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Abstract

:

In this work, a blend of Ti, Nb, and Mn powders, with a nominal composition of 15 wt.% of Mn, and balanced Ti and Nb wt.%, was selected to be mechanically alloyed by the following two alternative high-energy milling devices: a vibratory 8000D mixer/mill® and a PM400 Retsch® planetary ball mill. Two ball-to-powder ratio (BPR) conditions (10:1 and 20:1) were applied, to study the evolution of the synthesized phases under each of the two mechanical alloying conditions. The main findings observed include the following: (1) the sequence conversion evolved from raw elements to a transitory bcc-TiNbMn alloy, and subsequently to an fcc-TiNb15Mn alloy, independent of the milling conditions; (2) the total full conversion to the fcc-TiNb15Mn alloy was only reached by the planetary mill at a minimum of 12 h of milling time, for either of the BPR employed; (3) the planetary mill produced a non-negligible Fe contamination from the milling media, when the highest BPR and milling time were applied; and (4) the final fcc-TiNb15Mn alloy synthesized presents a nanocrystalline nature and a partial degree of amorphization.
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1. Introduction


Titanium and its alloys are widely used for diverse applications, such as aerospace, architecture, medicine, chemical processing, power generation, marine and offshore sports equipment, and transportation [1]. Their low density, high mechanical strength, and high resistance to corrosion make them interesting for these fields [2]. In biomedical applications, the Ti6Al4V alloy is one of the most widely used metallic materials for bone-replacement implants, due to its excellent biocompatibility, high corrosion resistance to body fluids, and its good processability [3]. In the aerospace industry, Ti alloys are mainly used due to their excellent strength-to-weight ratio, excellent galvanic compatibility with polymer matrix composites, their stability at high temperatures, and their fatigue strength [4]. They are often employed in parts for turbine engine, airframe structures, wing boxes, bulkheads, and in numerous other aerospace applications.



However, certain properties of these Ti alloys must be modified to fit the application requirements. In particular, for bone implant applications, Ti and the Ti6Al4V alloy present the following several mechanical drawbacks that must be overcome: their higher level of stiffness (elastic modulus, E, greater than 100 GPa) in comparison with bone tissue (4–30 GPa, for trabecular and cortical bone, respectively) produces the undesirable stress-shielding phenomenon (i.e., the incomplete load transference from implant to the bone) that can trigger bone resorption, thereby causing a loosening and/or premature failure of the implant. In turn, for aerospace applications, several of the main problems are associated with the high cost, the challenging machinability, the difficulties encountered in the cold forming, and the fluctuating product availability [5,6].



In this context, metastable beta Ti alloys, with a body-centered cubic structure (bcc), are studied as potential bone-replacement implant materials, due to their lower elastic modulus, and, therefore, to their ability to reduce the aforementioned stress-shielding phenomenon. The high-temperature Ti allotropic structure could be stabilized at room temperature by adding Betagen elements, such as Nb, Ta, Mo, V, Fe, and Cr, which lower the alpha–beta transus temperature [3,7]. Moreover, the beta Ti alloys have shown the highest strength of Ti alloys hitherto developed, typically with a yield strength greater than 1000 MPa [5].



In addition, Ti alloys with structures that are different to hcp and bcc, could be developed to increase the ductility for the enhancement of the machinability and the cold-forming process. To this end, and considering that the most plastically and isotropic deformable structure is the face-centered cubic (fcc) structure, due to its higher sliding system and symmetric structure, the development of new fcc Ti alloys, to improve their ductility, could prove interesting. In this way, Garcia-Garrido et al. [8,9] have already obtained fcc Ti alloys in the TiNbTa and TiNb (0–12 wt.%) Mn, thanks to the ability of Nb, Ta, and Mn to promote the formation of Ti-fcc, Ti-bcc, and Ti amorphous alloys, depending on the synthesis conditions [10,11,12,13]. In addition, Wu et al. [14] studied the formation of fcc-Ti from hcp-Ti by col-rolling (CR), and Hong et al. [15] by cryogenic channel die compression (CCDC). Thus, a severe plastic deformation (SPD) seems to be necessary to produce the fcc structure in Ti alloys, such as mechanical alloying (MA), CR, or CCDC, among others.



Concretely, the syntheses carried out by Garcia-Garrido et al. [8,9] were possible by means of MA, which has been reported to be a simple, economic, and reproducible method, in the following ways: to extend the metal solubility; to produce complete solid solutions; to refine the structure up to nanometric levels, and to synthesize new crystalline phases, such as the novel high-entropy alloys (HEAs) [16], quasi-crystalline phases, and amorphous phases, among other interesting abilities [17]. With respect to MA, it has been established that not only the rate of the reaction, but also the reaction route and the products obtained, can be highly influenced by using different milling equipment and milling conditions [18,19,20].



For these reasons, the present work is focused on the synthesis of a TiNb15Mn (in wt.%) alloy through MA, by employing two different devices (a PM 400 planetary ball mill, and an 8000D mixer/mill® shaker mill) and two different ball-to-powder ratios (10:1 and 20:1). The effects of these milling parameters and devices used on the crystallographic structure, and the morphology of this TiNb15Mn alloy, are subsequently investigated and discussed.




2. Materials and Methods


Powder blends of elemental titanium (CAS number 7440-32-6, 99.6% purity, <325 mesh, NOAH tech., San Antonio, TX, USA), niobium (CAS number 7440-03-1, 99.9% purity, <325 mesh, NOAH tech., San Antonio, TX, USA), and manganese powders (CAS number 7439-96-5, 99.9% purity, <325 mesh, NOAH tech., San Antonio, TX, USA), with a nominal composition of Ti0.55Nb0.28Mn0.17, corresponding to a 42.5 wt.% of Ti, 42.5 wt.% of Nb (i.e., balanced Ti–Nb weight percentage), and 15 wt.% of Mn, were mechanically alloyed in the following two different milling devices: a planetary ball mill (PM400, Retsch®, Haan, Germany) and an 8000D mixer/mill® high-energy ball mill (SPEX®, Sample Prep, New Jersey, NJ, USA). For the milling processes carried out in the PM400 planetary ball mill, ball-to-powder ratio (BPR) conditions of 10:1 and 20:1 were fixed with 95 balls (8 mm in diameter and 2.1 g in weight per ball) in a cylindrical-shaped vial (300 mL in volume). The balls and vial used are composed of tempered stainless steel, and 20 g and 10 g of powder blend were introduced to modify the BPR to 10 and 20, respectively.



In turn, for the 8000D mixer/mill®, 5 g of the powder blend was milled with a BPR condition of 10:1, using the same type of balls (in this case, 24 balls) and vial (45 mL of volume) fabricated in tempered stainless steel. Mechanical alloying was carried out under an argon inert atmosphere (H2O ≤ 8 ppm and O2 ≤ 2 ppm, Linde Group, Spain) and at a spinning rate of 300 rpm for the PM400 planetary ball mill and at 50 Hz of frequency for the 8000D mixer/mill®. In addition, 2 wt.% of stearic acid (57-11-4 CAS number, 98% purity, Alfa-Aesar, Ward Hill, MA, USA) was added to the mixtures as a process control agent (PCA) to avoid excessive welding between the powder, balls, and vials. At 6, 8, 12, and 24 h of milling time, approximately 0.25 g of powder was extracted from the vials to study the phase evolution during mechanical alloying. A schema of the TiNb15Mn synthesis process is presented in Figure 1.



The as-milled powders were collected in an inert box (850-NB nitrogen dry box, Plas-Labs Inc., Lansing, MI, USA) under argon atmosphere and dispersed in acetone to prevent oxidation during handling. The as-milled powders obtained were labelled as PL for PM400 planetary ball mill, and as SP, from SPEX, for the 8000D mixer/mill®, following the BPR value (10 or 20) and the milling time (6, 12, 18 and 24 h). Therefore, the twelve as-milled powdered specimens were as follows: PL10_6h, PL10_12h, PL10_18h, PL10_24h, PL20_6h, PL20_12h, PL20_18h, PL20_24h, SP10_6h, SP10_12h, SP10_18h, and SP10_24h.



In order to characterize the phase evolution of the as-milled powders, X-ray diffraction (XRD) patterns were obtained using an X’Pert Pro instrument (PANalytical, Malvern, UK), equipped with a θ/θ goniometer, a Cu Kα radiation source (40 kV, 40 mA), a secondary Kb filter, a secondary diffracted beam monochromator to reduce the fluorescence, and an X’Celerator detector. The XRD patterns were collected by scanning from 2θ between 20° and 150° in the step-scan mode with 0.03° steps and a counting time of 5 s/step. Lanthanum hexaboride, LaB6 (Standard Reference Material 660b, NIST, Gaithersburg, MD, USA) was used to correct the instrumental error of the diffractometer and calibrate the positions of the diffraction peaks. The structural elucidations and the space group symmetry (SGS) of phases formed were determined by the Dicvol software and compared by the Crystallography Open Database (COD). In order to deconvolute the peak overlapping at 2θ between 30° and 50°, a Rietveld refinement was carried out by applying the X’Pert HighScore Plus software (Malvern Panalytical B.V., Eindhoven, The Netherlands) using a pseudo-Voigt profile function [21]. All peaks for each diffractogram (including the deconvoluted peaks) were employed to obtain the lattice parameters a and the crystalline domain size D.



Scanning electron microscopy (SEM) images of the as-milled powders were obtained on a Hitachi S-4800 field emission scanning electron microscope (SEM) at 5 kV of acceleration voltage. For the Ti, Nb, Mn, and Fe (from the milling media) transition metals, and for the C and O, the atomic percentages were measured by X-ray energy-dispersive spectrometry (XEDS) using a detector coupled to the SEM at 30 kV of acceleration voltage. Twenty points were measured at each specimen to ensure statistical accuracy. Under the same experimental conditions, XEDS-SEM mappings were obtained. The particle morphology and average size (d) were obtained by image analysis (IA) from 5 SEM images taken at different magnifications (1 kX, 2 kX, and 5 kX) using the Image-Pro Plus® 6.2. software.



High-resolution transmission electron microscopy (HRTEM) and electron diffraction (ED) images were obtained for as-milled powder specimens on a TECNAI G2 F30 S-twin microscope (FEI Company, Hillsboro, OR, Purchased in Spain). The observations were conducted at 300 kV with 0.2 nm point resolution. The micrograph analysis, lattice spacing, fast Fourier transform (FFT), and the phase interpretation were performed with the Gatan Digital Micrograph® software (Gatan Inc., Pleasanton, CA, USA. Purchased in Spain). The powder samples were dispersed in acetone, and droplets of the suspension were deposited onto a carbon film grid.




3. Results and Discussion


3.1. Microstructural Charactrization


Figure 2 shows the XRD pattern for the as-milled powders, as a function of the milling time and device employed. The powders that were milled for 6 h with the vibratory 8000D mixer/mill® (SP10_6h), exhibited only the diffraction peaks of the corresponding raw powders, as follows: Ti (hcp structure and P63/mmc of SGS, COD ID no. 9008517), Nb (bcc structure and Im3m of SGS, COD ID No. 1539041), and Mn (bcc structure and I-43m of SGS, COD ID No. 9011068). This result indicates a negligible level of alloying at this stage of the milling process. In contrast, under the same milling conditions, powders that were milled in the planetary mill (PL10_6h) showed diffraction peaks that do not correspond to the raw materials (Ti, Nb, and Mn), and that could be assigned to face cubic-centered (Fm3m of SGS) and body cubic-centered (Im3m of SGS) phases. These phases are presumably fcc and bcc TiNbMn alloys, according to the literature for specimens with similar compositions [11]. Clearly, most of the peaks were partially unresolved, due to the peak widening; this effect can be attributable to the reduction in the crystalline domain size, as was subsequently corroborated.



The fcc and bcc phases were also indexed when the BPR was increased from 10 to 20 for the corresponding specimen that was milled for 6 h in the PM400 planetary ball mill (PL20_6h). No diffraction peaks for the elemental Ti, Nb, and Ta were detected, which suggests a total alloying. Additionally, a slight signal assigned to elemental Fe (ref. pattern no. 006–0696 in the COD), with a body cubic-centered structure (bcc and Im3m of SGS), was observed in this XRD pattern. This element was produced by the contamination from the stainless-steel milling media. However, this signal is practically negligible, which suggests a small amount of Fe at 6 h of milling time.



At 12 h of milling time (Figure 2b), the specimens that were milled using a BPR of 10 in each mill device (i.e., specimens SP10_12h and PL10_12h), showed similar XRD patterns to the specimen that was milled in the planetary mill at 6 h, with a BPR of 20 (PL20_6h). The fcc and bcc phases were detected with total absence of the diffraction peaks of the corresponding raw materials. The Fe contamination was also noticeable. When the BPR was increased (PL20_12h), the XRD pattern showed a unique fcc alloy, obviously with the elemental Ti, Nb, and Mn raw materials. No bcc phase was detected, and the peak intensity for the Fe contamination increased in comparison with the PL10_12h and SP10_12h specimens. This last outcome is a direct consequence of the higher-energy milling process that produces higher-energy collisions and friction between the milling media and powders. The milling energy increased with the number of balls, as many ball-to-ball and ball-to-wall collisions occur, which lead to a greater increase in the average temperature of the milling media. Takacs et al. [22] proposed that the heating of the milling balls was due to the oblique collisions, and reported an average temperature of the milling balls in excess of 200 °C for the planetary ball mill, and below 100 °C for a shaker ball mill, both run under typical operating conditions. Moreover, Shelekhov et al. [23] predicted an increase in the planetary ball mill temperatures of up to 500 °C by computer simulation.



When the milling time was extended to 18 h (Figure 2c) and 24 h (Figure 2d), all the specimens showed similar XRD patterns, and the fcc phase was reported with no presence of the bcc phase. This suggested that the final fcc phase is the stable phase in this TiNb15Mn system. This final stable phase seems to be achieved after 12 h of milling time for the PL20 specimen, or after 18 h for the SP10 and PL10 specimens. Therefore, the time required to reach the full transformation of raw powders to the fcc phase is relatively short in comparison with similar studies on Ti fcc phase formation, such as the Ti–Ta–Sn system (Ti–13Ta–6Sn [24]), and the Ti–Nb–Ta–Mn system (Ti–30Nb–13Ta–2Mn [13]), where milling times between 50–100 h were necessary. The corresponding peak to the Fe contamination presented in all of the specimens that were milled for 18 h and 24 h, showed an increasing intensity for both the milling times, according to the following sequence: SP10 → PL10 → PL20. However, the (110) Fe peak position remains invariant (2θ = 44.7°), which suggests unalloyed Fe. This aspect can be attributed to the negligible solubility between Fe–Ti and Fe–Nb at temperatures below 700 °C [25,26], according to the binary phase diagrams. Moreover, this temperature was avoided in the milling process, due to the start/stop procedure that was employed. In addition, the Fe particles were continuously incorporated into the milling, by the chipping of the milling media, and the macroscopic Fe particles are later crushed to form isolated microparticles. Therefore, the particles could be found in various sizes, as will be later corroborated by XEDS-SEM analysis and remain unalloyed throughout the milling, according to the XRD measurement.



Subsequently, since the DRX patterns of Figure 2 showed many unresolved diffraction peaks between 2θ = 30°–50°, a deconvolution process was carried out to corroborate the phase indexation performed (Figure 3 and Figure 4). The goodness-of-fit for the deconvolution processes was determined by the chi-square (χ2) parameter, which is the typical parameter used for Rietveld analysis [27]. This parameter, usually close to one, was determined in all the cases to be approximately 1.4, thereby verifying the quality of the goodness-of-fit. The peak deconvolution process was therefore made for the specimens that were alloyed in the 8000D mixer/mill® (Figure 3), between 6 h and 24 h of milling time (i.e., SP10_6h, SP10_12h, SP10_18h, and SP10_24h). At the lowest milling time, SP10_6h (Figure 3a), the deconvoluted peaks matched the peaks of the raw transition metals (Ti, Nb, and Mn) that were previously indexed in Figure 2. However, an optimal deconvolution fitting was reached when a small reflection was added. Due to the low intensity, this reflection may be the bcc phase in an early state. At 12 h of milling time, SP10_12h (Figure 3b), the alloying process was complete, due to the coexistence of the bcc and fcc phases. For the two highest milling times, SP10_18h (Figure 3c) and SP10_24h (Figure 3d), the deconvolution process showed compelling results. In this case, the bcc phase was detected, although it could not be observed in Figure 2. The diffraction peak of the bcc phase became narrower and lower in intensity with the increase in milling time, while the peak intensity of the fcc phase increased. Therefore, the full conversion from raw materials to a unique fcc alloy was not totally reached after 24 h of milling time using the 8000D mixer/mill® (Figure 3d).



The same XRD deconvolution process was carried out for specimens that were alloyed in the planetary mill for 6 h (Figure 4a) and 12 h (Figure 4b). In this case, the deconvolution peaks were in good agreement with the results shown in the general XRD diffraction patterns (Figure 2). Therefore, the full conversion of the fcc phase from Ti, Nb, and Mn raw materials without the bcc phase, was reached after 12 h of milling time, using a BPR of 10 (PL10_12h) or 20 (PL20_12h).



According to the XRD results obtained in this work, the following alloying route could be proposed: raw elements (Ti, Nb, Mn) → bcc phase → (bcc + fcc) phases → fcc phase.



This route could be explained as being due to the allotropic transformation of the TiNbMn alloy from a bcc to fcc crystallographic structure. Although this allotropic transformation is not common in beta-stabilized Ti alloys (bcc-Ti alloys), it has been previously reported in systems with Nb as a main alloying element, such as the Ti–30Nb–13Ta–2Mn alloy, Ti–Nb–Ta system, and TiNbxMn (x = 0–12 wt.%), among others [8,9,11,13,24]. This transformation is directly associated with the combination of the Nb content and mechanical milling, as first reported by Chattopadhyay et al. [28].



Table 1 showed the crystalline domain size D, determined for both the bcc and fcc phases, using the deconvolved peaks and the Scherrer formula. As a general trend, a nanodomain character could be determined for both the mills and BPR. All the specimens showed D values between 1.7 to 4.7 nm, approximately.



For the bcc phase, a slight reduction in D was observed with the milling time, for the specimens that were milled in the 8000D mixer/mill® (SP10_12h, SP10_18h, and SP10_24h), from 1.7 to 3.1 nm. This behavior could enhance the diffusion of the elements between the bcc and fcc phases, thereby contributing positively to the allotropic transformation of the TiNbMn alloy, thanks to the reduction in the diffusion path in the volume of the grain, and also thanks to the increase in the grain boundaries (diffusion-induced grain migration (DIGM)) [29]. At the same time, the D values of the bcc phase in the specimens that were alloyed in the planetary mill were only determined at 6 h of milling time, since the bcc phase became a transitory phase that is totally transformed into the fcc phase at 12 h. Thus, due to the higher energy that was transferred to the powders when BPR = 20 was used in comparison with BPR = 10, the D value for the bcc phase for PL20_6h was lower than the PL10_6h (2.3 nm and 4.4 nm, respectively).



On the other hand, the D value for the fcc phase remained practically invariant when this phase coexisted with the β phase, probably since the transferred energy was largely employed to enhance the diffusion of elements, instead of to increase the plastic deformation of particles and diminish the D value. When only the fcc phase was present, the D value increased with the milling time, from 3.0 to 3.5 nm for PL10, and from 3.0 to 4.7 nm for PL20; the reason for this being that during the transformation from the bcc phase to the fcc phase, most of mechanical energy was used for this purpose. However, when the fcc phase was completely formed, the energy that was transferred from the mill to the powders was utilized to increase the D value. This effect was more pronounced for higher energetic milling conditions (PL20 specimens).



The lattice parameter a for the fcc and bcc phases was also determined from the refined position of the deconvolved peaks (Table 1). In this case, the corresponding lattice parameters for the bcc transition phase were higher than those corresponding to elemental Nb (a = 3.303 Å, in COD ID no. 1539041), for lower milling times, but when the milling time was increased for the SP10 specimens (SP10_12h, SP10_18h, and SP10_24h), the lattice parameter was reduced to values close to those of the elemental Nb. This aspect suggests the introduction of Ti and/or Mn atoms into the Nb crystal structure first at a lower milling time, and the subsequent promotion of the diffusion of Ti and Mn alloying elements from the bcc phase to the fcc phase at higher milling times.



Furthermore, the lattice parameters for the fcc phase remained practically invariant, regardless of the milling process (i.e., SP10, PL10, and PL20). This result suggests an optimal homogenization of the Ti, Nb, and Mn atoms within the fcc phase, even when the milling time was increased. The difference in the y-axis amplitude for both b (from 3.30 Å to 3.50 Å, i.e., 0.2 Å of amplitude) and g (from 4.32 Å to 4.35 Å, i.e., 0.03 Å of amplitude) corroborates the higher homogenization of the final fcc phase.



Finally, it should be borne in mind that the Fe lattice parameters that were obtained for all the specimens from the milling media, were close to those corresponding to the elemental Fe (2.867 ± 0.02 Å from XRD vs. 2.866 Å from ref. pattern no. 006–0696 in the COD). This aspect, together with the absence of any intermetallic compounds, suggests that the Fe is mostly unalloyed in the specimens that were obtained.




3.2. Morphology and Compositional Characterization


The particle morphology and average-size characterization of the synthesized phases were carried out using SEM images of the specimens after 6 h of milling time (Figure 5). The SP10_6h powders, Figure 5a,b, presented the characteristic morphology features of an early stage of a mechanical alloying process [17], such as the following: (a) coarsened particles, due to plastic deformation and the cold welding of fine particles to coarse particles (marked with square dots in Figure 5b); and (b) a powder size reduction, due to multiple particle fractures (marked with white arrow dots in Figure 5b). These features are characteristic of ductile powders in the early stages of the milling process, due to repeated impacts between the balls and particles [17]. During MA, the powder particles are repeatedly flattened, cold-welded, fractured, and re-welded. The cold welding and fracturing processes can be predominant at any stage, and depends mainly on the deformation characteristic of the raw powders.



The SEM images of the PL10_6h particles (Figure 5c,d) and PL20_6h particles (Figure 5e,f) showed smaller and irregular particles with a high level of agglomeration, which is a clear indication of an advanced state of the milling and alloying process. As the MA continues, the energy transferred from the balls to the powder produced large grain boundary surface areas (reduced grain size), and the crystal defect density increased. These new surfaces enabled the particles to weld together much more easily, thereby leading to an increase in the particle agglomeration. Furthermore, at higher BPR (PL20_6h), the particles exhibited a spherical shape, due to the reduction in the Gibbs free energy during the milling process. The average particle size was estimated at 8.1 ± 3 μm, 3.3 ± 1.6 μm, and 0.8 ± 0.3 μm, for SP10_6h, PL10_6h, and PL20_6h, respectively. Clearly, the particle size was further reduced when the milling energy that was employed was increased. The particles at PL20_6h showed a significant level of agglomeration, due to their submicrometric size range.



To corroborate the chemical composition of the bcc and fcc phases as two TiNbMn alloys, together with the distribution of Ti, Nb, and Mn across the different particles, XEDS-SEM maps were used and average compositional analysis by XEDS was carried out over the specimens that were milled in the 8000D mixer/mill® (SP10_6h, SP10_12h, and SP10_18h, Figure 6) and the PM400 planetary ball mill (PL10_6h and PL10_12h, Figure 7).



After 6 h of milling time, the Ti and Nb elements in the SP10_6h seemed to be highly alloyed, due to the uniform contrast that was observed across all the particles in the corresponding Ti (red color) and Nb (green color) XEDS-SEM micrographs, although the Mn (light-blue color) was unevenly distributed across the particles. These results are in good agreement with the deconvoluted XRD patterns that are shown in Figure 3a, where a low intense Ti (100) peak and a well-defined Mn peak were detected, corroborating the not total conversion of Ti, and mainly Mn, into the TiNbMn alloy. The difference between the degrees of alloying could be associated with the higher solubility of Ti and Nb than Mn, as can be corroborated by the corresponding Ti–Nb and Mn–Nb phase diagrams [30,31,32].



Subsequently, at 12 h and 18 h (SP10_12h and SP10_18h) of milling time, the element distribution that was observed for Ti, Nb, and Mn in the XEDS maps across the different particles, seems to be uniform, which suggests a similar composition in all the particles. This result is significant, due to the major fcc phase and minor bcc phase that were detected in the deconvoluted XRD patterns (Figure 3), where both the phases are expected to present similar composition. Thus, the relative Ti–Nb–Mn stoichiometry, determined by EDS using 20 points, yielded Ti0.57±0.02Nb0.27±0.02Mn0.16±0.01 for SP10_12h and Ti0.56±0.02Nb0.28±0.02Mn0.16±0.02 for SP10_18h. The low standard deviation obtained helps to corroborate the similar composition of the bcc and fcc phases, which are, in fact, two TiNb15Mn alloys. Furthermore, few Fe particles could be detected in the SP10_12h specimen and SP10_18h specimens. By general EDS measurements, these specimens showed a total Fe amount of 1.3 ± 0.2 wt.% and 3.6 ± 1.2 wt.%, respectively.



A similar evolution was observed according to the XEDS-SEM maps for the specimens that were milled in the planetary mill under similar conditions, that is, the PL10 specimens (Figure 7). After 6 h of milling time, PL10_6h, the Ti was uniformly distributed across all the particles, while the Mn showed an uneven distribution. These results corroborate the effortless alloying process of Ti with Nb, which contrast with the Mn–Nb system. Therefore, the atomic diffusion that is necessary to produce the alloying process is mainly controlled by thermodynamic aspects, which are fully achievable with the energy transferred by both the 8000D mixer/mill® and the PM400 Retsch® planetary ball mill. At 12 h of milling time, PL10_12h, the specimens showed a clear uniform distribution of the three Ti, Nb, and Mn elements, thereby indicating the formation of a single TiNb15Mn alloy, with an fcc crystal structure, as revealed by the deconvoluted XRD pattern (Figure 4). The stoichiometry composition that was obtained for the fcc-TiNbMn phase was as follows: Ti0.55±0.02Nb0.28±0.01Mn0.16±0.01, which was similar to that obtained by the 8000D mixer/mill®. On the other hand, a significant amount of unalloyed Fe was detected (3.1 ± 0.5 wt.%). Finally, it is important to note that the maximum Fe amount was found for the specimen SP20_24h (12.1 ± 1.1 wt.%). In this context, a 12.1 wt.% of Fe in this SP20_24h is inadmissible, disabling the specimens milling in the planetary mill during 24 h at with a BPR equal to 20 for potential applications, such as the bone-replacement implant materials abovementioned.



Finally, a crystallographic study was carried out by HRTEM, ED, and FFT in the SP10_18h (Figure 8) and PL10_24h (Figure 9) specimens, to corroborate the phase identification for the synthesized TiNb15Mn alloy. For the SP10_18h specimen, the milled powders exhibited a submicrometric particle size of approximately 0.2–0.3 microns (Figure 8a). The HRTEM (Figure 8b) and FFT (Figure 8c) images that were obtained in a selected particle show the concentric diffraction rings corresponding to the fcc-TiNb15Mn alloy. The crystallographic planes of the fcc phase, (111), (200), and (220), indicated in Figure 8c, are in good agreement with the corresponding interplanar distances determined by XRD, as shown in Table 2. Two opposing points (marked with red circles in Figure 8c) were detected between the rings corresponding to the (111) and (200) crystallographic planes. These points could correspond to the (110) crystallographic plane for the bcc-TiNb15Mn alloy. The bcc phase had already been detected in the deconvoluted XRD diffractogram pattern (Figure 3), where only a small single domain could be ascertained, but here, the interplanar distance and lattice parameter calculated for this (110) crystallographic plane are in concordance with the value obtained by XRD (Table 1). Furthermore, the HRTEM (Figure 8d) and FFT (Figure 8c) images that were obtained in a different particle, show a diffuse amorphous halo, which could be attributed to a partial amorphization process, induced by the mechanical alloying. According to Aguilar et al. [33], the reduction in the Gibbs amorphization energy is enhanced by the addition of Mn to Ti.



The PL10_24h specimen (Figure 9a) showed powder with a nanometric particle size of approximately 100 nm, as expected from the increased milling time and energy delivered by the PM400 Retsch® planetary mill. The direct ED patterns that were obtained from Figure 9a only show concentric rings corresponding to the fcc-TiNb15Mn alloy (Figure 9b), which is in concordance with the XRD results in Figure 2. The observed crystallographic planes were indicated on the image (Figure 9b), and the corresponding interplanar distances were described in Table 2. Finally, the following two different aspects deserve to be highlighted in comparison with the SP10_18h TEM study: (1) in this specimen, no indication of the bcc-TiNb15Mn phase was found, which corroborated the complete allotropic transformation of the alloy from bcc to fcc; and (2) no amorphous phase was detected, most probably due to the higher energy transferred from the planetary mill in comparison with that from the 8000D mixer/mill®.





4. Conclusions


A ternary TiNb15Mn alloy, with nominal compositions of 42.5 wt.% of Ti, 42.5 wt.% of Nb, and 15 wt.% of Mn, was successfully synthesized by two different high-energy milling devices (8000D mixer/mill® and PM400 planetary ball mill), and by two different ball-to-powder ratios (BPR), 10 and 20. The ternary TiNb15Mn alloy showed an unusual fcc structure for a Ti alloy (fcc-Ti alloy), instead of the usual hcp-Ti alloy or bcc-Ti alloy, caused by the allotropic transformation of the bcc-Nb alloy during mechanical milling. This synthesis evolved, as a general trend, and in all mechanical alloying conditions, from the raw materials (Ti, Nb, and Mn) to an intermediate bcc-TiNb15Mn alloy, and, finally, to the fcc-TiNb15Mn alloy. The full conversion to the final fcc-TiNb15Mn alloy was only reached in the planetary mill at a BPR equal to 10 and 20, and from 12 h of milling time, that is, the PL10_12h and PL20_12h specimens. For the 8000D mixer/mill®, due to the lower energy transferred from the milling media to the mixture of powders, a remnant unconverted bcc-TiNb15Mn alloy was detected. In all the cases, the synthesized fcc-TiNb15Mn alloy presented a nanocrystalline nature and partial amorphization. On the other hand, the specimen that was milled in the planetary mill after 24 h and BPR 20 (PL20_24h), showed a significant amount of Fe contamination from the milling media (12.1 wt.%), disabling its use for future applications. Finally, to decrease the full conversion time, a planetary mill should be used for a mechanical alloying process, while, to diminish the contamination, an 8000D mixer/mill® would provide the most suitable option.
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Figure 1. Schema of the mechanical alloying process carried out in both 8000D mixer/mill® and PM400 planetary ball mill for the TiNbMn system. 
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Figure 2. XRD patterns for the TiNb15Mn as-milled powdered mixtures, at 6 h (a), 12 h (b), 18 h (c) and 24 h (d). SP10: milled in the 8000D mixer/mill® with a BPR equal to 10; PL10 and PL20: milled in the PM 400 planetary mill with a BPR equal to 10 and 20, respectively. (■) Ti (hcp, P63/mmc SGS); (●) Nb (bcc, Im3m SGS); (▼) Mn (bcc, I-43m SGS); (○) bcc-TiNbMn alloy (Im3m SGS); (★) fcc-TiNbMn alloy (Fm3m SGS); (♦) Fe (bcc, Im3m SGS). 
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Figure 3. Deconvoluted XRD patterns in the 30°–50° 2θ range, for the SP10 specimens milled at 6 h (a), 12 h (b), 18 h (c), and 24 h (d). The reflections for elemental Ti, Nb, Mn, Fe (this last from contamination), the bcc-, and the fcc-TiNbMn alloys. In brackets are marked the (hkl) Miller index for the corresponding reflections; * unindexed slight peak. 
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Figure 4. Deconvoluted XRD patterns in the 30°–50° 2θ range, for the PL10_6h (a), PL10_12h (b), PL20_6h (c) and PL20_12h (d) specimens. It is showed the reflections for elemental Nb, Mn, Fe (this last from contamination), the bcc-, and the fcc- TiNbMn alloys. In brackets are marked the (hkl) miller index for the corresponding reflections. 
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Figure 5. Scanning electron microscopy (SEM) images for the TiNb15Mn alloy milled at 6 h and for both 8000D mixer/mill® and PM400 devices and at BPR equal to 10 and 20, i.e., SP10_6h (a,b), PL10_6h (c,d) and PL20_6h (e,f). Cold-welded particles are marked with dotted squares, and the typical fractured particles are marked by dotted arrows. 
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Figure 6. Characteristic compositional XEDS-SEM mapping for the elements existing in the SP10 specimens milled at 6 h, 12 h, and 18 h. Ti: red; Nb: green; Mn: light blue; Fe: orange. 
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Figure 7. Characteristic compositional XEDS-SEM mapping for the elements existing in the PL10 specimens milled at 6 h and 12 h. Ti: red; Nb: green; Mn: light blue; Fe: orange. 
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Figure 8. Transmission electron microscopy (TEM) study for theTiNb15Mn alloy milled after 18 h in the 8000D mixer/mill® (SP10_18h). (a) TEM image; (b,d) high-resolution TEM images; (c,e) the corresponding FFT images. 
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Figure 9. Transmission electron microscopy (TEM) study for the TiNb15Mn alloy milled after 24 h in the 8000D mixer/mill® (SP10_24h). (a) TEM image; (b) electron diffraction (ED) image; (c) and (d) high-resolution TEM images; inset in (c) the corresponding FFT image. 
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Table 1. Crystalline domain size (D) and lattice parameters (a = b = c) for both bcc-TiNb15Mn and fcc-TiNbMn alloys synthesized in all as-milled powders. ND = phase not detected.
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D (nm)

	
a (Å)




	

	
bcc-TiNb15Mn






	

	
6 h

	
12 h

	
18 h

	
24 h

	
6 h

	
12 h

	
18 h

	
24 h




	
SP10

	
ND

	
3.1

	
2.5

	
1.7

	
ND

	
3.4139

	
3.3179

	
3.3145




	
PL10

	
4.4

	
ND

	
ND

	
ND

	
3.4139

	
ND

	
ND

	
ND




	
PL20

	
2.3

	
ND

	
ND

	
ND

	
3.3718

	
ND

	
ND

	
ND




	

	
fcc-TiNb15Mn




	

	
6 h

	
12 h

	
18 h

	
24 h

	
6 h

	
12 h

	
18 h

	
24 h




	
SP10

	
ND

	
3.8

	
3.4

	
3.6

	
ND

	
4.3310

	
4.3314

	
4.3326




	
PL10

	
4.0

	
3.0

	
3.0

	
3.5

	
4.3336

	
4.3330

	
4.3335

	
4.3348




	
PL20

	
3.4

	
3.0

	
4.0

	
4.7

	
4.3284

	
4.3292

	
4.3290

	
4.3316
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Table 2. Interplanar distances and the corresponding lattice parameters (a) determined by HRTEM-FFT for both bcc-TiNb15Mn and fcc-TiNbMn alloys in the SP10_18h and SP10_24h specimens. ND = crystallographic plane not detected; CP = crystallographic plane.
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CP

	
fcc-TiNbMn

	
CP

	
bcc-TiNb15Mn




	
SP10_18h

	
SP_24h

	
SP10_18h






	
(111)

	
0.2510

	
0.2491

	
(110)

	
0.2345




	
(200)

	
0.2161

	
0.2171

	
a (nm)

	
0.3316




	
(220)

	
0.1533

	
0.1532

	
-

	
-




	
(311)

	
ND

	
0.1301

	
-

	
-




	
(222)

	
ND

	
0.1255

	
-

	
-




	
(400)

	
ND

	
0.1092

	
-

	
-




	
a (nm)

	
0.4328 ± 0.001

	
0.4325 ± 0.011

	
-

	
-
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