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Grain boundary segregations were investigated by Atom Probe Tomography in an Al-Mg alloy, a carbon steel and Armco® Fe processed by severe plastic deformation (SPD). In the non-deformed state, the GBs of the aluminium alloy are Mg depleted, but after SPD some local enrichment up to 20 at.% was detected. In the Fe-based alloys, large carbon concentrations were also exhibited along GBs after SPD. These experimental observations are attributed to the specific structure of GBs often described as "non-equilibrum" in ultra fine grained materials processed by SPD. The grain boundary segregation mechanisms are discussed and compared in the case of substitutional (Mg in fcc Al) and interstitial (C in bcc Fe) solute atoms.

Introduction

Using severe plastic deformation (SPD) techniques, it has been shown that ultrafine grained (UFG) structure could be achieved in various metals and metallic alloys [1]. The grain size refinement mechanism during SPD is controlled by the generation of dislocations and dynamic recovery processes, i.e. the way dislocations do dynamically reorganize to form first low angle boundaries (dislocation cell walls) and finally, for larger strains, high angle boundaries [1]. These features may explain why a small change in the Mg concentration in aluminum can dramatically change the grain size achievable by SPD. Indeed, if the typical grain size achieved by High Pressure Torsion (HPT) in pure Al is about 800 nm [2], it drops down to only 150 nm in Al-3%Mg [3][4][5]. This trend has been confirmed by a large number of experimental investigations [6][7][8][9]. Beyond the strong interactions of Mg with dislocations, it is also well known that this element is prone to grain boundary (GB) segregation. Both experimental evidence [10,11] and simulation work [12][13][14] have demonstrated this tendency.

GB segregation is an extremely sensitive phenomenon because it may affect significantly the material properties like the corrosion resistance, the mechanical behavior or the thermal stability [START_REF] Lejcek | Grain boundary segregations in metals[END_REF][START_REF] Kirchheim | [END_REF][17]. In UFG materials the proportion of grain boundaries is much larger than in conventional coarse-grained alloys. Beside, GB boundaries achieved by SPD usually exhibit special features, like long range elastic stresses and enhanced free volume [1,19]. Thus they are sometimes called "non-equilibrium" GB and they do appear as ideal candidate for segregations that may minimize their local energy state [17,18]. There is some indirect evidence of grain boundary segregation in UFG materials processed by SPD. For example it has been demonstrated that the thermal stability of Ni [20] or Ag [21] is linked to the amount of impurities (supposed to segregate at GBs). A similar way, the UFG structure of Cu processed by SPD is more stable upon annealing if the material is alloyed with a small amount of Sb [22]. However, one should note that the role of solute elements on the thermal stability of nanocrystalline materials could be rather complex and not necessarily linked to segregations [23]. But using Atom Probe Tomography (APT) some direct proofs of GB segregation were obtained in various UFG alloys processed by SPD, like steels [24,25], Ti alloys [26], Ni [27] and Al alloys [28][29][30][31][32]. It is worth noticing that GB segregations might be a key issue for the application of UFG alloys, since it could significantly affect the properties [START_REF] Lejcek | Grain boundary segregations in metals[END_REF] like the strength [32][33][34][35] or the thermal stability [20][21][22].

In this paper, SPD induced GB segregation in UFG materials is discussed on the basis of new experimental data collected on two different systems, namely Al-Mg and Fe-C, where solute atoms are respectively located on substitution and interstitial sites in the matrix. These data were collected by APT to reveal local information about chemical gradients. For the Al-Mg system, some attempts were made to compare the distribution of Mg atoms in the annealed material (coarse grained) including along GBs, and in the UFG state (after SPD) were GBs are different and described as "non-equilibrum" [1,19]. For the Fe-C system, two different steels were investigated to find out if the amount of available solute element could significantly affect the segregation level at GBs.

Experimental

The Al-Mg alloy investigated in the present study is a hot-pressed commercial alloy containing 5.7% Mg, 0.32%Sc and 0.4%Mn (wt.%). Before grain refinement by SPD, the material was homogenized at 380°C during 2h (above the solubility limit of Mg in fcc Al), the grain size being larger than 10m. Discs (25 mm in diameter and 2mm in thickness) were processed High Pressure Torsion (HPT) at room temperature under a pressure of 6 GPa up to 20 revolutions. Two different Fe-based materials were also investigated. A commercial Armco ® iron with a very low level of impurity and a commercial C45 steel with a nominal carbon concentration of 0.45wt.%. Before grain refinement by SPD, the C45 steel was patented as following: homogenization treatment at 900°C during 1 hour and then transformed at 500°C to obtain a pseudo-pearlitic structure with nanoscaled Fe 3 C particles. Both Fe-based materials were processed by HPT at 350°C under a pressure of 6GPa, up to 5 revolutions (discs 10 mm in diameter and 0.3 mm in thickness).

APT samples were prepared by standard electropolishing techniques at a distance of 6mm (respectively 3mm) from the disc center for the Al-Mg alloy (respectively Fe-based materials).

Analyses were performed in UHV conditions, using an energy compensated atom probe equipped with an ADLD detector [36]. Two different configurations were used: a standard reflectron (small field of view) or a curved reflectron (large field of view). Samples were field evaporated using electric pulses (30kHz pulse repetition rate and 20% pulse fraction) at a temperature of 80K. Such conditions are known to provide quantitative measurements in Fe-C alloys (the carbon quantification was made following the procedure described in [24]) but not in Al-Mg. Indeed, at a temperature higher than 40K a significant amount of Mg might be evaporated between pulses (preferential evaporation) leading to non-quantitative measurements. However, SPD samples being extremely sensitive and prone to early specimen failure during analysis, it was impossible to analyze them at a temperature below 80K. Thus, a systematic correction was applied on the Mg content from a calibration measurement performed on a unique sample of the non deformed material (7.0 ±0.2 at.%Mg measured at 40K vs 4.4 ±0.2 at.% at 80K).

Results

Al-Mg alloy

Mg distribution before deformation

Most of APT data set collected for the non-deformed material (homogenized at 380°C during 2h) do exhibit a very homogeneous distribution of Mg in solid solution as expected. The average concentration measured is about 7.0 ±0.2 at.%, very close to the nominal composition.

However, as shown in Fig. 1 (a), a planar defect, depleted in Mg was also intercepted. No crystallographic information is available in this data set, but this feature is most probably a GB. A composition profile was computed across (Fig. 1 (b)), and considering the thickness of the sampling volume (1nm), it turns out that this GB is characterized by a 2nm thick layer depleted in Mg (sharp gradients and local concentration almost down to zero). Since the alloy does contain some Sc, it was not surprising to find some spherical Al 3 Sc nanoscaled particles (Fig. 1 (c)). Their size is in a range of 5 to 10nm and the amount of Sc remaining in solid solution in the aluminum matrix is below the detection limit of the instrument (i.e. below 50 ppm). One should note that the small black dots corresponding to Sc atoms in the reconstructed volume of Fig. 1 (c) are related to the detection noise in the mass range of Sc ions in the mass spectrum. The alloy also contains some Mn but this element was only detected in large Al-Mn intermetallic particles (data not shown here). Such a Mg depletion along GBs is not consistent with recent simulation work showing that a Mg rich layer should cover GBs in fcc Al [12][13][14]. It is however important to note that only very specific grain boundaries were simulated in these calculations. Beside, only one GB in the coarse grained state was successfully analyzed in the present study. Paine and co-authors [11] have performed a systematic study of GB segregation by STEM-EDX in a similar alloy (6.5 wt.%Mg) homogenized at 350°C during 30min. They measured that 8 out of 11 GBs were significantly depleted in Mg, thus it is reasonable to think that this only APT measurement is rather representative of the average GB state before SPD.

Mg distribution in the UFG structure resulting from SPD

As detailed in our previous work [9], after HPT at room temperature, the average grain size is about 130nm. There are still Al 3 Sc particles and TEM observations (not shown here) have revealed that they are often located along GBs, pinning them and probably limiting their mobility. Such particles were also detected by APT (Fig. 3 (a)), but the most interesting is the distribution of Mg atoms that now appears locally absolutely non uniform, confirming our preliminary observations [32]. In the data set displayed in Fig. 3; a GB boundary, pinned by an Al 3 Sc particle, was identified (arrowed). A profile computed across this boundary shows that there is a significant drop of the apparent local density in the 3D reconstructed volume across this boundary. This is a typical feature resulting from the misorientation of the two grains located on each side of the boundary. Indeed, the evaporation field may slightly change as a function of the crystallographic orientation, leading to some small change in the local magnification and thus in the local density. The local Mg enrichment is relatively weak along the boundary but strong Mg segregations clearly appear in the vicinity of this boundary. The small volume selected in this specific region (Fig. 3 (c)) clearly shows a kind of cell structure.

Cells seem almost completely depleted in Mg while their boundaries appear fully covered. A 2D Mg chemical map was computed to image the concentration gradients in this area (Fig. 3 (d)). It clearly reveals that along the cell boundaries the average concentration is about 10at.%Mg, with maxima as high as 20at.%. Other volumes with a more uniform distribution of Mg were also analyzed (not shown here). The average composition is lower than in the non-deformed state (6.4±0.5 vs 7.0±0.2 at.%) and is consistent with Mg segregations along GBs or in their vicinity.

Such large local fluctuations of the Mg content could also be attributed to some Al-Mg intermetallic precipitates even if the local concentration never reaches the 40at.% Mg required for the nucleation along GB of the equilibrium Al 3 Mg 2 phase [37]. Indeed, in the Al-Mg system, the nucleation of GP zones or metastable phases with a L1 0 or L1 2 structure and a Mg concentration of 25at.% (i.e. close to the local concentrations measured in the present investigations) have been reported in the literature [38][39][40][41]. Beside, one should note that the dynamic precipitation of GP zones during plastic deformation of an Al-Cu alloys was recently observed [41], and the nucleation of metastable precipitates in an Al-Mg-Si-Cu alloy processed by ECAP at 200°C was also reported [29]. However, it was shown that metastable intermetallic phases and GP zones in the Al-Mg system are unstable at room temperature or higher if the Mg content of the alloy is below 9at.% [38][39][40][41], like in the present material.

Moreover, second phase particles and precipitates are known to dissolve during SPD at room temperature (sheared by dislocations) [42,43]. Thus, the high concentration of Mg locally measured by APT can reasonably be attributed without ambiguity to segregations along crystalline defects.

The SPD induced GB segregation of Mg in a similar alloy was already reported in a previous work [32], but here new data showing a more complex situation are provided. A GB pinned by an Al 3 Sc particle was intercepted but most of the segregated Mg is located in a complex network in the vicinity of the boundary (Fig. 2). Moreover, the analysis of a Mg depleted grain boundary in the annealed material (Fig. 1) unambiguously prove that such features are typical of UFG structures resulting from the SPD process. Thus, it seems that there is no systematic Mg enrichment of GBs during SPD, but a systematic flow of Mg toward the GBs induced by the plastic deformation. Beside, the more or less complex distribution of Mg in the GB area might be related to local distortions, i.e. to the non equilibrium state of the specific boundaries created during HPT [1,19].

Fe-based materials

Carbon distribution in the UFG C45 steel processed by HPT

Before HPT, as a result of the patenting treatment, carbon atoms are well partitioned in the C45 steel, most of them being in Fe 3 C carbides while a very small amount, typically less than 0.1%, is in solid solution in the bcc ferrite matrix. After HPT at 350°C, ultrafine grains are elongated with an aspect ratio of about 3 (mean length 250 nm and width 70 nm, estimated from TEM data that are not shown here). Beside, as shown in the 3D reconstructed volume displayed on the Fig. 3 (a), the carbon distribution has changed. Both nanoscaled and elongated carbides (about 20 nm in length) are clearly exhibited together with some diffuse segregations along some boundaries. A composition profile computed across the carbide/matrix interface (Fig. 3 (b)) clearly indicates that these carbides are partly dissolved as reported in some earlier work [24,25]. Indeed, the carbon concentration is well below 25 at.% as expected for stoichiometric cementite (Fe 3 C carbide), it is only in a range of 15 to 20 at.%. Following this partial decomposition, carbon atoms released in the matrix do segregate along defects like boundaries where the local concentration is up to 2 at.% (see the concentration profile Fig. 3 (c)). These observations are fully consistent with our previous studies about the contribution of such GB segregation on the grain size refinement mechanism in a high carbon steel processed by SPD [24]. Beside, we show as well that these segregations could be directly connected to some carbides. It seems indeed that some of them pin the new boundaries created during SPD and then directly "feed" them with solute elements. The interfacial excess of carbon at the boundary was estimated from the APT data and is in a range of 3 to 5 at/nm 2 . The segregation of carbon along defects like dislocations or GBs in steel is a well known feature. Takahashi and co-authors have very recently investigated such interfacial excess of carbon as a function of the GB misorientation angle [44], showing that larger misorientation leads to higher level of segregation. The value measured in the present study is consistent with data reported for a GB misorientation angle of about 30°.

Carbon distribution in the UFG Armco ® iron processed by HPT

The Armco® iron does contain a very low amount of impurity. APT analyses, performed on five samples, providing each of them several millions of atoms, have shown that the following elements could be detected in solid solution: Al (50 to 100 ppm), P (50 to 100 ppm), C (100 to 200 ppm) and N (500 to 800 ppm). After HPT at 350°C, the grain size is in a range of 200 to 250 nm (estimated from TEM data not shown here), and as shown on Fig. 4 (a), carbon atoms are not homogeneously distributed. Some segregations along planar defects are indeed clearly revealed in the 3D reconstructed volume. On this image, for a better visualization of the segregation along a boundary, carbon atoms were artificially represented with dots much bigger than Fe atoms. The composition profile computed across the boundary (direction indicated by the arrow), shows that the local carbon concentration is up to about 0.5 at.% in a thin layer spreading on each side of the boundary over a distance of about 2nm. Thus, some SPD induced segregations occurred during the HPT process even if the amount of C is close to the solubility limit in bcc iron at 350°C [45]. One should note that no significant concomitant segregation of N was detected, in agreement with other published data [44].

The interfacial excess of carbon at the boundary estimated from the APT is in a range of 0.3 to 0.5 at/nm 2 . This is much lower than in the C45 steel processed by HPT in similar conditions, and this is obviously attributed to the lower amount of carbon available. This interfacial excess is also four times lower than the data reported for a steel containing only 15 at. ppm of carbon (i.e. one order of magnitude lower than the present material) [44]. However, in the present case, the grain size is much smaller (0.2 m vs 20m) and it can easily be estimated that one third of carbon atoms are segregated along GBs while it was only one out of seven in the annealed and fully recrystallized steel investigated by Takahashi and coauthors. Thus, the carbon segregation along GBs is clearly promoted by the severe plastic deformation.

Discussion about the SPD induced GB segregation

The mechanisms of plastic deformation in UFG materials are not controlled by dislocation storage inside grains that are often almost completely free of internal substructures. Most of dislocations are indeed emitted from GBs, and then immediately propagate through the grain's interior up to opposite GBs where they are absorbed and dynamically recover. Thus, there is a constant flow of dislocations toward GBs. Beside, it was demonstrated also that a large density of point defects and especially vacancies are created [46][47][48][49][50][51][52]. Like in irradiated materials, GBs are sinks for these vacancies (some might also be annihilated along dislocations), which leads also to a constant vacancy flux toward them. Beside, it has been demonstrated that Mg atoms in solid solution in fcc Al are strongly coupled to vacancies, with a positive binding energy in a range of 0.2 to 0.4 eV [53][54][55]. Thus, the atomic scale mechanism of the SPD induced segregation observed in the present study, is probably very similar to that of non-equilibrium segregation resulting from irradiation [START_REF] Lejcek | Grain boundary segregations in metals[END_REF]56]. Mg being strongly coupled to vacancies, the flux of these point defects toward GBs drags Mg atoms during the plastic deformation, leading to strong local enrichments. At room temperature, dynamic recovery processes of dislocations are limited, leading to the formation of the socalled "non equilibrium grain boundaries" with large local distortions (due to extrinsic dislocations) [1,19]. Mg atoms being larger than Al, some elastic strain could be relaxed by Mg clusters giving rise to local compressive stresses. Thus it is reasonable to think that Mg segregation may stabilize GBs by reducing their energy [START_REF] Kirchheim | [END_REF]17]. In the present work, large local enrichment in Mg was also observed in a network in the vicinity of a boundary. One should note that in aged dilute Al-Mg alloys, it was demonstrated that Mg atoms easily segregate along dislocation loops [53]. Similar features have been reported in irradiated materials where the typical loop size resulting from the agglomeration of point defects is in a range of 10 to 20 nm [56]. It is interesting to note that this value is close to the length scale of the network imaged in Fig. 3. However, one cannot exclude that the Mg mobility could also be enhanced by dislocations. Pipe diffusion mechanism along dislocation cores [57] may operate but also solute drag [58]. Indeed, moving dislocations are absorbed at GB during SPD, which leads to a constant dislocation flow toward the boundary. Due to the enhanced atomic mobility of Mg promoted by SPD induced vacancies, these dislocations could drag a significant amount of Mg even at room temperature. Beside, unusually fast diffusion of Mg was observed in a UFG Al-Mg alloy [59] and more generally fast diffusion paths have recently been reported in SPD materials [60].

Carbon atoms in solid solution in the bcc Fe are located on interstitial sites, while Mg atoms in the fcc Al are on substitutional sites, leading to different diffusion mechanisms. However, carbon atoms are also known to strongly interact with dislocations leading to strong segregations [42,61,62], and also to be strongly bonded to vacancies forming the so called C-V complexes [63,64]. Thus, the segregation kinetic of this interstitial element (i.e. the flow of C atoms towards the grain boundaries during SPD), is also most probably related to the annihilation of vacancies and dislocations in the vicinity of GBs.

Conclusions

i) The results of this work demonstrate that SPD induced grain refinement in metallic alloys may also leads to the active formation of GB segregations of solute elements or impurities.

These segregations may exhibit specific morphologies and unusually high local concentrations that were not observed before in metallic materials subjected to lower levels of plastic deformation and/or conventional thermal treatments.

ii) The formation of such segregations in SPD materials is attributed to the generation of "non-equilibrium" grain boundaries, which contain excessive density of extrinsic dislocations and thus additional local lattice strains and enhanced free volumes.

iii) There are experimental evidences that such SPD induced GB segregations may improve the material's properties. Therefore, it is believed that there is an opportunity to control such GB local features and thus to tune some properties of UFG alloys via SPD processing parameters. 
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 1 Figure 1 APT data collected for the Al-Mg alloy before HPT processing. (a) 3D reconstructed volume showing a thin Mg depleted layer attributed to a GB (only Mg atoms are displayed for more clarity) ; (b) Concentration profile computed across the Mg depleted layer (sampling volume thickness 1nm) ; (c) 3D reconstructed volume showing the homogeneous distribution of Mg in the grain interior and a Sc rich nanoscaled particle.
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 23 Figure 2 APT data collected for the Al-Mg alloy processed by HPT. (a) 3D reconstructed volume showing the heterogeneous distribution of Mg in the vicinity of a GB pinned by an Al 3 Sc particle; (b) Mg concentration profile and evolution of the apparent density across the GB (thickness of the sampling volume 1nm); (c) small selection showing in a more appropriate orientation the heterogeneous distribution of Mg in the vicinity of the GB; (d) 2D Mg concentration map corresponding to the small selection and showing that the local Mg concentration is up to 20at.%

Figure 4

 4 Figure 4 APT data collected on the Armco iron processed by HPT. (a) 3D reconstructed volume showing the heterogeneous distribution of carbon atoms (red dots), some segregations along boundaries are clearly exhibited. (b) Carbon concentration profile across a segregation along a boundary (see arrow on image (a)) showing that the local concentration is up to about 0.5at.% (sampling volume thickness 1nm)
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