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Introduction

The β-metastable titanium alloys are a particular class of titanium alloys having great potential to use in versatile applications, such as aerospace, automotive, and biomedical applications, owing to their outstanding chemical and mechanical properties [START_REF] Lütjering | Titanium[END_REF][START_REF] Boyer | [END_REF][3][4][5]. In such typical engineering applications, an appropriate balance of strength and ductility is required simultaneously. Nonetheless, from a conventional grain boundary strengthening point of view, these properties are considered as antinomies [6][7]. However, comprehensive research efforts are being made for improving mechanical properties to enhance the reliability of performance. Recent studies have shown that a blend of fine and coarse grain size distribution in the microstructure matrix is very effective in achieving an attractive combination of high strength and acceptable ductility [8][9]. In particular, Ameyama and coauthors [10] proposed an elegant microstructural design, called "harmonic structure," which is essentially a bimodal microstructure wherein the coarse-grained areas ("core") are present as embedded islands in the matrix of the three-dimensional continuously connected network ("shell") of fine-grained areas. The concept of harmonic structure design has been successfully applied in a variety 2 of materials such as Co-Cr-Mo alloy [10], Ti-6Al-4V [11], and SUS304L [12] steel, Cp-Ti [13], and Ti-Al [14] alloys. All the harmonic microstructure designed materials demonstrated a significantly better performance [START_REF] Sekiguchi | Proceedings of the 12th world conference on titanium[END_REF][START_REF] Vajpai | [END_REF][17] as compared to their homogeneous fine or coarse-grained counterparts [18]. However, until now, most of the studies were focused on the various fabrication processes and their corresponding mechanical properties, and no detailed studies of phase and microstructure evolutions, during the fabrication of harmonic structure materials, have been reported. Hence, it appears clear that investigating the microstructure evolutions that occur during the process are key steps for their design and to reach controlled microstructures with some desired properties (the function of size, fraction of shell and core phases). Moreover, in the case of Ti alloys, studies were realized on Cp-Ti alloys and Ti6Al4V. For both cases, the β phase formed during solidification in the powders transforms on cooling in α or α' martensite. In the case of β-metastable titanium alloys, the β phase is expected to remain in a metastable state after the powders' rapid cooling. Differences in the phase transformation sequences are thus expected as compared to Cp-Ti or Ti6Al4V alloys. Indeed, Grosdidier and co-authors [19] have shown that stress/strain-induced martensite is formed during deformation of β-metastable phase at room temperature, in β-Cez alloy. Such behavior may thus occur during milling. In consequence, the phase transformation sequences during the SPS treatment may differ with milling or without milling.

In the present paper we focus on the microstructure and phase evolutions occurring during the processing of the β-Cez Ti powders in order to describe the phenomena involved in each step. In situ high-energy X-ray diffraction (HEXRD) and electrical resistivity [20][21], were used to reach the nature of the phases and their evolutions during the thermal treatment of Initial Powder (IP) and Mechanical Milled (MM) powders and on as-sintered specimens. In addition, scanning electron microscopy with EDX, EBSD analysis and transmission electron microscopy were used to characterize the microstructures.

Materials and Experimental setup

The initial material of Plasma Rotating Electrode Processed (PREP) [22][23] β-Cez powder was obtained from Fukuda Company. The initial powder had an average particle size of 150 μm. Its chemical composition is given in Table 1. The PREP process is considered most suitable for preparing high quality powders of very reactive metals such as Titanium [11]. A part of the initial powder (IP) was mechanically milled (MM) in a planetary ball mill using steel vials filled with argon gas and steel balls. The milling was carried out at a rotation speed of 200 rpm for 25 hours. 
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To obtain dense specimens, IP and MM powders were sintered by spark plasma sintering (SPS) using graphite die and punch. The heat treatment shown in Fig. 1b was realized under argon gas. It consisted in a heating at 0.8 °C/s up to 800 ºC, a dwell for 30 min at that temperature, followed by a cooling at 0.23 °C/s. A 50 MPa pressure was simultaneously applied to reduce porosities in the sample (Fig. 1a).

It would be worth to mention that the real temperature attained in the powder during spark plasma sintering is approximately 50 °C higher than the preset and measured temperature depending on the method of temperature measurement and dimensions of the die used for powder consolidation [11]. Therefore, setting the sintering temperature at approximately 800 °C appears to be reasonable to make sure that the sintering is carried out well below β transus temperature defined at about 895 °C [24]. The sintered specimens, prepared from initial powder and mechanical milled powder, will be referred to as IP-SPS and MM-SPS specimens in the later sections of this manuscript. During the processing of the powders, some contamination by oxygen or carbon could occur. Any contamination will change the chemical composition of the powders, and in consequence the transus temperature Tβ. Such behavior was observed when processing Ti6Al4V-TiB composite [25]. In order to check the occurrence of any contamination, the transus temperature Tβ of IP-SPS and MM-SPS specimens was characterized using electrical resistivity. The result given in section 3.2 shows that the Tβ temperature of the specimens was the same as that of the initial rod.

The phase transformation kinetics was studied by in-situ HEXRD. The HEXRD experiments were performed at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France, on the ID15A beamline. The radiation used was a high energy X-ray synchrotron radiation with a monochromatic beam of 90 keV ( 0.13776 °). The beam size was 400 x 400 µm 2 . A DECTRIS Pilatus image plate detector (pixel size 172 µm) with CdTe sensor material placed at 0.7 m from the sample allowed the collection of the complete Debye-Scherrer rings in the 2θ range 2 -9°. The high photon flux gives a high-quality diffraction signal. A rapid recording of 2D Debye Scherrer diffraction patterns can thus be obtained [26]. Considering the heating and cooling rates involved (Fig 1 ), the HEXRD frames were recorded with one frame rate per second (i.e. one frame per 0.8°C during heating and one frame per 0.23 °C on cooling). Using this method, we could follow the successive evolution of Debye-Scherrer rings during the thermal treatment. After experiment, each 2D diffraction pattern was analyzed. At first, data integration was processed using PyFAI software to convert the 2D images to classical 1D diffractograms [27]. Each diffraction diagram was analyzed using the multiphase Rietveld refinement with the software FullProf [26] [28] to get different results as the nature and amount of phases. For the HEXRD experiments, the IP and MM powders were considered. The powders were inserted in a capillary tube with a S-type thermocouple. The thermocouple was positioned close to the X-ray beam path in order to accurately control the temperature assessment during patterns acquisition. The capillary was placed at the center of an in-house made radiant furnace [START_REF] Denand | International patent deposed with reference number: WO2019081266A1[END_REF] on a sample holder with a rotating platform. To obtain good counting statistics by increasing the number of particles analyzed, a rotation of the quartz capillary was applied at one complete rotation per second. The capillary was inside a quartz chamber where an argon gas flow circulated in order to limit powder oxidation during the thermal path. The thermocouple placed in the capillary was used to measure and control the temperature using a 3508 Eurotherm controller. The thermal treatment applied during experiments was similar to the one used during the SPS treatment shown Fig. 1b. In order to analyze any possible oxygen or nitrogen contamination, electrical resistivity measurements were performed on dense SPS specimens using a four point's method [START_REF] Archambault | [END_REF]. After SPS treatment, specimens were machined in cylinders, 3.8 mm in diameter and 20 mm in length. This same method was used to check the possible precipitation during heating for a IP-SPS specimen in a β-metastable initial state. The machined IP-SPS sample was first heated up to 920 °C, in the β temperature range and further quenched in order to obtain a β-metastable phase, with equiaxed β grains. The electrical resistivity measurements were performed with the heat treatment given in Fig 1b .   Microstructure characterizations were realized on powders as well as on dense specimens. For dense specimens obtained by SPS, the microstructures were observed in the transverse direction. Powders microstructure characterizations were realized on powders embedded in copper resins. Microstructural observations were realized after using polishing paper grit until size 4000. The final polishing of the samples (specimens and powders) was performed with a mixture of colloidal silica (OP-S) and Hydrogen Peroxide (H2O2) (25%) solution. For finer scale microstructural characterizations, the thin foils have been prepared using a FEI Helios NanoLab 600i DualBeam (FEI brand) equipped with the Focused Ion Beam (FIB) technique. This operation consist of successive steps: a protective deposit of platinum assisted by electrons is carried out (220 nm thickness) then by Ga ions (2 µm final thickness). A slice is making and then thinning to obtain a 1.5 µm thick foil. Then it comes an operation of cutting the foil's contours and welding on the micromanipulator. The foil is then extracted from the bulk to be welded on the grid. The final thinning is gotten by using a voltage of 30kV and gradually descending to a voltage of 1kV to obtain a foil 80-100nm thick. The observations were realized by SEM using a Quanta 650 FEG (FEI brand) and a Gemini500 FEG (Zeiss brand) for morphology analyses, EDX for chemical analysis and EBSD maps (Oxford Instruments). The electron beam energy (kV) was chosen between 5 and 15 kV for Back Scattering Electron (BSE) observations and between 15 to 20 kV for EBSD maps. To characterize the microstructure and grain morphologies evolution, several thermal treatments were performed and interrupted by helium gas quenching at 450 °C, 600 °C, 800 °C without holding, and 800 °C with a holding of 30 min. TEM observations of MM powder were realized using an ACCELARM-200F FEG (JEOL Brand).

Results and Discussion

Characterizations of IP and MM powders

Characterizations of the as received IP and MM powders reveal significant differences in the crystallographic structures and microstructures. HEXRD diffraction diagrams given in Fig. 2 highlight the major difference. For the IP powder, diffraction peaks correspond to those of the BCC β phase (Fig. 2a). A little peak close to (110)β indicates the presence of α phase (zoom on Fig. 2a and more visible on Fig. 8a), which amount can be estimated at about 1 wt%. Concerning the MM powder (Fig 2b), much more diffraction peaks can be observed. The refinement of the diffraction diagram leads to a mixture of BCC β phase and orthorhombic α" phase. The amount of α" phase is 73 wt.%. These results are the ones expected considering the literature. Indeed, the powder processing involves very rapid cooling. For the β-Cez alloy, such rapid cooling avoids the phase transformations of the β phase below the β transus temperature [31]. Thus, a resulting β metastable state is obtained in the IP powder. It should be noted that TEM studies in the literature report the presence of ωath [31][32] after quenching from above the β transus temperature. This ωath phase could be expected but is not evidenced by HEXRD, certainly due to its very low size. The presence of orthorhombic martensite in the MM powder evidence a strong modification during milling. The β-metastable phase is partially transformed in stress/strain induced α" martensite. This result can also be related to previous studies on bulk specimens of β-Cez alloy. Indeed, the formation of stress/strain-induced martensite during tensile tests of specimens in a β-metastable state was reported in [19]. Fig. 3 shows the morphology and particle size of the IP β-Cez powder. It can be seen that the powder particles are spherical (Fig. 3a) and have a wide size distribution, between 100 µm and 200 µm. The typical microstructure of the IP powder, obtained at a higher magnification, is shown in Fig. 3b. Different β grains can be observed, in which chemical segregation, associated with the dendritic microstructure formed during solidification, is identified [14] (Fig. 3b). The segregations in the β phase reveals bright zones, characterized by an enrichment in Zr, Cr and Fe and a depletion in Mo (Fig. 3c and3d). Those segregations can also be observed in Fig 3b . It can also be mentioned that one powder particle in Fig 3a does not highlight any segregation nor internal grain structure. This could be associated to a very rapid cooling of that powder grains. Moreover, some porosities are observed and the presence of α or α" was not clearly evidenced, confirming the HEXRD result. The microstructure of the MM powder is illustrated in Fig. 4. Observations at the lower magnification (Fig. 4a), highlight a deformation of the powders for almost all particles. Chemical micro-segregations with a dendritic morphology are still observed as well as a few porosities. At higher magnification, parallel plates are evidenced, at the surface and inner part the MM powder particles (Fig. 4b and4c), corresponding to the strain-induced martensite. Near the surface, a layer of about 7 (± 2.4) μm can be noticed, in which the distance between the dendritic arms is reduced (Fig. 4d). A higher deformation due to the milling can thus be associated with the lower inter-dendritic distance. Observations at higher magnification by SEM (Fig. 4b andd) and TEM (Fig. 5) reveal differences at the surface and interior of the powder particle. The morphology of the α" observed in the inner part of the powder particle is clearly acicular, with plates having a similar morphologic orientation while it is finer and more block-like in shape at the surface (Fig. 4c and Fig. 5), and of which the orientation is no more well identified. Between 650 °C and 895 °C, a significant decrease of ∆ρ/ρ0 is measured, associated with the decrease of α phase amount [34]. The further increase above 895 °C corresponds to the variation of electrical resistivity associated with the temperature increase. For both experiments, the change in behavior occurs near 895 °C estimated as Tβ. That value is similar to Tβ of the initial material [24]. We can thus consider that powders and SPS specimens do not present any effect of contamination. The microstructure of IP-SPS and MM-SPS specimens are shown in Fig. 7. Concerning the IP-SPS specimen, Fig. 7a, a nearly uniform morphology of α grains is observed with a homogeneous spatial distribution. Nevertheless, for the MM-SPS specimen, Fig. 7b and Fig. 7c two different morphologies are observed with α grains having either a lamellar morphology or a globular/nodular morphology.

The areas with lamellar α grains can be viewed as separate islands ("Core") in the sea of nodular α grains ("Shell"). Such a microstructural network with bimodal grain size distribution where globular grains are surrounding lamellar ones can be termed as a ''Harmonic structure'', Fig. 7c.

The measured dimensions of α grains are shown in Table 2. For the IP-SPS specimen, some grains could only be characterized by one dimension, the equivalent mean diameter, equal to 2.2 µm. For other grains, the length and width were characterized. The mean values obtained are 0.8 µm and 3 µm respectively, leading to a shape factor of 0.27. It can be noticed that the equivalent mean diameter for the first set of grains is closed to the mean length for the second set (if we take account of error bars). Thus, the differences between the two sets of data are due to different cross-sections of the lamellae. We can thus confirm that we have one uniform population of α grains with a lamellar morphology. For the MM-SPS specimen, values are significantly different. Indeed, the nodular grains have an equivalent mean diameter equal to 3.5 µm and the lamellar grains have a mean width is 0.3 µm and their mean length 12.1 µm. The resulting shape factor of lamellae is 0.02. From those differences, we can expect differences in the transformation sequences. The transformation kinetics of IP and MM powders was thus analyzed. 

Transformation kinetics of IP powder during heat treatment

Transformation nature and kinetics for IP powders were obtained from in situ HEXRD experiment. Few selected diffractograms are given in Fig. 8a and the phase amounts versus temperature, determined by Rietveld refinement on all diffraction diagrams, are presented in Fig. 8b.

As shown in Fig. 8a, only the bcc β phase peaks can be observed at room temperature. During heating, no phase transformation could be revealed until 300 °C; above that temperature first phase formed is detected. As for similar studies [35][36][37], a base centred orthorhombic phase, called α"iso1 could be identified (Fig. 8a at 450 °C) with characteristic double peaks for 2θ angles near 3.1° and 5.4°. Its amount increases between 300 °C (5 wt%) and 530 °C (45 wt%) (Fig. 8b) and then slowly decreases. The characteristic double peaks of the orthorhombic structure evolve and tend toward single peaks corresponding to the HCP structure. This can be observed on diffractograms obtained at 530 °C and 650 °C, temperature for which diffraction peaks correspond to those of the HCP structure of the α phase (Fig. 8a) in addition to those of the matrix (β phase). As temperature increases, the amount of α phase decreases (Fig. 8b). At the end of the holding, the amount is equal to 26 wt%. The α phase fraction increases again during the continuous cooling at 0.23 °C/s until 500 °C, and then remains stable. The microstructures obtained at different steps of the heat treatment are shown in Fig. 9. For all conditions, a mixture of α and β phase is observed, with α grains at the previous β/β grain boundaries and inside the parent β grain. For powders quenched at 600 °C, the microstructure is very thin (thickness near to 20 nm), Fig 9a . A very large density of intragranular α precipitates is observed, uniformly distributed in the β grains. For specimen quenched at 800 °C, the density of α precipitates and the amount are lower. The size of intragranular α grains increased and is near 500 nm, Fig 9b .  Moreover, layers with a Precipitate Free Zone (PFZ) are observed at the previous β/β grains. For specimen quenched after holding 30 min at 800 °C (Fig 9c), the width of layers and the mean size of intragranular precipitates increases. Similar observations were reported in [38], and were associated with a coarsening of α precipitates during the heating stage and the dwell. At least, for specimen, heated up to 800°C, maintained 30 min and slowly cooled, the amount of α phase increases significantly. The width of layers remains nearly the same. However, the mean size of α intragranular precipitates increases (Fig. 9d). The PFZs are less marked. The very fine microstructure observed at 600 °C can be associated with the formation of metastable phases on heating at the lower temperatures (ωiso for example [39] or α" [35][36][37]). Formation of α" between 300°C and 500°C was characterized by HEXRD. But it could not highlight neither the presence of ωath nor the formation of ωiso. As electrical resistivity is very sensitive to phase transformation [43], in situ electrical resistivity measurements were realized on dense specimens in order to highlight any possible formation of ω phase for the heating rate considered. A dense IP-SPS specimen was used, which was first heat-treated in the β domain at 920 °C and further quenched by helium gas to RT to obtain a β-metastable state (as for the IP powders, Fig. 10). The electrical resistivity variations were measures (four point's method) during the heat treatment with conditions shown in Fig. 1b.

Fig. 10. Microstructures of β solution treated IP-SPS specimen

Variations in electrical resistivity (normalized by the electrical resistivity at room temperature) versus temperature are shown in Fig. 11. A decrease in electrical resistivity (Δρ/ρ0) is first measured at the beginning of the heating, from room temperature to about 190 °C, which is usually attributed to the vanishing of ωath phase [44][45]. Between 190 °C and about 300 °C, a change in slope is detected. Following the results of the literature [39][46], it is associated with the formation of ωiso phase. This behavior is similar to that obtained for other β-metastable alloys transformed on heating from the β metastable state [38] [44].

From 310 °C to 385 °C the electrical resistivity increases with temperature. This domain is associated with the evolution of ωiso phase, and the formation of other nanosized precipitates that were identified either as a base centered orthorhombic phase (α"iso) or by the HCP α phase. It corresponds to the formation of α"iso observed by HEXRD.

From 385 °C to 580 °C, the electrical resistivity decreases. This decrease can be associated with the evolution of the α"iso phase, where the precipitate sizes increase and the interface number with the β phase decrease. Due to the very low size of these precipitates, the role played by the interfaces on the electrical resistivity signal is important [45]. Then, a decrease of electrical resistivity can be observed during the α"iso phase fraction increase.

From 580 °C, a change of slope is observed. It can be attributed to the evolution of the α"iso/α phases, which structure evolves toward the HCP structure of the α phase (Fig. 8a) and which amount decreases as temperature increases (Fig. 8b).

The variation in electrical resistivity during the slow cooling (0.23 °C/s) to room temperature is also shown in Fig. 11. The continuous increase in electrical resistivity between 800 °C and 500 °C indicates the further growth of α precipitates. This behavior is consistent with HEXRD results (Fig. 8b) and is the one expected considering the cooling rate and the amount of equilibrium a phase with temperature [33].

Fig. 11: Electrical resistivity answer during similar SPS thermal treatment on IP-specimen

Electrical resistivity experiments on dense IP-SPS samples evidence the formation of ωiso phase for the heating condition used. Thus, a similar behavior is expected for IP powders. Combining HEXRD and electrical resistivity results it can be concluded that the decomposition of the β metastable phase of the β-CEZ alloy, during continuous heating, consisted of the following sequence of phase transformation:
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Transformation kinetics in mechanically milled powder

Transformation nature and kinetics for MM powders were obtained from HEXRD experiment. A few diffractograms are given in Fig. 12a and the phase amounts versus temperature determined by Rietveld refinement are presented in Fig. 12b. At room temperature, the MM powder consists of 73 wt.% strain-induced martensite α" (centered orthorhombic structure). During the heating, the diffraction peaks of the orthorhombic base-centered structure are still present. Their intensity slightly decreases and their positions evolve up to about 590 °C and tend toward the peak position of the α phase (HCP structure). For example, the peaks (110)α" and (020)α" tend toward the peak (100)α. We thus consider that the α" phase (orthorhombic base-centered structure) evolves continuously toward the α phase. Changes in lattice parameters observed are due to changes in the temperature and in the chemical composition of the α" phase. In order to quantify the phase amounts, using Rietveld analysis, we have considered a mixture of α"+β phases at temperatures lower than 590 °C and a mixture of α+β phases above 590 °C. At 590 °C about 58 wt.% of α is measured. From 690 °C to 800 °C, the fraction of α phase sharply decreases as for IP specimen, and it remains nearly constant during the holding. During the cooling, the fraction of α increases while that the fraction of β decreases. No other phase was evidenced. The microstructures obtained at different steps of the heat treatment are shown in Fig. 13. At 450 °C, the thin plates of "martensite" are still present (Fig. 13a), and even more easily evidenced compared to those observed at room temperature (Fig. 4b). Micro-segregations are also evidenced. At the end of the heating, the microstructure exhibits very thin α grains (Fig. 13b). Some differences can be noticed with α precipitates having a more lamellar shape in the core and a more nodular one in the shell. After 30 min holding at 800 °C (Fig. 13c), a change in α morphology is observed. SEM-BSE micrographs are more contrasted and highlight the nodular morphology in the powder shell and the lamellar morphology in the powder core; a coarsening of the precipitates can also be noticed. After the slow cooling to room temperature, the density of α precipitates does not change significantly, however their mean size increases, indicating that growth of the α precipitates occurs. For the lamellar precipitates, the growth seems more effective in the width, while nodular precipitates seem to grow homothetically (Fig. 13d). The lamellar α precipitates are homogeneously distributed in the β grains, with a well-defined orientation that can be considered as inherited from the α" laths orientation.

After the thermal treatment, the amount of α phase for MM powder is comparable to that in the IP powder. However, the transformation sequence is different. During the continuous heating, the following sequence of phase transformation occurs: In addition, the similarity between the harmonic microstructure obtained on the MM-SPS specimen and the microstructure in the MM powder after heat treatment is evidenced in Fig. 14 with a globular morphology in the shell and a lamellar one in the core. It can be predicted that the powder particles of two or more adjacent MM powder particles combine and form a continuous network of shell areas after SPS, Fig. 7c. In order to understand the development of α nodular grains in the powder shell, EBSD analysis was realized in the core and the shell of MM powder thermally treated similarly to SPS process. In the powder core, the IPF β map (Fig. 15b) evidences one main color, corresponding to single orientation of β matrix. This was confirmed by misorientation measurements in the β phase. The cumulative relative frequency of β misorientation in the core (subset 1) show that 92 % of the β domains have a misorientation angle below 5° and 100 % have a misorientation lower than 8° (Fig. 15c). In the same area, the IPF α map reveals several clusters of α lamellae with the same variant (Fig. 15a). The clusters' size is about 5 to 10 µm. Considering that α grains are inherited from straininduced α", it can be concluded that these single α variant clusters are inherited from a group of single variant α" martensite plates, as shown in Fig. 4b. The α and β phases are in BOR [47], as shown in Fig. 16a. EBSD analysis in the powder shell, reveals more differences in the crystallographic orientation of α and β grains (Fig. 15). The cumulative relative frequency of β misorientation in the shell characterized in subset 2, highlights that 43 % of β domains have a misorientation angle larger than 5° and 16 % of β domains have a misorientation angle larger than 15° (Fig. 15c). Pole figures (Fig. 16), show that the phases are still in BOR. However, a spread crystallographic orientation is observed Fig. 16b. The α grains are smaller (about 1µm) and nearly nodular. Many fine β domains (size of about 1 µm) are observed with different orientations. These results confirm the occurrence of recovery/recrystallization during the thermal treatment for both phases. It is evidenced by the rotation of crystallographic orientation of the initial larger β grain and the development of sub-grains and further little β grains as observed in [48]. For the α phase, the spread of crystallographic orientation in the shell is a characteristic feature of a recovery/recrystallization process [49][50]. During the heating, recovery and dynamic recrystallization processes of the mixture α"/α+β must be involved to explain the changes in morphology. We can assume that the phenomena are similar to the formation of the globular α phase after forging at high temperature in the α+β temperature range [51][52]. In the present case the deformed initial martensite plates are partly dissolved during the heating, favoring grain boundary graving and α nodules formation [53].

Conclusion

We have investigated the formation of novel harmonic microstructure in a β-metastable alloy, the β-CEZ alloy. We set off with two different states; one is from as received PREP initial powder, and another one is obtained after mechanical milling of PREP powder. The spark plasma sintering of both powders under similar conditions produces a mixture of α+β phases with a similar fraction of α phase. However, the spatial distribution and morphology of α phase are completely different. Without mechanical milling, the morphology of α phase is lamellar and uniform in all volume. Concerning the sample got from mechanically milled powder, we observe an α network-type arrangement in the β matrix named "Harmonic Structure" with nodular α grains in the shell and lamellar α grains in the core. High-energy X-ray diffraction measurements with stepwise microstructural characterization (SEM and EBSD) revealed the influence of the initial state of powders on the precipitation sequence and the spatial distribution of α phase.

From the β-metastable state of the initial powder, the development of this unique arrangement of grains with different morphology can be explained by the following successive stages:

• Mechanical milling at room temperature implying large strain-induced martensite formation in the powder core and shell; • Mechanical milling also implies a large plastic deformation of the powder particles at the surface (in the α" and β mixture) within a depth of about 7 µm (Fig. 4d); • During the heating at T < Tβ, α" structure evolves toward the HCP α structure;

• In the powder particles shell, the spread of crystallographic orientation evidences recovery and recrystallization giving small α and β grains with size below 1 µm; • In the powder particles core, the α lamellae keep a low shape factor (width/length) inherited from the α" morphology. Moreover, each α variant inherits the orientation of the stress/strain α" variant keeping the variant selection that occurred during the milling; it implies that no recovery/recrystallization occurred; • During the SPS process, the powder particles are sintered together, producing specimens constituted of periodic "core" of α lamellae surrounded by a continuously connected network of fine-grained "shell" of α nodular grains.
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 1 Fig. 1. a) The SPS process description and b) Thermal treatment during the SPS process.

Fig. 2 :

 2 Fig. 2: HEXRD diffractograms of a) IP powder and b) MM powder.

Fig. 3 .

 3 Fig. 3. Representative SEM-BSE micrographs of IP powder a) overview magnification, b) particle with local segregations and pores, c) detail of chemical segregation, d) EDX characterization realized on white spot (spectrum 1) and matrix (spectrum 2) on the micrograph c).
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 45326 Fig. 4. Representative SEM-BSE micrographs of mechanically milled powder a) overview magnification, b) detail of inner part of the particle, c) detail of surface of the particle presenting stress-induced martensite and d) plastically deformed area at the powder particle surface.

Fig. 6 .

 6 Fig. 6. Normalized electrical resistivity versus temperature. β-transus temperature determination during continuous heating at 2°C/min

Fig. 7 .

 7 Fig. 7. The representative SEM-BSE micrographs of a) IP-SPS and b-c) MM-SPS Specimens

Fig. 8 .

 8 Fig. 8. a) HE XRD diffractograms b) α and α"iso phase fraction evolutions obtained by HEXRD (wt.%)

Fig. 9 .

 9 Fig. 9. SEM-BSE micrographs of IP powder at different stages: a) heated up to 600 °C b) heated up to 800 °C c) heated up to 800 °C + holding 30 minutes and quenched d) similar to SPS thermal path.
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Fig. 12 .

 12 Fig. 12. The behavior of MM-powder during "SPS thermal path": a) HEXRD diffractograms during heating b) Phase fraction evolution during heating and cooling.

Fig. 13 .

 13 Fig. 13. SEM-BSE micrographs of MM powder at different stages: a) heated to 450 °C b) heated to 800 °C c) heated to 800 °C, hold for 30 minutes and quenched d) similar to SPS thermal path.

Fig. 14 .

 14 Fig. 14. Formation of a harmonic microstructure a) after SPS b) for two powder grains

Fig. 15 .

 15 Fig. 15. EBSD on MM powders after SPS thermal path a) IPF α and b) IPF β maps with c) corresponding β/β misorientation.

Fig. 16 .

 16 Fig. 16. Pole figures of IPF maps showing BOR between α and β on MM powders after similar SPS thermal path a) in the core and b) in the shell.

Table 1 . The nominal composition of the β-Cez Ti alloy used in this study.

 1 

	Elements	Al	Mo	Cr	Zr	Sn	Fe	O	N	C	Ti
	Mass%	5	4	2	4	2	1	1055 (ppm)	59 (ppm)		

Table 2 . α-grain size analysis of IP-SPS and MM-SPS specimens.

 2 

	Grain Size	α-nodular grains Mean Diameter	α-lamellar grains Mean Length Mean Width	Shape factor
		(µm)	(µm)	(µm)	(Width/Length)
	IP-SPS Specimen	2.2 ±0.5	3 ± 1.6	0.8 ± 0.3	0.27
	MM-SPS Specimen	3.5 ±1.4 (Shell region)	12.1 ± 4.6 (Core region)	0.3 ± 0.2 (Core region)	0.02

It can be mentioned that other studies using TEM report the formation of a HCP α phase[38][39][40], and more recently the presence of an ordered face centered orthorhombic structure called O"[41]. Here, we consider the more commonly reported structure by using this technique[35][42] i.e., the base centered orthorhombic α"iso, similarly to[21].
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