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Abstract

:

Ti-Cr-V-based alloys have been utilized across various domains, including aerospace structural and functional materials and hydrogen storage materials. Investigating the phase relations in the Ti-Cr-V system is significant in supporting the material design for these applications. In the present work, the isothermal sections at 1000, 1100, and 1200 °C for the Ti-Cr-V system were precisely determined through a systematic investigation using scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and X-ray diffraction (XRD). The phase region of Cr2Ti was entirely elucidated for the first time. As the temperature decreased from 1200 to 1000 °C, the V solubility range of Cr2Ti increased from 5.3 wt.% to 10.0 wt.%, while the Ti solubility range essentially remained constant at approximately 31.0–33.9 wt.%. In addition, it was suggested that the stable structure of Cr2Ti was C36 at 1200 °C and C15 at 1000 and 1100 °C. The present work will support thermodynamic re-assessment research.
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1. Introduction


Ti-Cr-V alloys have been investigated for a variety of applications, including aerospace structural and functional materials, hydrogen storage materials, fusion reactor construction materials, and high-temperature alloys. The recently promising high-entropy alloys (HEAs) and refractory high-entropy alloys (RHEAs) also include Ti-Cr-V-based alloys [1,2,3,4,5,6].



These alloys are designed and investigated to prevent titanium fires in present-day developing aero-engines because they are burn-resistant and have superior performance under strict pressure, temperature, and air flow conditions [7,8,9,10]. They are also attractive for hydrogen storage [11,12,13] because both Ti-V and Ti-V-Cr alloys exhibit notable hydrogen capabilities [11]. Ti-Cr-V-based HEA also has excellent hydrogen capacity [1,2,3,4]. As for nuclear energy applications, V-(3-9)Cr-(3-10)Ti alloys are the leading candidate materials for the first-wall and blanket structures of fusion reactors [14]. These alloys display promising safety and environmental characteristics, as well as good fabricability and high temperature and heat load capacity. V-4Cr-4Ti appears to have a near-optimum composition [14] and has attracted the interest of many researchers [15,16,17]. RHEAs have been created to replace conventional Ni-based alloys in high-temperature applications [18]. For instance, Ti-V-Cr-based RHEAs preserve excellent yield strength from room temperature to high temperatures [5].



In these alloys, the bcc and Laves phases are prevalent. Researching these phases is important in improving the material properties. For instance, Liu et al. [6] suggested that introducing the Laves phases can increase the irradiation resistance of Ti-Cr-V-based alloys, as precipitates are essential for nuclear energy structural materials [19], which serve as efficient sinks for radiation flaws, reduce radiation-induced swelling, preserve grain boundaries, and improve creep strength [20]. Currently, ambiguities related to phase equilibria involving the bcc and Laves phases in the Ti-Cr-V system have not been solved, especially at high temperatures. The composition ranges of bcc and the stable structure type of the Laves phase vary widely in the literature.



In the present work, we experimentally investigated phase equilibria in the Ti-Cr-V and Ti-Cr systems. We accurately constructed the isothermal sections at 1000, 1100, and 1200 °C; eliminated the ambiguous phase regions; and identified the stability of the important Laves phases. The present work will support thermodynamic re-assessment studies, improve the material design, and contribute to a better understanding of the phase relationships.




2. Literature Review


Thermodynamic assessments of the Ti-Cr-V system have been reported in the literature [21,22,23]. The crystal structures of the phases in the ternary systems are listed in Table 1. In 1992, Enomoto [21] compiled almost all the experimental data for the ternary system. The ternary phase diagrams were experimentally investigated by Samsonova and Budberg [24,25,26] and Farrar and Margolin [27], using metallography, X-ray diffraction (XRD), and thermal analysis.



Samsonova and Budberg [24] reported two isothermal sections at 1200 and 900 °C. Homogenization annealing was performed at 1200 °C for 100 h. The chromium-rich and vanadium-rich alloys underwent an extra annealing procedure at 1400 °C for 350 h before homogenization at 1200 °C. The annealing durations were 10 h at 1200 °C and 350 h at 900 °C, respectively. The pure metals used were 99.99 wt.% Cr, 99.74 wt.% V, and Ti sponge (TG-118).



Farrar and Margolin [27] constructed the isothermal sections at 1200, 1000, 700, 650, and 500 °C. All the specimens were hot-rolled at 850 °C at first. Then, a homogenization heat treatment of 24 h at 1000 °C was employed before the specimens were heat-treated at lower temperatures. At 1200 and 1000 °C, the isothermal annealing durations were 36 and 48 h, respectively. The pure metals used had a purity of 99.99 wt.% for iodide titanium and 99.7 wt.% for V. The purities of Cr were 99.9 wt.%, 99.4 wt.%, and 99.995 wt.%.



The results of the phase diagram obtained from the literature contained certain inconsistencies. The Laves phases C15 and C36 were both observed by Farrar and Margolin [27] at 1200 °C. However, only C15 was detected at this particular temperature, according to the findings of Samsonova and Budberg [24]. Enomoto [21] contested the isothermal section determined by Farrar and Margolin [27] at this temperature with the questionable two- and three-phase fields containing the Laves phases. And he supposed the isothermal section at 1200 °C might be similar to the one at 1000 °C. In addition, the phase boundary of bcc + Cr2Ti/bcc in the isothermal section at 1200 °C in [27] was significantly closer to the vanadium corner than that reported in [24]. The isothermal section at 900 °C determined in [24] and the TiCr2-V vertical section presented in [25] suggested that a similar discrepancy in the phase region boundary also arose at 1000 °C.



Between 1000 and 1200 °C, the Ti-V and Cr-V binary boundaries of the Ti-Cr-V isothermal sections solely consist of the bcc phase. The Ti-Cr binary boundary is slightly complex, including the bcc and Laves phases. The Ti-Cr system was assessed extensively [23,28,29,30,31]. The invariant temperatures of C14 → bcc + C36 and C14 + bcc → C36 are similar (1269 and 1271 °C [30]). However, the invariant temperatures of C36 → bcc + C15 and C36 + bcc → C15 differ greatly (803 and 1220 °C [30]). The C36–C15 transformation temperature increases dramatically with the Ti content in C36 rising from 31.6 to 34.0 wt.%. Ranging from 1000 to 1200 °C, there is a large discrepancy (about 15 wt.%) in the composition range of bcc experimentally obtained in the literature [32,33,34,35,36,37,38]. The experimental information for the Laves phase regions is limited and was mainly detected by Chen [39].



In 1996, Chen [39] investigated the Laves phases in both the Ti-Cr binary system and the Ti-Cr-V ternary system. The study provided new information on the Laves phase regions using XRD and electron probe microanalysis (EPMA) techniques. Homogenization heat treatments at 1380 and 1395 °C were performed to obtain a single-phase alloy of bcc. At 1200 and 1000 °C, the annealing durations for the Ti-Cr specimens were 6 and 48 h, respectively, and the durations for the Ti-Cr-V specimens were 45 and 48 h, respectively. The pure metals employed were high-purity titanium (EL60) and electrochemically reduced chromium. The use of pure vanadium and the precise purities of all three metals were not explicitly addressed.



The Laves phase in the Ti-Cr specimens was detected as C36 at 1200 °C and C15/C36 at 1000 °C. After performing a prolonged annealing treatment of 500 h at 1000 °C, C36 changed to C15 in some specimens. Therefore, C36 → C15 was regarded as a sluggish phase transformation by Chen [39]. Additionally, the stable phase C15 obtained at 1000 °C reverted back to C36 after a second heat treatment at 1200 °C. This finding provided compelling evidence that C36 was stable at 1200 °C. The XRD results of the ternary Laves phase were questionable. For instance, the phase in alloy 32Ti-7V-61Cr was detected as C15 at 1300 °C and C15 + bcc at 1000 °C, but as C15/C36 + bcc at 1200 °C. The introduction of C36 was considered not explainable by the researcher [39].



In 2020, Xu et al. [40] investigated Ti-Cr equilibria using a diffusion multiple sample annealed at 1000 °C for 1356 h using SEM and EPMA. The results agreed with the previous research.




3. Materials and Methods


Ten ternary and three binary alloy compositions (as listed in Table 2) were designed to clarify the phase boundaries based on the previous research [24,27,39]. The alloys were synthesized by arc melting in a high-purity argon-backfilled atmosphere (99.999%, N2 ≤ 5 ppm, Shanghai Chunyu Specialty Gases Co., Ltd., Shanghai, China). Pure metals with high levels of purity were used, including 99.99 wt.% for chromium, 99.995 wt.% for titanium, and 99.9 wt.% for vanadium (Suzhou Dry Gold Electronic Material Co., Ltd., Suzhou, China). An ingot of pure titanium was melted before the initial melting for further deoxidation. Each alloy ingot was flipped and re-melted five times. The ingots of ternary and binary alloys were around 15 and 25 g in weight, respectively. The weight loss during the melting process was less than 0.5 wt.%. Subsequently, the ingots were cut into pieces and encapsulated in quartz tubes. The tubes were evacuated and backfilled with high-purity argon. Ternary alloys were annealed at 1200, 1100, and 1000 °C for 120, 240, and 360 h in muffle furnaces, respectively. Binary alloys were annealed at 1200, 1100, and 1000 °C for 360, 480, and 720 h, respectively. The binary specimens were designed based on the ternary results, with prolonged annealing times for confirming the phase boundaries and the Laves phase structures. All the annealed specimens were quenched in ice water. In addition, for further investigation of the stable structure of the Laves phase at 1200 °C, specimen A6 was re-annealed for an additional 720 h and detected using XRD.



The annealed alloys were examined using scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and X-ray diffraction (XRD). The specimens for SEM analysis were prepared by hot mounting, wet grinding, polishing, and no etching. SEM was conducted using a ZEISS Sigma 500 VP microscope (Carl Zeiss AG, Oberkochen, Germany). An X-MaxN 80T detector (Oxford Instruments PLC, Abingdon, UK) was used to conduct EDS with an acceleration voltage of 20 kV. The chemical composition of each phase was determined by averaging the EDS point-scan results obtained from at least six points in different areas. The centers of large grains were selected for point scanning to minimize adjacent phases’ influence. The alloy composition of each specimen was measured using the EDS point-scan technique in count acquisition mode, with a maximum of   3.0 ×   10   6     counts. The scanning region encompassed the whole image of the alloy at a low magnification of 100×. XRD was carried out by a Rigaku SmartLab 9 kW X-ray diffractometer (Rigaku Corporation, Tokyo, Japan). The XRD measurements were conducted using CuKα-filtered radiation, employing a scan speed of 5°/min and an increment of 0.02°. The fine powder samples were prepared through the process of grinding using an agate mortar.




4. Results


The binary and ternary equilibria in the Ti-Cr-V system were investigated at 1000, 1100, and 1200 °C. The compositions of all annealed specimens and the equilibrium phases measured using EDS, as well as the phases identified by XRD, are listed in Table 3. The specimen numbering consists of two parts: the number indicates alloys 1–13 listed in Table 2; A, B, and C indicate specimens annealed at 1200, 1100, and 1000 °C, respectively. There were no additional ternary phases identified in this system. The isothermal sections were precisely constructed, as illustrated in Figure 1, Figure 2 and Figure 3. Additionally, the binary boundaries of Ti-Cr were ascertained. Figure 4 displays the microstructures of the Ti-Cr specimens. Figure 5 and Figure 6 show the microstructures of the Ti-Cr-V ternary specimens. Figure 7, Figure 8 and Figure 9 present the powder XRD results of the representative specimens.



As shown in Figure 1, the isothermal section at 1200 °C is characterized by a tiny C36 single-phase region, a fan-shaped bcc + C36 two-phase region, and a wide bcc single-phase region. The C36 phase can dissolve up to ~5.3 wt.% of V (in specimens A5–A7) and 31.5–33.9 wt.% of Ti. The two-phase region bcc + C36 extends towards the V corner until the V content reaches 13.8 wt.% (specimen A8). The C15 phase was not detected using XRD in either the ternary or binary specimens. Specimens A3 and A4 were identified as bcc single-phase alloys by the utilization of SEM and XRD. The other specimens all consisted of bcc and C36. Notably, C36 represented a distinctive needle-like morphology in specimen A5 (Figure 5c) in addition to the common granular morphology (like in specimen A7, Figure 5d). In the literature [24], a similar microstructure was observed in the alloy Ti-50Cr-5V after annealing at 1200 °C. However, the researchers did not give a reason for the needle-like Laves phase’s formation. According to the determined isothermal sections in the present work, this morphology may result from the minor phase fraction of C36. But in the alloy Ti-48Cr-12.5V in ref. [24], with the phase fraction of C36 decreasing further, the morphology turned to a fine granular shape.



The isothermal sections at 1100 and 1000 °C are similar, as depicted in Figure 2 and Figure 3. Each contains a tiny and narrow C15 single-phase region, a wide fan-shaped bcc + C15 two-phase region, and a wide bcc single-phase region. The C15 phase can dissolve up to ~8.6 wt.% of V, 31.1–33.7 wt.% of Ti at 1100 °C, and ~10.0 wt.% of V, 31.0–33.6 wt.% of Ti at 1000 °C. The maximum solubility of V in the bcc + C15 domain is at least 22.3 wt.% and 26.1 wt.% at 1100 and 1000 °C, respectively. The C36 phase was not found in all binary and ternary specimens. Therefore, it was determined not to be stable at this temperature range and was removed from the isothermal sections in Figure 2 and Figure 3. The size of the bcc phase was too small in specimens B2, B10, C2, and C10. As a consequence, the acquired EDS data might have been impacted by the neighboring C15 phase. The real tie-lines might extend towards the Cr-V binary boundary along with the present directions. Therefore, the data obtained from alloys 9 and 11 were given precedence over those obtained from alloys 2 and 10 when determining the boundaries of the two-phase region here.



In addition, the composition range of bcc in the Ti-Cr phase diagram was revised in light of the present work (see Figure 10). And the transformation temperature of C15 → C36 should be between 1100 °C and 1200 °C (blue dashed line in Figure 10). As mentioned above, a large discrepancy in the bcc boundary exists in the Ti-Cr literature. Furthermore, the ternary results in this study were in considerable disagreement with the previously determined Ti-Cr boundary as well. So, the Ti-Cr equilibria were further investigated in the present work. Compared to the ternary alloys 1–10, the binary alloys 11–13 experienced longer annealing times and presented more suitable phase fractions, aiming to obtain phases with larger sizes and obtain more reliable phase compositions. It was found that the binary and ternary results exhibited excellent consistency in terms of both composition range and phase structure.




5. Discussion


As the temperature decreased from 1200 to 1000 °C, the solubility range of Ti varied slightly in the binary Cr2Ti phase, at approximately 31.6–34.0 wt.% (33.4–36.0 at.%) in the present work. This range is generally consistent with the binary experimental results reported by Chen [39], which suggested 31.9–34.5 wt.% Ti at 1200 °C and 32.1–34.2 wt.% Ti at 1000 °C, respectively. The result reported by Xu et al. [40] was similar: 31.2–33.7 wt.% Ti at 1000 °C. It indicates that temperature and crystal structure (C36/C15) have little effect on the solubility range of Ti in binary Cr2Ti. In addition, the present work supports Chen’s conclusion that the stoichiometric compositions are not manifested in any of the phase fields of the Laves phases, which indicates that the stability of all structures of Cr2Ti is contingent upon an excess of Ti atoms [39].



As the temperature fell, the ternary extension of the Laves phase in the isothermal sections exhibited a progressive expansion. Specifically, the V solubility range increased from 5.3 wt.% to 10.0 wt.%, while the Ti solubility range essentially remained constant at approximately 31.0–33.9 wt.%. According to the solubilities, the formulation for the ternary Laves phases is (Cr, V)2(Ti, V). The nearly constant Ti solubility range demonstrates that the alloying element V primarily replaces Cr in Cr2Ti. It can be explained in terms of Pauling electronegativity and atomic radius, as V is significantly closer to Cr than to Ti. In contrast to the Ti-Cr system, the Ti content in the ternary Ti-Cr-V C15 can be less than 31.5 wt.% (33.3 at.%). Consequently, the conclusion regarding the excess of Ti should be modified so that the stability of Cr2Ti and (Cr, V)2(Ti, V) requires a deficiency of Cr atoms.



In addition, the Laves phase structure exhibited consistency in both the Ti-Cr and Ti-Cr-V systems in the present work. The structure of C36 exhibited stability at 1200 °C, whereas C15 achieved stabilization at 1100 and 1000 °C. It appears that temperature is the primary determinant of the Cr2Ti’s crystal structure change from C36 to C15. In contrast, the solid solubility of the elements V, Ti, and Cr does not appear to have a notable effect on this phase transition.



In comparison to the literature, both the composition ranges of the phase regions and the crystal structures of the Laves phases were revised in the isothermal sections determined in the present work. It is worth mentioning that the ternary extensions of the Laves phases were elucidated in the present work, benefiting from the phase composition measurement technique of SEM-EDS, which were roughly and tentatively determined through metallography and XRD in previous research [24,27].



The revised isothermal section at 1200 °C is generally consistent with that determined by Samsonova and Budberg [24] regarding solubilities. The two-phase field (bcc + C36) in the present work has a maximum V content of 13.8 wt.%, lower than that in the literature [24] (about 17.6 wt.%). The Laves phase in the present work has a maximum V content of 5.3 wt.%, higher than the previously determined value (between 2.0 and 3.0 wt.% [24]). The discrepancies may have resulted from the lower purity of V (99.74%) used in the literature. In addition, there were only two kinds of Laves phases (C14 and C15) in all the isothermal and vertical sections of the Ti-Cr-V system reported by Samsonova and Budberg [24,25,26]. However, at least in the Ti-Cr system, C36 was detected and determined to be a stable phase by Chen [39] later in 1996. Due to this, C36 and C15 were considered to possibly be the same phase by Samsonova and Budberg in their early research (in the 1960s).



Farrar and Margolin [27] observed two Laves phases at 1200 °C. Their isothermal section was special, including one (bcc + C15) region, two (bcc + C36) regions, two (bcc + C15 + C36) regions, and other phase regions. In the present work, specimens A3–9 were designed to be located in the three-phase regions determined in the research [27]. However, C15 was not observed in any of the specimens. The tie-lines of (bcc + C36) obtained from specimens A1–10 were across the entire phase region, basically ruling out the existence of C15. In addition, the XRD results showed that specimen A6 remained an alloy of (bcc + C36) even after annealing for 840 h (see Figure 9), which confirmed the stability of the C36 phase. Moreover, the (bcc + Cr2Ti) regions constructed by Farrar and Margolin [27] at 1200 and 1000 °C were considerably larger than those in the present work, with maximum V contents of approximately 30 and 40 wt.%, respectively. The values obtained in the present work were about 13.8 and 26.1 wt.%. These different results should be due to the insufficient annealing time (1200 °C, 36 h; 1000 °C, 48 h), as well as the low purity of V (99.7%) and Cr (Cr II: 99.4%) used in the previous research [27]. The hot-rolling process at 850 °C before annealing may have been a contributing factor as well.



According to the present work, the composition ranges are in perfect agreement with Chen’s data [39]. The Laves structure is the main source of the discrepancy. Chen observed in the Ti-Cr system that certain alloys experienced an increase in or formation of the C15 phase after prolonged annealing at 1000 °C, while other Cr-rich alloys retained the microstructures of (bcc + C36). Based on the results of the present work, these (bcc + C36) alloys in the literature did not reach equilibrium. The Laves phase transformation likely required a significantly longer annealing time (>500 h) than in this study (360 h). It may have resulted from the homogenization to a single-bcc alloy before annealing in Chen’s study. Regarding the ternary alloys, Chen’s specimens annealed at 1200 °C exhibited microstructures of (C15/C36 + bcc). The potential origin of the low-temperature stable-phase C15 could be attributed to the short-term annealing (45 h) and the comparatively slow cooling rate that occurred during the oil quenching process. C15 and C36 were reported by Xu et al. [40] at 1000 °C as well. However, there was no obvious contrast in the SEM-BSE images and no gap in the EPMA concentration–penetration curves between C15 and C36. In addition, the Laves phases were not identified using the XRD technique. Therefore, the findings from Xu et al. [40] were insufficient to substantiate the existence of C36 at 1000 °C.



In conclusion, the stable structure of Cr2Ti was determined to be C36 at 1200 °C and C15 at 1000 and 1100 °C in the present work. As reviewed by Stein et al. [41], plenty of systems include such a temperature-dependent structure change. Usually, C15 is the low-temperature phase, C14 is the high-temperature phase, and C36 is possibly the medium-temperature phase. This implies, thermodynamically, that their Gibbs free energy is the lowest at the corresponding temperatures. The following is supporting evidence. In the literature [31], the enthalpies of formation for Cr2Ti at 0 K were determined using ab initio calculations. The values show that C15 < C36 < C14, which aligns with the experimental finding that C15 is the stable phase at low temperatures. Additionally, according to the formula G = H − TS, G is more affected by H at low temperatures, and is more affected by TS at high temperatures. In general, the close-packed structure is more stable at low temperatures, whereas the less efficient packing structure is more stable at high temperatures. And the atomic packing efficiency (C15 > C36 > C14) explains the experimental phenomenon well: that the stable structure becomes C15, C36, and then C14, in order, as the temperature increases.




6. Conclusions


The phase equilibria in the Ti-Cr and Ti-Cr-V systems were experimentally investigated using SEM, EDS, and XRD techniques. The phase diagrams constructed in the present work will support modifying the thermodynamic description for both the binary and ternary systems and facilitate material design for multiple applications. The main conclusions are summarized as follows:




	
The isothermal sections of the Ti-Cr-V system were determined at 1000, 1100, and 1200 °C. The ambiguous phase regions at 1000 and 1200 °C in the previous studies were discussed and clarified, and the isothermal section at 1100 °C was constructed for the first time.



	
The ternary extensions of Cr2Ti were fully elucidated in the present work. As the temperature decreases from 1200 to 1000 °C, the V solubility range of Cr2Ti increases from 5.3 wt.% to 10.0 wt.%, while the Ti solubility range essentially remains constant at approximately 31.0–33.9 wt.%.



	
The formulation for the ternary Laves phases was modified to (Cr, V)2(Ti, V), while V primarily replaces Cr. The stability of both Cr2Ti and (Cr, V)2(Ti, V) requires a deficiency of Cr atoms.



	
The stable structure of Cr2Ti was C36 at 1200 °C and C15 at 1000 and 1100 °C. It suggests that temperature is the primary determinant of the Cr2Ti crystal structure change from C36 to C15. In contrast, the solid solubility of elements V, Ti, and Cr does not appear to have a notable effect on the stable structure type of Cr2Ti.
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Figure 1. (a) The isothermal section of Ti-Cr-V at 1200 °C determined based on the experimental results in the present work and adapted from Refs. [24,27,39], and (b) the magnified region around the C36 phase. Blue and white areas are single- and two-phase regions, respectively. The numbers 1–13 correspond to specimens A1–13. 
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Figure 2. The isothermal section of Ti-Cr-V at 1100 °C determined based on the experimental results in the present work. Blue and white areas are single- and two-phase regions, respectively. The numbers 2–13 correspond to specimens B2–13. 






Figure 2. The isothermal section of Ti-Cr-V at 1100 °C determined based on the experimental results in the present work. Blue and white areas are single- and two-phase regions, respectively. The numbers 2–13 correspond to specimens B2–13.
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Figure 3. The isothermal section of Ti-Cr-V at 1000 °C determined based on the experimental results in the present work and adapted from Refs. [27,39]. Blue and white areas are single- and two-phase regions, respectively. The numbers 1–13 correspond to specimens C1–13. 






Figure 3. The isothermal section of Ti-Cr-V at 1000 °C determined based on the experimental results in the present work and adapted from Refs. [27,39]. Blue and white areas are single- and two-phase regions, respectively. The numbers 1–13 correspond to specimens C1–13.
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Figure 4. SEM-BSE images of the microstructures of Ti-Cr specimens annealed at 1200 °C: (a) A11 and (b) A13; at 1100 °C: (c) B11 and (d) B13; and at 1000 °C: (e) C11 and (f) C13. 
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Figure 5. SEM-BSE images of the microstructures of Ti-Cr-V specimens annealed at 1200 °C: (a) A1 (b) A3, (c) A5, (d) A7. 
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Figure 6. SEM-BSE images of the microstructures of Ti-Cr-V specimens annealed at 1000 °C: (a) C1, (b) C3, (c) C6, (d) C9. 
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Figure 7. Experimental powder X-ray diffraction patterns of alloy 11 annealed at 1200 °C (bcc + C36), and 1100 and 1000 °C (bcc + C15), respectively. 
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Figure 8. Experimental powder X-ray diffraction patterns of alloy 13 annealed at 1200 °C (bcc + C36), and 1100 and 1000 °C (bcc + C15), respectively. 
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Figure 9. Experimental powder X-ray diffraction patterns of alloy 6 annealed at 1200 °C for 840 h (bcc + C36) and 1100 °C (bcc + C15), respectively. The XRD result obtained from A6 annealed for 840 h was the same as for 120 h, which confirms the stability of C36 at 1200 °C. 






Figure 9. Experimental powder X-ray diffraction patterns of alloy 6 annealed at 1200 °C for 840 h (bcc + C36) and 1100 °C (bcc + C15), respectively. The XRD result obtained from A6 annealed for 840 h was the same as for 120 h, which confirms the stability of C36 at 1200 °C.
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Figure 10. The calculated Ti-Cr phase diagram using the parameters adapted from Ref. [31] by Thermo-Calc Educational 2024a Software compared with the experimental data in the present work. The red lines are the calculated invariant reactions [31], and the blue dashed lines are the tentatively determined invariant reactions based on the present work; the vertical arrows connecting them indicate that they are the corresponding reactions. 
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Table 1. Crystallographic information for the solid phases in the Ti-Cr-V system.






Table 1. Crystallographic information for the solid phases in the Ti-Cr-V system.





	Phase
	Pearson Symbol
	Space Group
	Prototype





	(αTi), hcp_A3
	hP2
	   P   6   3     /mmc
	Mg



	(βTi, Cr, V), bcc_A2
	cI2
	   I m   3  ¯    m
	W



	α-Cr2Ti, C15
	cF24
	   F d   3  ¯    m
	Cu2Mg



	β-Cr2Ti, C36
	hP24
	   P   6   3     /mmc
	MgNi2



	γ-Cr2Ti, C14
	hP12
	   P   6   3     /mmc
	MgZn2










 





Table 2. Designed compositions of alloys.






Table 2. Designed compositions of alloys.





	
No.

	
Alloy Composition, wt.%




	
V

	
Ti

	
Cr






	
1

	
2.5

	
37.5

	
60.0




	
2

	
2.5

	
27.5

	
70.0




	
3

	
10.0

	
42.5

	
47.5




	
4

	
10.0

	
40.0

	
50.0




	
5

	
10.0

	
37.5

	
52.5




	
6

	
10.0

	
32.5

	
57.5




	
7

	
10.0

	
30.0

	
60.0




	
8

	
10.0

	
27.5

	
62.5




	
9

	
10.0

	
25.0

	
65.0




	
10

	
5.0

	
27.5

	
67.5




	
11

	
-

	
23.5

	
76.5




	
12

	
-

	
32.2

	
67.8




	
13

	
-

	
47.9

	
52.1











 





Table 3. Phase compositions of alloy specimens after heat treatments at 1000, 1100, and 1200 °C.
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No.

	
Measured Alloy Composition, wt.%

	
Phase

	
Measured Phase Composition, wt.%




	
V

	
Ti

	
Cr

	
V

	
Ti

	
Cr






	
1200 °C, 120 h




	
A1

	
2.6

	
38.1

	
59.3

	
C36

	
2.2

	
33.9

	
63.9




	
bcc

	
4.0

	
53.3

	
42.7




	
A2

	
2.8

	
28.3

	
68.9

	
C36

	
1.8

	
31.5

	
66.7




	
bcc

	
6.2

	
15.1

	
78.7




	
A3

	
10.1

	
43.1

	
46.8

	
bcc

	
10.1

	
43.0

	
47.0




	
A4

	
10.2

	
40.7

	
49.1

	
bcc

	
10.2

	
40.6

	
49.2




	
A5

	
10.3

	
38.7

	
51.0

	
C36

	
5.3

	
33.4

	
61.3




	
bcc

	
10.9

	
39.4

	
49.7




	
A6

	
10.4

	
32.9

	
56.7

	
C36

	
5.3

	
32.5

	
62.3




	
bcc

	
12.7

	
33.4

	
54.0




	
A7

	
10.2

	
30.7

	
59.2

	
C36

	
5.3

	
32.2

	
62.4




	
bcc

	
13.6

	
29.5

	
56.9




	
A8

	
10.1

	
28.3

	
61.7

	
C36

	
5.0

	
32.0

	
63.0




	
bcc

	
13.8

	
25.5

	
60.7




	
A9

	
10.3

	
25.7

	
64.0

	
C36

	
4.6

	
31.8

	
63.6




	
bcc

	
13.6

	
21.8

	
64.6




	
A10

	
5.2

	
28.3

	
66.5

	
C36

	
3.3

	
31.7

	
65.0




	
bcc

	
10.8

	
17.5

	
71.7




	
1200 °C, 360 h




	
A11

	
-

	
24.9

	
75.1

	
bcc

	
-

	
12.9

	
87.1




	
C36

	
-

	
31.6

	
68.4




	
A12

	
-

	
32.8

	
67.2

	
C36

	
-

	
32.2

	
67.8




	
A13

	
-

	
49.2

	
50.8

	
C36

	
-

	
34.2

	
65.8




	
bcc

	
-

	
62.6

	
37.4




	
1100 °C, 240 h




	
B2

	
2.8

	
28.0

	
69.2

	
C15

	
1.7

	
31.6

	
66.7




	
bcc

	
7.0

	
11.3

	
81.8




	
B3

	
10.8

	
44.5

	
44.7

	
C15

	
8.3

	
33.7

	
57.9




	
bcc

	
18.2

	
39.9

	
41.9




	
B4

	
10.4

	
42.4

	
47.3

	
C15

	
8.5

	
33.4

	
58.1




	
bcc

	
20.3

	
34.3

	
45.4




	
B5

	
10.1

	
37.8

	
52.1

	
C15

	
8.0

	
32.4

	
59.6




	
bcc

	
19.2

	
34.3

	
46.5




	
B6

	
10.2

	
32.9

	
56.9

	
C15

	
8.6

	
31.9

	
59.5




	
bcc

	
22.1

	
27.0

	
50.9




	
B7

	
10.0

	
30.9

	
59.1

	
C15

	
7.4

	
31.4

	
61.2




	
bcc

	
22.3

	
17.9

	
59.8




	
B8

	
10.2

	
28.2

	
61.6

	
C15

	
6.8

	
31.3

	
61.9




	
bcc

	
21.7

	
15.8

	
62.5




	
B9

	
10.6

	
24.1

	
65.3

	
C15

	
5.6

	
31.1

	
63.3




	
bcc

	
18.9

	
12.9

	
68.2




	
B10

	
5.4

	
27.6

	
67.1

	
C15

	
3.5

	
31.3

	
65.2




	
bcc

	
12.7

	
13.6

	
73.7




	
1100 °C, 480 h




	
B11

	
-

	
24.7

	
75.3

	
bcc

	
-

	
10.5

	
89.5




	
C15

	
-

	
31.6

	
68.4




	
B12

	
-

	
32.7

	
67.3

	
C15

	
-

	
32.4

	
67.6




	
B13

	
-

	
48.7

	
51.3

	
C15

	
-

	
34.0

	
66.0




	
bcc

	
-

	
68.8

	
31.2




	
1000 °C, 360 h




	
C1

	
2.7

	
38.2

	
59.1

	
C15

	
2.6

	
33.6

	
63.9




	
bcc

	
3.4

	
68.6

	
27.9




	
C2

	
2.7

	
28.3

	
69.0

	
C15

	
1.7

	
31.5

	
66.9




	
bcc

	
7.4

	
12.9

	
79.7




	
C3

	
10.3

	
43.2

	
46.6

	
C15

	
7.8

	
32.9

	
59.3




	
bcc

	
13.3

	
56.3

	
30.4




	
C4

	
10.2

	
40.7

	
49.1

	
C15

	
8.1

	
32.9

	
59.0




	
bcc

	
14.0

	
55.3

	
30.7




	
C5

	
10.3

	
38.3

	
51.4

	
C15

	
8.5

	
32.8

	
58.7




	
bcc

	
15.0

	
53.6

	
31.4




	
C6

	
10.3

	
33.2

	
56.5

	
C15

	
10.0

	
32.3

	
57.7




	
bcc

	
19.2

	
47.8

	
33.0




	
C7

	
10.2

	
30.7

	
59.2

	
C15

	
9.4

	
31.4

	
59.3




	
bcc

	
26.1

	
18.2

	
55.7




	
C8

	
10.2

	
28.2

	
61.6

	
C15

	
7.4

	
31.0

	
61.5




	
bcc

	
23.9

	
12.5

	
63.6




	
C9

	
10.1

	
25.9

	
64.0

	
C15

	
6.0

	
31.0

	
63.0




	
bcc

	
22.5

	
10.0

	
67.5




	
C10

	
5.2

	
28.2

	
66.5

	
C15

	
3.4

	
31.3

	
65.4




	
bcc

	
13.6

	
12.6

	
73.9




	
1000 °C, 720 h




	
C11

	
-

	
24.2

	
75.8

	
bcc

	
-

	
9.3

	
90.7




	
C15

	
-

	
31.6

	
68.4




	
C12

	
-

	
33.0

	
67.0

	
C15

	
-

	
32.6

	
67.4




	
C13

	
-

	
49.2

	
50.8

	
C15

	
-

	
34.0

	
66.0




	
bcc

	
-

	
72.1

	
27.9
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