions).

The compositions measured for ferrite and austenite in the undeformed condition are in good agreement with the nominal ones for the 2202 alloy specification (see Table 1 ). Unlike Cr, which does not partition between ferrite and austenite, all the other elements tend to partition to austenite (Ni, Mn, C, and N and to a lower extent V and Cu) or ferrite (Mo and P). The low values of the standard deviations indicate that both phases are quite homogeneous, at least in the undeformed condition, where no differences were observed between the samples aged at 350°C and 450 °C. In the deformed condition, the standard deviations for the ferrite and austenite compositions were slightly higher, possibly indicating that slightly larger compositional heterogeneities were generated by the cold-rolling process. The situation differed for martensite, where the standard deviations were much larger than those in the other phases. This is clearly due to the combination of large CrN precipitates (at least several tens of nanometers) and the smaller volumes investigated by APT (typically 40 × 40 × 100 nm 3 ). Indeed, the measured compositions will be affected by one more or one less large CrN inter-ception by the analyzed volumes. This is also the most likely explanation for the relatively low Cr composition of martensite reported in Table 3 .

Regarding Si, and due to the Si/N overlap at 14 Da, the compositions displayed in Table 3 may be confusing. Indeed, it must be kept in mind that for austenite and martensite only 40% of the 'Si + N' value is Si. Table 4 displays the total estimated Si and N contents of austenite and martensite when the contribution of the 14-Da peak is split into Si and N according to the estimated 60% contribution of N to this peak. With this correction, the Si content in austenite is reduced to 0.72 at% compared to the 1.08 at% in ferrite, indicating that Si is clearly segregated in the latter, as expected for an alpha-forming element. The total nitrogen content is increased to approximately 1.6 at% in undeformed austenite and up to 2 at% in martensite.

Nanostructure of austenite

The evolution of the austenite nanostructure with aging was investigated by APT in both the undeformed and deformed samples. For all the conditions investigated, 3D reconstructions did not reveal any redistribution of the elements in austenite. This finding was confirmed by the statistical analysis of the spatial distribution of the alloying elements. The reconstructed volumes were split into small sub-volumes of approximately 1 nm 3 , and the distribution of the compositions of these volumes was compared with the distribution simulating a random distribution, i.e., the binomial distribution. To illustrate this randomness, both the experimental and binomial distributions are plotted for all the investigated conditions in Fig. 6 . The variation ( V ) was calculated for all these conditions and was smaller than 0.03, which is usually interpreted as evidence of a random solid solution, with deviations from 0 being caused by statistical fluctuations.

Nanostructure of ferrite

In contrast to the observations for austenite, the distributions of Cr atoms in the ferritic samples were no longer homogeneous for all investigated conditions, as shown in the 3D reconstructions. There is a clear redistribution of chromium atoms at the nanometric scale into Cr-rich The results are presented in Fig. 8 (a) and (b). For both temperatures, the corresponding experimental composition frequency distributions deviate significantly from the random distribution, represented by the binomial distribution. The measured V values ( V = 0.13 ± 0.0.1 at 350 °C and V = 0.98 ± 0.02 at 450 °C) show that phase separation into Cr-rich 𝛼' and Fe-rich 𝛼 domains occurred at both temperatures.

After aging, the 𝛼' and 𝛼 domains developed an interconnected structure. This structure is revealed by the Cr content isosurface, i.e., the surfaces where the composition is equal to a selected threshold value. When the threshold is set equal to the average content plus one counting statis-tics standard deviation, the isosurface isolates Cr-rich 𝛼' domains. Such isosurfaces are represented in Fig. 7 (d) and (e) for the undeformed aged samples and illustrate the complex morphology of the Cr-rich 𝛼' and Ferich 𝛼 domains. Image analysis clearly indicates that for the sample aged at 450 °C, the 25 at% Cr isosurface was continuous over the entire microstructure. In other words, no isolated Cr-rich particles were observed and the structure was fully percolated.

Another way to illustrate phase separation in the ferritic matrix is to plot concentration profiles. Such concentration profiles, plotted with a lateral resolution of 2 nm and a depth resolution of 0.5 nm, are displayed in Fig. 9 (a) and (b) for the corresponding samples. After aging for 1086 h at 350 °C, the composition profile reveals that the maximum Cr content was approximately 45 ± 5 at%, whereas it reached 60 ± 5at% after aging at 450 °C. The characteristic fluctuation wavelengths were measured to be 3 ± 0.5 and 7 ± 0.5 nm, respectively. Several types of precipitates were observed: Cr 2 N (1, green arrow), nanometric Cr precipitates (2, green arrow), a Ni,Si,Mn,P-enriched phase identified as the G phase (3, blue arrow), Ni-and Mn-rich segregation at the martensite/ferrite interface, which will not be detailed here (4, grey arrow), and a nanocluster enriched in Cu (5, red arrow). Note that the N represented here is only 'combined N'.

To characterize the effect of plastic deformation on the 𝛼-𝛼' phase separation process, the material was also investigated for the same aging treatment of 1086 h at 450 °C after cold rolling. The redistribution of Cr atoms and the interconnected structure are clearly observed in Fig. 7 (c) and (f). Once again, the isosurface was continuous throughout the investigated volume. Whereas the V parameter was 0.98 ± 0.02 for the undeformed sample, it was 1.37 ± 0.05 for the previously cold-rolled sample (see Fig. 8 (c)).

In addition to 𝛼-𝛼' phase separation, an additional phase-separation process occurs in previously cold-rolled ferrite. As shown in Figs. 7 (c,f) and 9 (c), nanometer-sized Cu clusters were observed after aging. They were observed in most analyses, with a mean diameter of approximately 5 nm and estimated number density of 2 × 10 22 /m 3 .

Nanostructure of (aged) martensite

Phase separation was also observed in the martensite. First, inheriting the initial Cr content of austenite, which was shown to be very similar to that of ferrite in Table 3 , it is expected that Fe-Cr solid solution in martensite will also undergo 𝛼-𝛼' phase separation. This phenomenon has been widely reported in the literature [START_REF] Delagnes | Cementite-free martensitic steels: A new route to develop high strength/high toughness grades by modifying the conventional precipitation sequence during tempering[END_REF][START_REF] Kinkus | Microanalytical evaluation of a prototype stainless bearing steel[END_REF][START_REF] Stiller | Mo precipitation in a 12Cr-9Ni-4Mo-2Cu maraging steel[END_REF][START_REF] Thuvander | Precipitation process of martensitic PH stainless steel Nanoflex[END_REF] . Indeed, as shown in Fig. 10 , extended Cr content fluctuations were observed in the aged martensite. However, most of the other alloying elements were severely affected by atomic redistribution, which was not the case in ferrite and was used to discriminate between aged ferrite and aged martensite. The first obvious type of precipitates, shown on the first line in the figure and marked as 1 ○, is rather large (tens of nanometers) particles, containing mostly Cr, N, and C and to a lower extent Mo and V. These metallic elements are all known to be nitride formers, and the presence of carbon indicates that they are chromium carbonitrides.

To estimate the compositions of these chromium carbonitride precipitates, they were investigated using the proxigram method [START_REF] Hellman | Analysis of three-dimensional atom-probe data by the proximity histogram[END_REF] . Proxigrams are composition profiles plotted as a function of the distance from any selected surface. The regions with positive (negative) abscissae correspond to the inner (outer) regions delimitated by the isosurface, i.e., regions where the Cr content is higher (lower) than the selected threshold. In this case, we used the 60 at% (Cr + N + C) isosurface, which captured the large chromium carbonitrides, as shown in Fig. 11 .

The proxigrams show the evolution of the atomic composition with respect to the distance to the 50 at% Cr isosurface. They clearly reveal a Cr/(N + C) ratio close to 2 in the particles, indicating the Cr 2 (NC) nature of the nitrides. The proxigrams also confirm the Mo and V enrichment in the nitrides. In addition, up to 8 at% Fe was also measured in the nitrides, in good agreement with thermodynamic calculations and experimental measurements [START_REF] Van Landeghem | Contribution of local analysis techniques for the characterization of iron and alloying elements in nitrides: consequences on the precipitation process in Fe-Si and Fe-Cr nitrided alloys[END_REF] .

In addition to these large Cr 2 (NC) particles, many other nanostructural features can be observed, identified as 2 ○, 3 ○, 4 ○, and 5 ○ in Fig. 10 . The second family, marked as 2 ○, is chromium segregation in the ferritic matrix between the large Cr 2 (NC) precipitates. To isolate these precipitates, a reconstruction was generated from which all atoms included in the large carbonitrides were removed. The mean Cr content remaining in the matrix (after removing the large Cr 2 (NC) precipitates) was approximately 15 at%. An isosurface with a threshold of 25 at% Cr was then plotted in the remaining volume, as shown in Fig. 12 .

The selected threshold is similar to that used in ferrite to demonstrate the interconnected nature of the 𝛼-𝛼' phase separation. In aged martensite, the image analysis clearly indicates that these 𝛼' domains appear as isolated particles. In addition to these Cr 2 N and 𝛼' precipitates, many other secondary phases were observed in the aged martensitic, as shown in Fig. 10 . A large precipitate with high Ni, Si, and Mn contents, marked as 3 ○ and highlighted by a blue arrow, is visible at the bottom left of Fig. 10 . A proxigram of this particle, with an isosurface threshold of (Ni + Si + Mn) = 50 at%, is presented in Fig. 13 .

The composition of this large particle, as listed in Table 4 , is very close to the Ni 16 Si 7 Mn 6 stoichiometry (54-25-21 in at%), which leads to its identification as a G-phase particle [START_REF] Beattie | A new complex phase in a high-temperature alloy[END_REF] . It clearly appears faceted; however, its size could not be measured as it was cropped by the analyzed volume. Such precipitates have also been observed in 17-4 PH martensitic stainless steels after 5000 of aging at 400 °C [START_REF] Murayama | Microstructural evolution in a 17-4 PH stainless steel after aging at 400 °C[END_REF] , with a very similar composition, and in CF8M DSS, where Mo can substitute to [START_REF] Danoix | A 3D study of G-phase precipitation in spinodally decomposed 𝛼-ferrite by tomographic atom-probe analysis[END_REF][START_REF] Leax | Atom probe examination of thermally ages CF8M cast stainless steel[END_REF][START_REF] Miller | APFIM and AEM investigation of CF8 and CF8M primary coolant pipe steels[END_REF] . Previous TEM and APT results in a 17-4 PH stainless steel suggested that this phase heterogeneously nucleated at pre-existing Cuprecipitate interfaces [START_REF] Murayama | Microstructural evolution in a 17-4 PH stainless steel after aging at 400 °C[END_REF] . In the present case, no Cu-rich precipitates were observed close to the G-phase particle, potentially indicating the same precipitation mechanism. However, as only a part of the G-phase precipitate was present in the analyzed volume, it was not possible to confirm the occurrence of this mechanism. This G-phase particle was the only one intercepted along an analyzed depth of approximately 500 nm. Even if it is impossible to estimate the number density and mean size of these particles without complementary TEM analyses, they most likely have very little effect on the mechanical behavior of the material, and no further investigation was conducted to better characterize this population.

It can also be noted that the proxigram indicates an average Cr content up to 20-nm away in the matrix identical to the initial austenite composition, i.e., 23 at%. This apparent contradiction with the matrix Cr content reported in this section can be explained by the nature of the proxigram. Indeed, as it is plotted as the distance from the G-phase particle interface, it does not differentiate Cr 2 (NC) from the matrix and thus provides an averaged Cr content between them, leading to a Cr content close to that of the initial austenite.

Cu nanoprecipitates, marked as 5 ○ and highlighted by red arrows in Fig. 10 , were also observed in the aged martensite. Their diameter ranged from 5 to 9 nm, their Cu content ranged from 50 at% to 70 at%, and their density was estimated to be 2.2 10 22 /m 3 , very similar to in the observations in ferrite for the same treatment. Such precipitates are often observed in aged martensite [ 16 , 47 , 51 , 52 ] but for much higher Cu content than in the investigated material.

The precipitation of these Cu clusters is clearly a consequence of the cold rolling, as they were not observed in the undeformed ferrite. If these clusters had been present in the undeformed ferrite with a simi- lar number density, they would have inevitably been observed. Indeed, as approximately 2 × 10 6 nm 3 was analyzed in the undeformed ferrite aged for 1086 h at 450 °C and considering their estimated number density in martensite, approximately 40 Cu particles should have been intercepted, whereas not a single particle was intercepted. It can be assumed that plastic deformation generates a significant linear density of dislocations, which likely favors heterogeneous nucleation of these Cu particles (known to be more energetically favorable than homogeneous nucleation in the absence of dislocations). In addition, cold rolling plays a major role in the precipitation of Cu particles. As no Cu precipitates were detected in the ferrite, it can be concluded that the solubility of Cu in this phase at 450 °C is higher than the measured 0.09 at%. This lower value is slightly higher but not so different from the value of 0.08 at% reported by Miller et al. [START_REF] Miller | Low temperature copper solubilities in Fe-Cu-Ni[END_REF] The Cu enrichment measured in martensite (0.11 at%, as indicated in Table 3 ) could potentially explain the Cu precipitation but not the depletion observed in ferrite (0.05 at%, as indicated in Table 3 ). For the latter, the Cu content was clearly lower than the solubility limit; however, precipitation occurred. The thermodynamic reasons for Cu precipitation are not understood in this context but are clearly related to cold rolling and most likely to the presence of an increased density of dislocations.

Discussion

Composition measurements

As shown in Tables 3 and4 , the distributions of C and N were severely affected by cold rolling and subsequent aging and showed a strong tendency to segregate in aged martensite. Indeed, the austenite contained very little C compared to that in the undeformed condition (181 atppm after deformation and 1134 atppm without deformation). Carbon was mostly concentrated in the martensite (1114 atppm) and, more surprisingly, in ferrite to a lesser extent (126 atppm in the coldrolled condition vs. 28 atppm in the undeformed one). The higher C content in the deformed ferrite can be explained by the presence of numerous lattice defects resulting from plastic deformation, which acted as potential sites for carbon trapping. In addition, the standard deviation for the C content of ferrite was very high (compared with the C content), indicating that some regions were C depleted while others contained more than 200 atppm C. This heterogeneity can be related to the heterogeneity in plastic deformation leading to heterogeneities in carbon segregation between the highly deformed regions (where defects accumulate) and the less deformed ones. A heterogeneously deformed state can result either in local plastic heterogeneity within grains (because of deformation localization) or to a deformation difference from one grain to another (because of the orientation dependence of the deformation). The different grains of the 50% deformed sample are shown in Fig. 14 a, and the misorientation distribution is plotted in Fig. 14 b. The deformation was quite localized, and some deformation bands appeared (indicated by the white dotted lines). This phenomenon is quite common for ferrite of cold-rolled DSS, where localized strain and dislo-Table 2 Phase fractions estimated from EBSD for the three different rolling parameters.

Ferrite Austenite Martensite

Rolling 0% 57 ± 5 43 ± 5 0 Rolling 30% thickness reduction 57 ± 5 36 ± 5 6 ± 5 Rolling 50% thickness reduction 57 ± 5 13 ± 5 30 ± 5 cation slip bands are developed. However, there is no clear effect of the grain orientation on the deformation state. Therefore, the heterogeneity of the phase separation kinetics is more likely related to the local heterogeneity of deformation.

The N content in ferrite remained very low (44 atppm) and fairly constant (small standard deviation). The N content in cold-rolled austenite was slightly reduced compared with that in the undeformed one (see Table 4 ) but clearly increased in martensite, owing to the presence of large chromium nitrides. The martensitic matrix (as defined by excluding large chromium nitrides) exhibited a very low N content of approximately 600 atppm, exclusively observed as 'combined' MoN 2 + molecular ions. As only aged cold-rolled samples were investigated, it was not possible to determine whether the redistribution of interstitials resulted solely from the cold rolling or subsequent aging or from a combination of cold rolling introducing a high density of defects and aging at 450°C. This combined mechanism can clearly be evoked for interstitial elements that diffuse rapidly at 450°C. Complementary investigations are planned to investigate this specific point of carbon and nitrogen redistribution.

Similar to the observations for the undeformed samples, P and Mo segregated to ferrite, whereas Cu, Mn, and Ni segregated to austenite and martensite. The V content remained rather similar in all the phases. Ni, Mn ( Table 3 ), and Si ( Table 4 ) were also less present in martensite than their original contents in austenite would suggest. This is most likely due to their strong heterogeneous distribution, associated in particular with large G-phase particles. In addition, if one calculates the overall composition of the alloy in the undeformed and cold-rolled conditions (assuming the phase compositions in Tables 3 and4 and the phase fractions derived from EBSD measurements in Table 2 ), all the substitutional elements were observed to be depleted in the cold-rolled condition. As all these elements are involved in the precipitation of coarse precipitates in martensite (chromium nitrides, G-phase particles, Cu precipitates, unidentified Ni-Mn phase), which have sizes on the order of the analyzed volumes, it is clearly suspected that our APT analyses do not capture their actual volume fractions. Additional analyses of martensite are necessary to clarify this point.

Spinodal decomposition in ferrite and effect of cold rolling

As shown in Fig. 7 d ande, the morphologies of the 𝛼 and 𝛼' domains were fully interconnected and percolated. The nature of the developed microstructure strongly suggests that phase separation proceeds through a spinodal decomposition mechanism at this temperature [START_REF] Zhou | Quantitative evaluation of spinodal decomposition in Fe-Cr by atom probe tomography and radial distribution function analysis[END_REF] . 

Table 3

Average APT-measured composition of ferrite and austenite after aging for 1086 h at 350 °C and 450 °C for the undeformed sample and after aging for 1086 h at 450 °C for the deformed sample. The standard deviations were calculated over the composition of individual analyses (at least five analyses per phase, except for martensite (three analyses)), and do not consider counting statistics, [START_REF] Danoix | Standard deviations of composition measurements in atom probe analyses -Part II: 3D atom probe[END_REF] which are several orders of magnitude lower than the 𝜎 given in the This speculation was confirmed by the Cr content profiles, in particular that for aging at 450 °C in Fig. 9 b. It can be clearly observed that the Cr content of the 𝛼' domains does not reach 85 at%, which, according to the phase diagram, is the expected equilibrium composition at this temperature. This finding indicates that phase separation does not proceed through the nucleation and growth of equilibrium composition 𝛼' precipitates. In addition, a clear evolution is observed between 350 °C and 450 °C aging, characterized by an increase in the 𝛼' domain composition and characteristic distances between them. All these elements support a spinodal mechanism being active at 450 °C (and below), even if only a kinetic study (not conducted here) could prove this speculation. This conclusion is fully consistent with previous investigations of ferritic stainless steels containing approximately 20 at% Cr [START_REF] Zhou | Quantitative evaluation of spinodal decomposition in Fe-Cr by atom probe tomography and radial distribution function analysis[END_REF] . From a thermodynamical viewpoint, if SD is active at 450 °C, it must also be active at any lower temperature, including 350 °C. Regarding the cold-rolled samples, the interconnected nature of the 𝛼-𝛼' microstructure indicates that SD is most likely active, with the absence of isolated 𝛼' precipitates ruling out a possible NG process. From a kinetic viewpoint, both the frequency distribution analysis (shown in Fig. 8 c) and related composition profile (shown in Fig. 9 c) confirm that the phase separation is more advanced for the cold-rolled specimens after the same aging treatment of 1086 h at 450 °C. The respective mean V values were 1.37 ± 0.05 vs. 0.97 ± 0.03, the maximum Cr content was approximately 70 ± 5 at% vs. 60 ± 5 at%, and the characteristic composition fluctuation wavelengths were 12 ± 0.5 nm vs. 7 ± 0.5 nm. These results unambiguously confirm that the previously cold-rolled samples underwent a faster phase separation than the undeformed samples, providing direct evidence that plastic deformation enhances SD in the ferritic matrix of this Fe-Cr alloy. The most likely reason for this enhancement is the presence of point defects, in particular vacancies, as revealed by the increase in carbon content in the cold-rolled ferrite. The higher number of vacancies naturally accelerates atomic diffusion and thus the SD kinetics. It should also be noticed that the standard deviation of the variation values V is larger for the cold-rolled samples (0.05 vs. 0.02). This result indicates a certain level of heterogeneity in 𝛼-𝛼' phase separation that was not observed in the undeformed samples. As for the heterogeneous distribution of C in ferrite, this can be analyzed in light of the plastic strain deformation heterogeneity observed in the ferritic matrix, even if no direct correlation was observed between the V values and local C content.

Decomposition of martensite: Cr behavior

After deformation and subsequent aging at 450 °C for 1086 h, decomposition of both the ferritic and martensitic phases occurred. Whereas an interconnected structure, attributed to a spinodal mechanism, was observed in ferrite, individual particles were observed in martensite for the same isoconcentration threshold. This change in morphology is associated with a change in the phase-separation process from SD in ferrite to NG in martensite. This change in the decomposition process is related to the matrix composition difference between the two phases. Indeed, the composition of the martensitic matrix was measured to be 15 at%, whereas it was approximately 23 at% in ferrite. Several investigations of 𝛼-𝛼' decomposition in martensite have been conducted, where the phase-separation process was identified as a function of temperature and Cr content. These results were compiled and are presented in a Fe-Cr phase diagram in Fig. 15 . These investigations were mostly conducted on 15-5 PH, 17-4 PH, and a model 15-5 martensitic stainless steel (where the first and second numbers refer to the Cr and Ni contents, respectively). NG is clearly the active mechanism for the 15 at% Cr from 500 °C to 425 °C [ 16 , 51 ] and for the 17 at% Cr one at 480°C [START_REF] Yeli | Sequential nucleation of phases in a 17-4PH steel: microstructural characterisation and mechanical properties[END_REF] , whereas SD is clearly the active mechanism for the 17 at%Cr at 400 °C and below [START_REF] Murayama | Microstructural evolution in a 17-4 PH stainless steel after aging at 400 °C[END_REF] ; the situation was less clear for the 17 at% Cr at 450°C according to [START_REF] Wang | The spinodal decomposition in 17-4PH stainless steel subjected to long-term aging at 350 °C[END_REF] . It can be concluded that the location of the spinodal (or bimodal) line, represented by the black dashed line, separating the nucleation and growth domain (top left) and spinodal decomposition domain (bottom right), lies at approximately 450 °C for a Cr content of approximately 17 at%, and at increasing (decreasing) temperature for higher (lower) Cr contents. Note that the position of the spinodal line is plotted for illustrative purposes; its slope is purely hypothetical.

The point representing our martensitic alloy at 450 °C (green star in Fig. 15 ) clearly lies on the left side of the spinodal line, indicating that it should undergo NG of 𝛼' rather than the SD observed for the ferritic phase. Assuming that the phase diagram is similar for ferritic and martensitic alloys, the ferrite phase of the investigated alloy (empty green flag) lies deeply in the spinodal decomposition domain. All these results are in perfect agreement with our experimental data, and it can therefore be concluded that the Cr depletion of the martensitic matrix results in a shift from SD (as observed in ferrite) to NG of 𝛼' particles in martensite aged at 450 °C.

Interpretation of TEP measurements concerning microstructural evolution

For the undeformed samples, only ferrite phase separation was observed during aging in the APT characterization. This finding is in good agreement with TEP measurements that show a similar trend for all samples aged between 280 °C and 450 °C, with one mechanism involved, with an activation energy corresponding to ferrite phase separation [START_REF] Maetz | Microstructural evolution in 2101 lean duplex stainless steel during low-and intermediate-temperature aging[END_REF] . This result highlights the efficiency of TEP measurements for the fast detection of decomposition kinetics in metals. Indeed, the TEP increase was significant even at relatively low temperatures and fast heat treatments (such as Δ𝑇 𝐸𝑃 = 0 . 1 𝜇𝑉 ∕ • C after 1 h at 350 °C), where the phase separation process must give rise to very small composition variations that are difficult to detect even with powerful techniques such as APT but that can be detected with much more time-consuming techniques, such as Mössbauer spectrometry [START_REF] Lemoine | Mössbauer study of the ferrite decomposition in unaged duplex stainless steels[END_REF] .

For the deformed samples, APT characterization revealed that not only ferrite phase separation but also complex precipitation and demixing occurred in martensite during aging. A time-temperature equivalence analysis was performed for the deformed samples after aging at 450 °C. For the three samples, the activation energy was set to 206 kJ/mol, which corresponds to the ferrite phase separation, and the temperature of the undeformed sample was set to 450 °C. For the 30% and 50% deformed samples, selecting temperatures of 500 °C and 570 °C, respectively, enabled the three curves to be superimposed. This finding highlights the fact that all three samples were subjected to ferrite phase separation. The fictive temperature increase of the deformed samples confirms the acceleration in kinetics observed by APT. Moreover, one can see that for an equivalent time of 1.10 25 h, the curve corresponding to the 50% deformed sample starts to diverge from the Fig. 16. Pseudo time-temperature equivalence plotted for the deformed samples using an activation energy of 206 kJ/mol. The temperature of the undeformed sample was set to 450 °C, with equivalent temperatures of 500 °C and 570 °C for the 30% and 50% deformed ones, respectively, resulting in the three curves being superimposed. other two. This result corresponds to approximately 10 h of aging at 450 °C and could be a sign of the start of the other microstructural evolutions observed from APT: precipitation and martensite decomposition ( Fig. 16 ).

Conclusion

In this study, the effect of cold rolling on the aging response at intermediate temperatures (lower than 450 °C) of a lean 2202 duplex stainless steel was investigated by comparing the thermal response of undeformed and cold-rolled samples.

In the undeformed samples, no elemental redistribution was observed in austenite was by thermal aging up to 450 °C, whereas ferrite decomposed into 𝛼-Fe rich and 𝛼'-Cr rich domains via spinodal decomposition. The activation energy of this process was measured to be 206 kJ/ml.

Cold rolling led to the transformation of austenite into martensite, whereas the fraction of ferrite remained unaffected. Interstitial elements were redistributed between the three phases, with a strong enrichment in carbon and nitrogen of martensite.

Cold-rolling enhances enhances ferrite decomposition, which still followed a 𝛼-𝛼' spinodal decomposition mechanism and developed 𝛼-𝛼' microstructure in terms of composition fluctuation amplitudes and characteristic wavelength. Second, martensite, which formed during austenite deformation, was also shown to be a site for phase transformations, including 𝛼-𝛼' decomposition and precipitation of large Cr 2 (NC), Gphase, and Cu-rich particles. 𝛼-𝛼' decomposition of the martensitic matrix follows a nucleation and growth process. This change in 𝛼-𝛼' decomposition is due to Cr depletion in the matrix, resulting from the intense precipitation of Cr 2 (NC), consistent with the most recent Fe-Cr phase diagrams.

This study has demonstrated the complementarity of TEP and APT in investigating aging in DSSs, combining the overall response of the material to TEP with the ability of APT to quantitatively characterize the microstructure of selected samples at the nanometer scale. The combination of these techniques provides a detailed understanding of the aging response to cold rolling in DSSs.

Fig. 1 .

 1 Fig. 1. Rolling procedure. The sheet was rolled along the initial TD direction to obtain the TEP sample. The EBSD mapped surface is shown in blue, and the APT tip direction is the initial TD direction. (ND: Initial Normal Direction, TD: initial Transverse Direction, and RD: initial Rolling direction).

Fig. 2 .

 2 Fig. 2. EBSD characterization of the effect of cold rolling on the microstructure. 0% corresponds to the as received state, (ND and TD stands for initial normal and transverse directions respectively). 30% deformation and 50% deformation are the samples after 30% and 50% thickness reduction by cold rolling along the initial TD. (a) Phase maps, Blue = ferrite, Red = Austenite, (b) Inverse Pole Figure together with Band Contrast maps of the ferrite phase, (c) Inverse Pole Figure together with Band Contrast maps of the austenitic phase.

Fig. 3 .

 3 Fig. 3. Effect of aging on the undeformed sample: (a) TEP measurements at 280 °C, 350 °C, and 450 °C after aging for 1 min to 1086 h for the undeformed sample, (b) time-temperature equivalence at room temperature using activation energies of Q = 206 kj.mol -1 for aging at 350 °C and 450 °C.

Fig. 4 .

 4 Fig. 4. TEP evolution during 450 °C aging for undeformed and deformed samples.

Fig. 6 .

 6 Fig. 6. Experimental and binomial composition frequency distribution and related variation values for the three investigated conditions of austenite, aged for 1086 h at the indicated temperature. CR corresponds to cold rolled and aged at 450 °C.

Fig. 7 .Fig. 8 .

 78 Fig. 7. (a-c) Spatial distribution of Cr atoms and (d-f) corresponding isosurfaces after aging for 1086 h at (a,d) 350 °C and (b,e) 450 °C for the undeformed ferrite and (c,f) at 450 °C after cold rolling. Each individual green dot represents a Cr atom and each red dot represents a Cu atom. The isosurfaces are plotted with a 25 at% Cr threshold; the blue (green) isosurface correspond to the inside (outside) of the Cr-rich domains, with a 2 at% Cu threshold (red). The represented volumes are 40 × 40 × 40 nm 3 .

Fig. 9 .

 9 Fig. 9. Cr content profiles extracted from APT 3D reconstructions after aging for 1086 h at (a) 350 °C and (b) 450 °C for the undeformed ferrite and (c) at 450 °C after cold rolling. The red dotted curve in (c) represents the composition of the Cu-rich cluster.

Fig. 10 .

 10 Fig.10. Elemental distribution in martensite after cold rolling followed by aging for 1086 h at 450 °C. Several types of precipitates were observed: Cr 2 N (1, green arrow), nanometric Cr precipitates (2, green arrow), a Ni,Si,Mn,P-enriched phase identified as the G phase (3, blue arrow), Ni-and Mn-rich segregation at the martensite/ferrite interface, which will not be detailed here (4, grey arrow), and a nanocluster enriched in Cu (5, red arrow). Note that the N represented here is only 'combined N'.

Fig. 11 .

 11 Fig. 11. 50 at% Cr isosurfaces in aged martensite and related proxigram for various elements included in the Cr 2 (NC) carbonitrides (à choisir entre les deux versions). The represented volume is 60 × 60 × 140 nm 3 . The proxigram was constructed for the large bottom Cr 2 (CN) particle.

Fig. 12 .

 12 Fig. 12. 25 at% Cr isosurfaces in a volume from which large Cr 2 (NC) particles were removed. The represented volume is 60 × 60 × 140 nm 3 .

Fig. 13 .

 13 Fig. 13. isoconcentration (Ni + Si + Mn) = 50 at% and corresponding proxigram illustrating the presence of a large cropped G-phase particle.

Fig. 14 .

 14 Fig. 14. (a) Grain detection in the ferritic phase after 50% thickness reduction; the grains are colorized as a function of their size, with the smallest colored black and the largest colored red. (b) Corresponding misorientation map, showing a large heterogeneity in the deformation of ferrite.

Fig. 15 .

 15 Fig.15. Fe-Cr phase diagram showing the phase transformation mechanism of the a-a' decomposition process as a function of Cr content and temperature. The dark solid symbols refer to literature data, and the empty green symbols represent the data for the current study. The black dashed line schematically represents the spinodal line, and the solid red line represents the limit of the miscibility gap as proposed by Bonny for ferritic Fe-Cr alloys[START_REF] Bonny | On the 𝛼-𝛼′ miscibility gap of Fe-Cr alloys[END_REF] . Note that the Ni content was not considered.

  

  

Table 1

 1 Chemical composition of the studied duplex stainless steel.

		Fe	C	Cr	Ni	Mn	Mo	N
	wt%	Bal.	< 0.03	22-23.8	2-2.8	< 2	< 0.45	0.16-0.26
	at%	Bal.	< 0.11	23-25	1.8-2.6	< 2	< 0.26	0.63-1.01

  table.

	CR level	Phase	Cr	Ni	Si + N	Mo	Mn	V	Cu	C	Combined N	P	B
			at%	at%	at%	at%	at%	ppm	ppm	ppm	ppm	Ppm	ppm
	0%												
		ferrite	23.2	2.17	1.08	0.25	1.05	700	893	28	170	849	20
		𝜎	0.2	0.03	0.03	0.01	0.02	13	30	26	166	114	20
		austenite	23.6	3.34	1.80	0.19	1.35	754	1106	1134	0.50 at%	168	64
		𝜎	0.5	0.19	0.15	0.01	0.03	28	84	339	0.10 at%	15	6
		ferrite	23.0	2.00	1.09	0.24	0.99	543	502	126	44	758	28
		𝜎	0.6	0.21	0.03	0.02	0.07	101	230	135	58	246	24
	50%	austenite	22.9	3.51	1.67	0.17	1.41	736	995	181	0.39 at%	198	108
		𝜎	0.2	0.23	0.11	0.01	0.09	31	85	86	0.12 at%	52	39
		martensite	19.9	2.52	1.42	0.14	1.00	519	1113	1114	1.17 at%	203	68
		𝜎	1.5	1.1	0.44	0.03	0.32	196	842	361	0.53 at%	127	29

Table 4

 4 Estimated Si and N contents of austenite and martensite, considering the 14-Da overlap.

	Phase	Undeformed austenite	Deformed austenite	Martensite
	Element	Si	N	Si	N	Si	N
	Measured (at%)	1.80	0.50	1.67	0.39	1.42	1.17
	Corrected (at%)	0.72	1.58	0.67	1.39	0.57	2.02

Table 5

 5 Experimental composition of precipitates in martensite.

	at %	Fe	Cr	Si	Ni	Mn	Mo	V	Cu	N	C	P	B
	Cr 2 (NC)	9.1	64.6	-	1 . 0	0.95	0.78	0.54	0.01	21.3	1.5	0.02	0.02
	G phase	0.37	0.38	23.4	52.4	21.6	0.23	0.01	0.16	0.12	0.05	1.15	-
	Ni-rich phase	69.0	22.1	1.43	4.55	1.5	0.48	0.05	0.2	0.43	0.04	0.03	

In DSSs, the ferrite is called either delta or alpha ferrite. In this paper we use alpha as we are interested in intermediate temperature ageing, for which alpha is the commonly used terminology.
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