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Abstract

:

In the present work the solidification of various Mo-Ti-B alloys was studied. The alloy compositions were chosen in the direct vicinity of a U-type invariant reaction in relation to the published Mo-rich corner of the Mo-Ti-B liquidus projection. The aim of this study was to understand the solidification path of as-cast Mo-Ti-B alloys and to derive specific knowledge on their peritectic microstructure evolution. In addition to experiments in an arc-melter, zone melting was used to allow slow cooling of a selected alloy composition. Using the achieved experimental data of the alloys investigated, DFT-calculations were carried out to study the influence of Ti on phase formation and stability, their lattice parameters, and mechanical properties.
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1. Introduction


The development of high-performance materials for ultra-high temperature applications represents one of the biggest challenges of the last decades. Since Ni-based superalloys have reached the limits of maximum operating temperatures [1], molybdenum-based alloys have been considered as their alternative due to their high melting point, high temperature strength, and creep resistance. However, high density and poor oxidation resistance are a major drawback of molybdenum-based alloys, making it difficult to operate these materials at elevated temperatures in air [2]. Alloying approaches to decrease the relatively high density of Mo-Si-B alloys are mainly based on titanium additions [3,4,5,6,7]. Similar to the Mo-Si-Ti approach [4,5,6,7], boron can be added to decrease the density and improve high-temperature properties of molybdenum-based alloys, too. Mo-borides in Mo-Ti-B alloys are characterized by high melting temperatures, high hardness, and adequate oxidation resistance [8].



Information on the Mo-Ti-B system is relatively rare. The isothermal sections of the phase diagram have been constructed and studied at 1200 °C, 1400 °C, and 1700 °C [9,10]. The alloys of the Mo-Ti-B system were examined in the TiB2-MoB2, TiB-MoB, Mo-TiB2 and Ti-MoB2 binary sections, as well as alloys from the Mo-rich corner [9,10,11]. However, the existence of the ternary Mo2TiB2 and MoTi2B4 phases in the quasi-binary Mo-TiB2 section was reported by Kovalchenko et al. [11], but later studies [9,12] could not confirm these ternary compounds. Wittmann et al. [9] examined alloys in the TiB2-MoB2 and TiB-MoB sections. In the TiB2-MoB2 phase field, the TiB2 phase is stable over the entire temperature range, while MoB2 only occurs at high temperatures. In the TiB-MoB binary section, a (Mo,Ti)B phase with a CrB-type structure was found, which exists over a wide temperature range. Wittmann et al. [9] also reported on a ternary (Mo,Ti)3B2 compound with U3Si2 structure. A stable phase was achieved by substituting molybdenum with titanium which shifts the stability range to lower temperatures of around 1200 °C.



Potazhevska et al. [12] investigated various phase equilibria in the ternary Mo-Ti-B system to construct the liquidus and solidus projections using experimental data [12]. To measure the phase transformation temperatures, differential thermal analysis (DTA) and pyrometry with the Pirani-Alterthum method [12,13] was used. As a result, neither ternary phases as reported by Kovalchenko et al. [11] nor Mo3B2 suggested by Wittmann et al. [9] were confirmed.



Witusiewicz et al. [14] modelled the liquidus and solidus projections with the CALPHAD method using the experimental data for the ternary Mo-Ti-B system reported by Potazhevska et al. [12] and the binary systems of B-Ti, Mo-Ti and B-Mo, where the B-Mo system has been re-modelled to reproduce homogeneity ranges of the molybdenum borides.



Due to limited data of the Mo-Ti-B system, the scope of this research is limited to the study of the solidification path of the as-cast and directionally solidified Mo-rich Mo-Ti-B alloys, which are located close to the U-type invariant reaction L + (Mo,Ti)2B ⇄ (Mo,Ti)SS + β-(Mo,Ti)B. The solidification sequence upon cooling seems to be unclear up to the present study, since at least two possible ternary phases, Mo2TiB2 or MoTi2B4, are proposed but their existence remains still unclear. Also, the lattice parameters and the mechanical properties of the single phases (as well as the influence of Ti on the phase formation) will be discussed using the DFT calculations.




2. Materials and Methods


The Mo-Ti-B alloys were produced by conventional arc-melting (MAM-1, Edmund Bühler GmbH, Bodelshausen, Germany) in an argon atmosphere. Buttons of approximately 5 g were weighed from flakes and granules of high purity Mo (99.95 wt.%), Ti (99.995 wt.%) and B (99.5 wt.%). To ensure good homogeneity, each button was flipped and re-melted five times. The weight loss after melting was <1%. Figure 1 shows the Mo-Ti-B liquidus projection [14] with the corresponding alloy concentration investigated in the present study.



In addition, the peritectic alloy composition Mo-17.4Ti-22.1B was chosen for a directional solidification (DS) process. The zone melted Mo-17.4Ti-22.1B alloy was produced out of a stoichiometric powder mixture of molybdenum (99.8 wt.%), titanium hydride (99.0 wt.%) and boron (98.0 wt.%). The powders were mixed and homogenized by manual sieving 10 times through a 200 µm mesh. A plasticizer of 2.5% polyvinyl alcohol diluted in distilled water was used and was mixed with powder. A green sample was cold pressed at 50 MPa using a cylindrical mold with a diameter of 10 mm and a length of 145 mm. The residual porosity of the green sample was about 40 vol.%. Prior to directional solidification, the green sample was vacuum dried at 100 °C. The DS process was performed using original crucible-free float zone technique (Crystal 206, National Technical University of Ukraine, Kyiv, Ukraine) and a growth velocity of 70 mm/h.



For microstructure investigations, samples were cut via electrical discharge machining (EDM). In the case of the DSed alloy, samples were taken transversal and longitudinal with respect to the growth direction. All samples were embedded in a hot mounting polymer (PolyFast, Struers, Willich, Germany) followed by subsequently grinding down from 180 to 2500 grit and polished with 3 µm and 1 µm diamond suspension, finished with colloidal silica (OP-S, Struers, Willich, Germany). The microstructural observations were carried out using a scanning electron microscope (SEM) Zeiss EVO 15 (Zeiss, Oberkochen, Germany) equipped with energy dispersive X-ray spectrometry (EDS). The SEM images were typically obtained in the backscattered electron (BSE) mode. Electron-backscatter diffraction (EBSD) was performed using a FEI Scios DualBeam FIB SEM (FEI, Hillsboro, OR, USA).



The phase identification was obtained via X-ray diffraction analysis (XRD) using a X’pert Powder X-ray diffractometer with Co-Kα radiation. The phase identification was obtained using the analysis software X’Pert HighScore Plus (PANalytical, Almelo, The Netherlands). The software TOPAS was used to perform Rietveld analysis to determine the respective volume fraction of the phases present in the investigated alloys.



The Vickers microhardness (Wilson VH3300; Buehler, Esslingen, Germany) was determined on polished Mo-Ti-B alloys using a load of 1 N (HV0.1) applied for 5 s.



To mimic the random distribution of atoms in the Mo-Ti based solid solution (ca. 80 at.% Mo, ca. 20 at.% Ti), (Mo,Ti)2B (ca. 85 at% Mo, ca 15 at.% Ti, space group I4/m [15]), the β-Mo(Ti)B intermetallic (ca. 56% Mo, ca. 44 at.% Ti) and (Mo,Ti)3B2 (ca. 56% Mo, ca. 44 at.% Ti) special quasirandom structures (SQS) [16,17] with 128 atoms per 4 × 4 × 4 bcc supercell, with 32 atoms per 2 × 1 × 2 β-MoB supercell and a 160 atoms per 2 × 2 × 4 made via the Monte Carlo SQS (mcsqs) code as implemented in the Alloy Theoretic Automated Toolkit (ATAT) [18] were used. First-principles calculation were carried out with Quickstep [19], as implemented in the CP2K version 5.1 program package [20], for a first structural relaxation of the Mo-Ti solid solution, the (Mo,Ti)xBy mixed borides as well as the ordered compounds Mo2B, Ti2B, β-MoB, TiB, Mo3B2, Mo2TiB2 and Ti3B2. Using the Gaussian plane wave method (GPW) [21], for Mo, Ti and B, the DZVP-MOLOPT-SR-GTH basis set [22] and GTH-pseudopotentials were chosen [23,24,25]. Cell shape and volume variations were allowed during the structural optimization until a total energy self-consistency of 10–6 Ha and until the self-consistency for the forces and maximum geometry change of 10–6 Ha/Bohr and 10–5 Bohr, respectively, were achieved. The energy cut-off for the plane waves on the grid was 600 Ha, and the k-meshes were 4 × 4 × 4 for the solid solution and (Mo,Ti)xBy mixed boride while it was 10 × 8 × 10 for the β-(Mo,Ti)B intermetallic, respectively. For the ordered borides β-MoB, TiB and Mo2B/Ti2B the k-mesh was 20 × 8 × 20, 14 × 10 × 20 and 10 × 10 × 12, respectively. For Mo3B2, Mo2TiB2 and Ti3B2 the k-mesh was 10 × 10 × 20. In all cases the k-mesh was sampled via the Monkhorst–Pack algorithm. Exchange and correlation in this density functional theory (DFT)-based method were treated with the generalized gradient approximation (GGA) functional as parameters by Perdew, Burke and Ernzerhof (PBE-GGA) [26]. Additionally, the PHONOPY program [27] was used to check for the dynamically stability of the crystal structures and to calculate the vibrational part of the Gibbs energies of the compounds.



The density-of-states (DOS) calculation was carried out on all compounds using the tight-binding, linear muffin-tin orbitals with the atomic spheres approximation (TB-LMTO-ASA) [28,29] as implemented in the TB-LMTO 4.7 program. The Fermi level (EF) was set to 0 eV. The Monkhorst–Pack algorithm generated k-mesh were 4 × 4 × 4 for the Mo-Ti solid solution as well as the (Mo,Ti)xBy mixed borides and 14 × 10 × 14 for β-(Mo,Ti)B respectively. For the ordered compounds Mo2B/Ti2B, β-MoB and TiB the k-mesh was 17 × 17 × 19, 29 × 11 × 29 and 19 × 15 × 29, respectively, while for Mo3B2, Mo2TiB2 and Ti3B2 it was 16 × 16 × 28. Exchange and correlation were treated with the PW91-GGA functional by Perdew et al. [30]. The DOS was then used to calculate the electronic part of the Gibbs energies of the compounds. For the disordered compounds the temperature dependent configurational energy (TSconfig) was added to the Gibbs energy.



For the calculation of the elastic properties, a further structure relaxation of (Mo,Ti)SS, (Mo,Ti)2B and β-(Mo,Ti)B was carried out with Quantum ESPRESSO [31,32] using PAW pseudopotentials [33] from the PSLibrary version 1.0.0 [34]. The kinetic energy cut-off of the plane waves was set to 100 Ry, while the cut-off for the charge density and potential was set to 400 Ry. The structural relaxation of the Mo-Ti solid solution, (Mo,Ti)2B and the β-(Mo,Ti)B intermetallic stopped until a total energy convergence of 10–5/10–6 Ry and a force convergence of 10–4/10–5 Ry Bohr were reached, respectively. The Marzari–Vanderbilt cold smearing [35] and a Gaussian spreading of 0.01 Ry were chosen to account for the Brillouin-zone integration in metals. The k-mesh was divided by 4 × 4 × 4 for the Mo-Ti solid solution and (Mo,Ti)2B supercell and 10 × 8 × 10 for β-(Mo,Ti)B using the aforementioned Monkhorst–Pack algorithm. Exchange and correlation in this density functional theory (DFT) based method were again treated with PBE-GGA. The elastic properties were determined with thermo_pw [36], a Fortran program using Quantum ESPRESSO routines as the underlying engine. In order to get the Voight–Reuss–Hill [37,38,39] approximated bulk, shear and Young’s modulus, the standard algorithm and frozen ions were used. To calculate the Vickers hardness, Tian et al.’s formula [40] was used.




3. Results & Discussion


3.1. Microstructure of Mo-Ti-B Alloys after Arc-Melting


SEM-BSE images of the as-cast Mo-Ti-B alloys are presented in Figure 2 and the volume fractions of the single phases are summarized in Table 1.



Figure 2a shows the microstructure of the alloy Mo-8.3Ti-16.6B which represents the Mo-rich corner of the Mo-Ti-B system. The XRD analysis of this alloy is shown in Figure 3 and indicates the existence of the (Mo,Ti)SS and (Mo,Ti)2B phases at high Mo concentrations. The large primary (Mo,Ti)SS dendrites are surrounded by a binary (Mo,Ti)SS-(Mo,Ti)2B eutectic. After the formation of the (Mo,Ti)SS-(Mo,Ti)2B eutectic, β-(Mo,Ti)B begins to form. This can be determined by very small areas of the (Mo,Ti)SS + β-(Mo,Ti)B peritectic at the grain boundaries between (Mo,Ti)SS and (Mo,Ti)2B, as shown in Figure 2b. In this case, the remaining melt and (Mo,Ti)2B form the (Mo,Ti)SS + β-(Mo,Ti)B microstructure in a peritectic manner.



The alloys Mo-16.3Ti-20.7B, Mo-17.2Ti-21.8B and Mo-17.4Ti-22.1B were chosen to study the invariant reaction L + (Mo,Ti)2B ⇄ (Mo,Ti)SS + β-(Mo,Ti)B, marked as “U” in Figure 1. The corresponding microstructures are shown in Figure 2c–e, where the (Mo,Ti)SS appears in light grey and the β-(Mo,Ti)B phase in dark. These phases were also confirmed by X-ray diffraction patterns shown in Figure 3. The solid solution and β-(Mo,Ti)B phases were formed in a peritectic manner and occur in fine lamellar colonies. The alloys Mo-16.3Ti-20.7B and Mo17.2Ti-21.8B are characterized by somewhat coarser peritectics as directly compared with the alloy Mo-17.4Ti-22.1B, respectively. The EBSD phase mapping clearly confirmed the corresponding phases as (Mo,Ti)SS as the matrix phase (shown in red) and β-(Mo,Ti)B with orthorhombic crystal structure (space group: Cmcm), which is depicted in green in Figure 2f). The Mo/Ti ratio in the individual phase are determined around 4 (ca. 80 at.% Mo/20 at.% Ti) in (Mo,Ti)SS, 1.4 (58 at.% Mo/42 at.%Ti) in β-(Mo,Ti)B and 5.5 (ca. 85 at.% Mo/15 at.% Ti) in (Mo,Ti)2B for the as-cast alloys.



It should be considered here that the presented as-cast Mo-Ti-B alloys could be in non-equilibrium in the as-cast state due to comparatively fast solidification in the water-cooled copper mold. The invariant point might be studied in more detail and be validated using a directional solidification (DS) process, which allows one to produce the alloys at slower solidification rates. The alloy composition Mo-17.4Ti-22.1B, which is very close to the U-type reaction (see Figure 1), was chosen for DS and its microstructure will be discussed in the following section.




3.2. Microstructure of the Directionally Solidified Mo-Ti-B Alloy


Figure 4 shows the SEM-BSE image of the microstructure of the DSed Mo-17.4Ti-22.1B alloy in a longitudinal and transverse solidification direction using a growth rate of 70 mm/h. The corresponding XRD plot is shown in Figure 5 and directly compared with the as-cast, non-directionally solidified alloy.



Based on XRD measurements in Figure 5 and SEM image in Figure 4 of the DSed Mo-17.4Ti-22.1B alloy, the (Mo,Ti)SS (~57 vol.%), (Mo,Ti)2B (~20 vol.%) and β-(Mo,Ti)B (~23 vol.%) phases were identified, which differ in the degree of a color intensity (Figure 4). In comparison with the as-cast state, the microstructure of the DSed Mo-17.4Ti-22.1B alloy shows the large primary solidified (Mo,Ti)2B areas, a (Mo,Ti)SS + (Mo,Ti)2B eutectic and the (Mo,Ti)SS + β-(Mo,Ti)B peritectic. The (Mo,Ti)2B phase is surrounded by a binary (Mo,Ti)SS + (Mo,Ti)2B eutectic and the (Mo,Ti)SS + β-(Mo,Ti)B peritectic, which is clearly visible in the Figure 4b). The Mo/Ti ratio in (Mo,Ti)SS, (Mo,Ti)2B and β-(Mo,Ti)B of the DSed alloy does not change compared with the as-cast state alloy.



The difference between the microstructures of the alloy Mo-17.4Ti-22.1B in the as-cast and Dsed state can be explained by their distinct manufacture method (and, thus, different cooling conditions). For instance, prior to the directional solidification process, a pure powder mixture of the respective nominal alloy composition was pressed to a green sample. Thus, the elements might not be distributed homogeneously over the entire green sample [41]. Second, during the DS process the powders undergo a sintering step first, prior to melting and solidification. This will have an influence on the primary phase formation during solidification, if the elements are not homogeneously distributed on an atomic level. However, this (atomic) homogeneity might be expected if a previously melted and thus, pre-alloyed rod is used and re-melted via directional solidification. In this case, the cast microstructure serve as an intrinsic seed and the microstructure can be orientated along the growth direction during the DS process. The procedure used in the present study leads to a DSed microstructure which is comparable to the as-cast one, however, elongated, and oriented along the growth direction. For a comparison we refer to studies performed on ternary eutectic Mo-Si-B alloys processed by either using powder-mixed green samples [42,43] or pre-alloyed casted rods [44,45] during directional solidification.



In addition, the microhardness of alloy Mo-17.4Ti-22.1B was measured and compared between the as-cast and DSed state, Table 2, and will be compared to mechanical properties calculated via DFT in the following section.




3.3. Results of DFT Calculations


In this paragraph the lattice parameters after the CP2k calculation and the elastic properties of the (Mo,Ti) solid solution and the intermetallics β-(Mo,Ti)B and (Mo,Ti)2B are presented, followed by the Gibbs energies of these compounds and some postulated phases. At the end the electronic and the phononic density-of-states (DOS) of β-(Mo,Ti)B is presented.



In Table 3 the lattice parameters, the elastic moduli and Vickers hardness of the Mo-Ti solid solution and the Mo-Ti intermetallics are shown.



The DFT calculated lattice parameters agree well with those found in experiment. The elastic moduli of the intermetallic compounds are higher than the ones of the solid solution as expected. Compared with the experimental Vickers hardness, the values found with DFT for the (Mo,Ti)SS and (Mo,Ti)2B phase are in excellent agreement (see Table 2).



To provide insight concerning the thermodynamics, the Gibbs energy of formation is calculated for the solid solution and the intermetallic compounds.



In Figure 6, the Gibbs energy of formation of the Mo-Ti solid solution is shown.



The solid solution shows in the temperature range between 300 and 1500 K a negative enthalpy of formation. This means that the solid solution is thermodynamically stable versus its elements at these temperatures. The minimum of the Gibbs energy of formation is at 600 K. In Figure 7 and Figure 8 the Gibbs energy of formation of various Mo-Ti-B intermetallics at 0, 300, and 1200 K is shown.



At all temperatures, the Gibbs energy of formation of the Mo-Ti-B intermetallics is far more negative than the Gibbs energy of formation of the (Mo,Ti)SS. Also it becomes clear that the formation of a β-(Mo,Ti)B type intermetallic is more favored at any temperature and at any amount of Ti than the formation of a “Mo2TiB2” or “Mo2B” type boride. To further investigate the stability of the disordered phases modelled with SQS, solid lines connect the ordered and stoichiometric phases. Energies below that line indicate a special stability, while energies above that line indicate an unstable state. In reference, the addition of Ti to β-MoB highly stabilizes the crystal structure as for 15.63 and 43.75 at.% Ti the Gibbs energy of formation is far below the line connecting the Gibbs energy of formation of β-MoB and TiB at all temperatures. In the case of (Mo,Ti)2B, the disordered Mo1.6875Ti0.3125B is stabilized versus Mo2B and Ti2B but is still less stable than the investigated members of the (Mo,Ti)B series (see Figure 7). As mentioned above, the formation of (Mo,Ti)2B might be due to the relatively small amount of Ti in the intermetallic compared to the other (Mo,Ti) intermetallics in the here investigated alloys. This is a sign that the (Mo,Ti)2B phases are kinetically stable with small amounts of Ti. A different result can be seen for the “Mo2TiB2” type intermetallic in Figure 8. For 43.75 at.% Ti the Gibbs energy of formation is above the line connecting the Gibbs energy of formation of Mo2TiB2 and Ti3B2 at low and medium temperatures. For high temperatures, the Gibbs energy of formation is only slightly below the line indicating only a minor stabilization. All of these findings indicate that at the “as-cast” state the intermetallic compounds in the alloy are kinetically stabilized and similar to the directional solidification with the sample preparation used in this work. A more thermodynamically stable state may be reached with a different DS approach.



According to the electronic DOS of β-(MoTi)B (Figure 9a) the Fermi level EF of the intermetallic compound lies in a very narrow pseudo gap. This indicates only limited flexibility of the chemical composition and only certain amounts of Ti can be dissolved in the intermetallic phase. The phononic DOS of (Figure 9b) shows no occupied imaginary frequencies which points to a dynamically stable crystal structure and thermodynamical stability at low temperatures.



To conclude this paragraph, the Gibbs energy of formation of β-(Mo,Ti)B is at all temperatures lower than the Gibbs energy of formation of the “Mo2TiB2” type intermetallics. The addition of Ti destabilizes the “Mo2TiB2” type intermetallic and hence, cannot be found, while it stabilizes (Mo,Ti)2B as a metastable phase in the as-cast state and after DS. β-(Mo,Ti)B as a thermodynamically stable phase can be found at higher Ti concentration in the as-cast and DSed alloy. These findings explain why β-(Mo,Ti)B is found but no postulated “Mo2TiB2” according to [9].





4. Conclusions


In the present work the microstructure evolution of the different Mo-Ti-B alloys was studied based on SEM-BSE images and XRD analysis. The findings were critically discussed with regard to calculated phase stabilities. The results can be summarized as follows:




	
Different Mo-Ti-B alloys were investigated by arc-melting to understand their solidification behavior close to the U-type peritectic reaction in the Mo-rich corner of the Mo-Ti-B system.



	
Furthermore, the presence of a ternary phase discussed in the literature should be re-investigated.



	
Contrary to the literature, a ternary Mo2TiB2 or MoTi2B4 phase, as postulated by Wittmann et al. [9] could not be confirmed, neither by experimental observations nor via DFT calculations.



	
DFT calculations of the Gibbs energies revealed that the known phases (Mo,Ti)SS, (Mo,Ti)2B and β-(Mo,Ti)B are always energetically preferred as no “Mo2TiB2“ is found.



	
As the main result of this study, the Mo2TiB2 phase is believed to be not stable and rather unlikely to exist in the Mo-Ti-B system under the conditions applied in this work.



	
Depending on processing, the microstructures of the peritectic alloy Mo-17.4Ti-22.1 in the as-cast and DSed state differ strongly. A reason is given in the distinct zone melting technique used in this present study and thus, on the different cooling conditions in the as-cast and DSed state.



	
First, mechanical properties were calculated and estimated using the DFT method to combine both experimental and ab-initio approaches for an alloy design step. The trend concerning the expected Vickers hardness of the constituents is in good agreement with the experimental results.
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Figure 1. Liquidus projection of the Mo-Ti-B system, data from [14] superimposed with the alloy compositions of the present study. 
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Figure 2. SEM-BSE micrograph of the as-cast Mo-Ti-B alloys: (a,b) Mo-8.3Ti-16.6B; (c) Mo-16.3Ti-20.7B; (d) Mo-17.2Ti-21.8B; (e) Mo-17.4Ti-22.1 and (f) EBSD phase map of the as-cast Mo-17.4Ti-22.1B alloy: (Mo,Ti)SS—red; β-(Mo,Ti)B—green (15 kV, step size = 0.088 µm). 






Figure 2. SEM-BSE micrograph of the as-cast Mo-Ti-B alloys: (a,b) Mo-8.3Ti-16.6B; (c) Mo-16.3Ti-20.7B; (d) Mo-17.2Ti-21.8B; (e) Mo-17.4Ti-22.1 and (f) EBSD phase map of the as-cast Mo-17.4Ti-22.1B alloy: (Mo,Ti)SS—red; β-(Mo,Ti)B—green (15 kV, step size = 0.088 µm).



[image: Metals 12 00916 g002]







[image: Metals 12 00916 g003 550] 





Figure 3. XRD patterns of as-cast Mo-Ti-B alloys. 
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Figure 4. SEM-BSE micrograph of the directionally solidified Mo-17.4Ti-22.1B alloy: (a) longitudinal; (b) transverse. 
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Figure 5. Comparison of the obtained XRD pattern of Mo-17.4Ti-22.1B in the as-cast and DSed state (longitudinal direction). 
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Figure 6. Enthalpy of formation of the (Mo,Ti)SS. 
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Figure 7. Enthalpy of formation of the (TM)B and (TM)2B series at 0, 300, and 1200 K. 0 at.% Ti: β-MoB and Mo2B, 15.63 at.% Ti: SQS cell of (Mo,Ti)2B, 43.75 at.% Ti: SQS cell of β-(Mo,Ti)B, 100 at.% Ti: TiB and Ti2B. Solid lines serve as a guide to distinguish stable (below that line) and unstable (above that line) disordered phases. *: SQS cells. 
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Figure 8. Enthalpy of formation of the (ΤΜ)B and (TM)3B2 (TM = Mo, Ti) series at 0, 300, and 1200 K. 0 at.% Ti: β-MoB and Mo3B2, 33.3 at.% Ti: Mo2TiB2, 43.75 at.% Ti: SQS cells of β-(Mo,Ti)B and (Mo,Ti)3B2, 100 at.% Ti: TiB and Ti3B2. Solid lines serve as a guide to distinguish stable (below that line) and unstable (above that line) disordered phases. *: SQS cells. 
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Figure 9. Electronic (a) and phononic (b) density-of-states of β-(Mo,Ti)B. 
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Table 1. Volume fractions of the present phases in the as-cast Mo-Ti-B alloys in vol.%, determined by Rietvled analysis.
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	Alloy
	(Mo,Ti)SS
	(Mo,Ti)2B
	β-(Mo,Ti)B





	Mo-8.3Ti-16.6B
	87
	13
	-



	Mo-16.3Ti-20.7B
	68
	-
	32



	Mo-17.2Ti-21.8B
	66
	-
	34



	Mo-17.4Ti-22.1B
	65
	-
	35
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Table 2. Microhardness (HV0.1) of the Mo-Ti-B alloys.
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	Alloy
	(Mo,Ti)2B [GPa]
	(Mo,Ti)SS − β-(Mo,Ti)B [GPa]





	as-cast Mo-17.4Ti-22.1B
	-
	8.7 ± 0.8



	DSed Mo-17.4Ti-22.1B
	18.32 ± 2.2
	7.1 ± 0.6
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Table 3. Lattice parameters of the reduced cell (that is the non-supercell): bulk modulus, B; shear modulus, G; Young’s modulus, Y; Vickers hardness, HV of the Mo-Ti solid solution and the intermetallics β-(Mo,Ti)B and (Mo,Ti)2B.






Table 3. Lattice parameters of the reduced cell (that is the non-supercell): bulk modulus, B; shear modulus, G; Young’s modulus, Y; Vickers hardness, HV of the Mo-Ti solid solution and the intermetallics β-(Mo,Ti)B and (Mo,Ti)2B.





	
Compound

	
Lattice Parameters [Å]

	
B

[GPa]

	
G

[GPa]

	
Y

[GPa]

	
HV

[GPa]




	
DFT

	
Rietveld (as-Cast)






	
(Mo,Ti)SS

	
a: 3.1602

	
a: 3.1581

	
229

	
97

	
256

	
9




	
β-(Mo,Ti)B

	
a: 3.1955

	
a: 3.1911

	
273

	
214

	
509

	
31




	

	
b: 8.4217

	
b: 8.4181

	

	

	

	




	

	
c: 3.0745

	
c: 3.0709

	

	

	

	




	
(Mo,Ti)2B

	
a: 5.5490

	
a: 5.5453

	
274

	
159

	
400

	
18




	

	
c: 4.7687

	
c: 4.7566
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