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Abstract

:

TiAl alloy is a high temperature structural material with excellent comprehensive properties in the range of 750–900 °C. However, its engineering application is limited by its poor plasticity and hot working properties at room temperature. Based on the above background, a novel three-phase Ti-40Al-6V-1Cr-0.3Ni (at.%) alloy was designed and fabricated in the present study. The as-cast ingot was subjected to near-isothermal forging, and the thermoplastic deformation behavior, microstructure evolution and mechanical properties were systematically studied. Near-isothermal forging shows excellent forming capability, and the forging disk is flawless without cracking. The core of the forging disk shows the greatest degree of deformation, and the microstructure is composed of fine equiaxed grains and residual (α2/γ) lamellae. The hardness of the B2 phase and the hardness difference between the B2 phase and γ phase are reduced by the Cr and V elements added in the alloy. The wrought alloy exhibits excellent mechanical properties at room temperature and elevated temperature, respectively. The uniform fine microstructure, low nanohardness of the B2 and γ phase and the property matching of each phase can be accounted for the excellent mechanical properties.
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1. Introduction


Due to the low density (3.9–4.2 g/cm3), high specific strength, excellent oxidation and creep resistance, TiAl-based alloys are regarded as the only high-temperature structural material that can replace Ni-based alloys at 750–900 °C and exhibit wide application prospects in the aerospace and automotive industries [1,2,3]. TiAl alloys are hard-to-deform materials with high processing temperatures and small thermal operating windows. They are prone to destabilization and cracking during plastic deformation, so investment casting has become one of its common molding methods [4]. While, cast TiAl alloys are coarse, prone to defects such as shrinkage and loosening, and their mechanical properties are difficult to match those of high-performance components [5,6,7] such as turbines and engine blades for aircraft, and thermal protection systems for reusable launch vehicles [8,9,10]. Thermomechanical treatment can greatly modify the coarse microstructure and improve the strength and ductility [11], such as forging, hot extrusion, and rolling [12,13,14]. However, several factors influence the deformation process of TiAl alloys that are difficult to control, including the inherent brittleness, limited thermal processing window, and poor thermal workability. Therefore, the thermoplastic and mechanical processing of TiAl alloys is much more complex than that of ordinary alloys [15].



In order to avoid substantial temperature drops during hot working, the as-cast ingot is always canned by stainless steel or titanium alloy during forging, named as the canned forging process [16]. With the assistance of additional protection, the brittle TiAl alloy can be forged with conventional thermal processing equipment. While the canned material will raise the cost, and the choice of canning material will significantly impact the forming quality of the ingot.



Isothermal forging has been proposed and developed to reduce canning costs and prevent the alloy from undergoing a temperature drop during processing. Nevertheless, considering the mold life and high-temperature strength, isothermal forging is frequently performed at or below 1200 °C, requiring that the treated TiAl alloy should have excellent plastic deformation capabilities in this temperature range. Currently, researchers are focused on enhancing the mechanical properties of TiAl alloys by combining composition optimization, microstructure control, and thermomechanical processing [17]. Clemens et al. developed alloys in the composition range Ti-(42–45)Al-(2–7)- Nb-(1–10)(Mn, Cr, V, Mo), called beta-gamma TiAl alloys [18]. Due to the superior thermoplastic formability, β-γ TiAl alloys have become a hot research direction for deformed TiAl alloys [19]. Many researchers have studied the forging of β-γ TiAl alloys and have obtained relatively excellent properties [20,21,22,23]. β-γ TiAl alloys are distinguished by a fine and homogeneous microstructure. Moreover, the β-phase with the A2 structure can be introduced into the high-temperature microstructure of the alloy by adding β-phase stabilizing elements, such as Cr, V, Mn, Nb, Mo, and W [24]. During thermomechanical deformation, the β-phase can provide a greater number of slip systems, considerably enhancing the thermoplastic formability of TiAl alloys [25]. As a new generation of deformed TiAl alloy, three-phase TiAl alloy has become an important choice for the deformed TiAl alloy components. Based on β-γ TiAl alloy, three-phase TiAl alloy reduces the Al content while increasing the content of β-phase stabilizing elements, which considerably improves the high-temperature β-phase content and exhibits better thermal deformation ability. At room temperature, the primary stable phases of the three-phase TiAl alloy are the α2 phase, γ phase, and B2 phase [26,27].



The novel three-phase TiAl alloy differs greatly from the typical TiAl alloy in both high-temperature and room-temperature microstructure. The grain size, phase morphology and deformation features can significantly influence the mechanical properties. However, there are few studies concerning the deformation behavior, microstructure, and mechanical properties of the three-phase TiAl alloy. Therefore, the research in this paper is concentrated on the near-isothermal forging of Ti-40Al-6V-1Cr-0.3Ni alloy without canning, to investigate the plastic deformation behavior and microstructure evolution during the near-isothermal forging process, providing theoretical guidance and technical support for the thermoplastic forming and engineering applications of TiAl alloys.




2. Materials and Methods


Alloys of nominal composition of Ti-40Al-6V-1Cr-0.3Ni (at.%) were studied in this paper. The parent materials used in this study contained high purity titanium sponge (Ti: 99.9 wt.%), high purity aluminum (Al: 99.99 wt.%), V-Al intermediate alloy (V: 53.88 wt.%), high purity Cr (Cr: 99.9 wt.%), and high purity Ni powder (Ni: 99.9 wt.%). The raw materials were blended and then melted in an induction skull melting furnace (ISM) under an Ar atmosphere (pressure of 50 KPa). Adequate Ar pressure was used to avoid possible metal oxidation during the melting process. In order to ensure the sufficient uniformity of composition and microstructure, thermal insulation and electromagnetic stirring was conducted for 300 s in the melt conditions. The melt was poured into a 500 °C pre-heated metal mold forming a cylindrical ingot with size of Φ 100 × 120 mm, as shown in Figure 1a. The standard of ISM conforms to GB5959.3-2020. Measurement components were imaged by scanning electron microscopy (SEM) equipped with energy dispersive spectrometry (EDS). The measurement results are shown in Table 1.The ingot was initially heated to 1200 °C and held for 30 min in a ZY-LS-1600 high-temperature vertical furnace. The heated ingot was immediately transferred to the hydraulic press for near-isothermal forging with the press ram heated to 1000 °C. The forging was done in two steps, with 50% reduction in each step and 75% total reduction. The firstly forged disk was held in the furnace at 1200 °C for 10 min to ensure the final forging temperature. The finally forged disk was air-cooled to room temperature, and the disk can be observed without obvious cracks on the surface, as shown in Figure 1b. The forging operation follows GB/T 38964-2020.



Scanning electron microscope (FESEM, JSM-7900F) and electron backscattered diffraction (Model: QUANTA650FEG) were used to analyze the microstructure of as-cast and as-forged alloys. Microstructure observation specimens were polished using metallographic sandpaper, followed by electrolytic polishing. The electro-polishing was implemented at 30 V and −25 °C, and the electrolyte was a solution of 6% perchloric acid + 34% butanol + 60% methanol.



The Instron-5569 electronic universal material testing machine was used to test the tensile properties of TiAl alloy at room and high temperatures (700 °C, 800 °C, 900 °C). The tensile specimen size was mentioned in the previous study [28], and the tensile rate was 5.0 × 10−4 s−1. At least three tests were performed on each condition and average values were reported. The Vickers hardness test was performed on the HVT-1000 tester, and the samples were ground with SiC sandpaper and following with the electrolytic polishing treatment. The indenter was a quadratic cone diamond, and the test was performed for 10 s at a weight of 500 N. Each position was tested three times with the average value taken. The Nano Indenter G200 was used to test the nanohardness of various phases using a 5 μm triangular indenter. The TiAl alloy specimens were finely ground and electrolytically polished. Each phase was measured 5 times, with the average value taken. Room-temperature tensile and high-temperature tensile specimens and their determination standards conform to GB/T 228-2002 and GB/T 4338-1995, respectively.




3. Results and Discussion


3.1. As-Cast Microstructure


The microstructure of the as-cast three-phase TiAl alloy is illustrated in Figure 2a. The white B2 phase and the black γ phase can be observed with a net basket-like ordered arrangement, and the gray lamellar microstructure distributes between them. In contrast to the typical γ-TiAl alloy, the lamellar colonies of this alloy exhibit a large aspect ratio and an average size of approximately 60 μm, which is consistent with the characteristics of the β-path solidification microstructure. This is mainly due to the β → α transition follows the Burgers orientation relationship and the generated α phase generally grows in a slatted pattern, resulting in the subsequent α2/γ lamellae retaining this morphology [29]. The fraction of the B2 phase is detected as 18.2% by using the IPP image processing software, roughly twice that of the common β-TiAl alloy. This is mostly owing to the comparatively high content of V and Cr addition, with higher β phase stabilization capability than Nb and Mo elements.




3.2. Forging Microstructure


As shown in Figure 1b, the microstructure homogeneity of the forged material is studied by taking five locations along the radius direction in the middle thickness, as there can be certain differences in the force and temperature at different locations of the ingot during forging. The SEM observations of the Ti-40Al-6V-1Cr-0.3Ni alloy forging disk at various locations are shown in Figure 2b–f. The as-forged microstructure is primarily composed of lamellar (α2/γ) (gray contrast), equiaxed γ phase (black contrast), and B2 phase (bright gray contrast). The comparison demonstrates that the histomorphology of the forging disk differs at various locations. Figure 2b shows the microstructure at the center of the forging disk. The microstructure is homogeneous and fine. The average size of the lamellar colonies is approximately 25 μm, and the average size of the γ phase grains is about 10 μm, significantly smaller than that of the as-cast alloy.



Figure 2c shows the microstructure at 1/4r. In addition to the presence of dynamically recrystallized grains identical to those at the core, there are also some larger residual lamellar colonies, indicating that dynamic recrystallization (DRX) occurs to a lesser extent at 1/4r than at the core. From Figure 2b–f, it is apparent that the microstructure morphology of the forged disk is relatively similar from the edge to the center position and that all positions contain residual lamellae. The distinction is that from the center to the edge, the lamellar colonies gradually change from independent to continuous distribution, and the microstructure morphology at the edge position is similar to as-cast microstructure, which intuitively reflects the inhomogeneity of the forged microstructure. Koeppe et al. [30] demonstrated that the microstructural homogeneity of the TiAl alloy disk is sensitive to plastic flow and temperature during hot forging, with the greatest degree of deformation occurring in the middle of the disk while the edge and contact areas between the disk and the anvil are typically “hard deformation” areas. Therefore, the large deformation area refers to the area where the grain deformation is most intense during the forging process, i.e., the central area of the forging disk. Moreover, the thermal deformation of TiAl alloy is a typical thermally activated process in which heat loss and transfer cannot be avoided. Therefore, large deformation and high temperature result in abundant DRX and microstructure refinement in the center region.




3.3. Microstructure Characterization of Large Deformation Area


Figure 3 shows the grain boundary angle statistics and recrystallization diagrams at different locations of the forged Ti-40Al-6V-1Cr-0.3Ni alloy. Figure 3a–c depicts the high and low angle grain boundaries of the forged microstructure, where the sub-grain boundaries (2°–5°) are shown in green, representing dislocations in the deformed microstructure; the low-angle grain boundaries (5°–15°) are depicted in blue, resulting from the sub-structural, sub-crystalline transformation of the deformation process; and the high-angle grain boundaries (15°–90°) are described in purple, where the dynamic recovery and dynamic recrystallization occur. The high- and low-angle grain boundaries at different positions are counted in Table 2, and the microstructure at edge is detected as 62.60% high-angle grain boundaries; while the high-angle grain boundaries at center can reach 80.66% due to the larger degree of deformation, which can be attributed to adequate dynamic recrystallization. High-angle grain boundaries characterize the distribution around fine dynamic recrystallization grains. The majority of these fine recrystallization grains are γ-phase grains, which have low stacking fault energy. Moreover, adding a large quantity of V and Cr elements to TiAl alloy will further reduce the stacking fault energy of γ-TiAl [31]. Consequently, dynamic recrystallization of the γ phase occurs readily during hot forging. Due to the dynamic recovery of the α2 phase, lamellar colonies also contain high-angle grain boundaries. Because of the higher stacking fault energy of the α2 phase than the γ and β phases, dynamic recrystallization of the α2 phase is more difficult, and dynamic recovery is the primary softening process for the α2 phase [32]. Low-angle grain boundaries exist primarily in the relatively large size of the γ phase. With the subsequent plastic deformation, some recrystallized grains will continue to deform and generate low angle grain boundaries.



Figure 3d–f shows the statistical results of the recrystallization ratio at different positions. The recrystallization ratio of the alloy increases progressively from the edge to the center of the forged disk, reaching 74.99% in the core. This result correlates to the maximum number of high-angle grain boundaries in the center, indicating the efficient dynamic recrystallization induced from sufficient deformation at the center and less temperature loss compared with the edge position.



Figure 4 shows the phase analysis of the forged Ti-40Al-6V-1Cr-0.3Ni alloy, as well as the quantification results for each phase at various points after forging. Although the degree of recrystallization and dynamic recovery varies at different positions, this is primarily reflected in the inconsistency of grain size and lamellae size in the final formed microstructure, and the proportion of each phase at different positions does not vary significantly. The lowest proportion of the α2 phase is between 12.2% and 13.1%, the ratio of the B2 phase is between 25.5% and 28.6, and the highest proportion of the γ phase is between 58.3% and 62.3%. The reason for this phase proportion distribution can be mainly attributed to the occurrence of phase decomposition of α2/γ and phase transformation of the β phase [33], i.e., α → β + γ and β → γ, which produces fine equiaxed γ grains. Additionally, some equiaxed γ grains result from the break and recrystallization of coarse γ plates, causing fine γ recrystallization zones to occur at and near the boundary of the lamellar colony. The reduced β phase content at the center is also connected to the transformation of the β phase to the α phase throughout the cooling process [34]. Due to the high V and Cr addition in the present study, the β phase at high temperature is considerably increased, which improves the deformation capability during hot forging [35].



During the forging process of the Ti-40Al-6V-1Cr-0.3Ni alloy, the degree of deformation varies for different positions, as do the degrees of grain deformation, recovery, and recrystallization. It is also necessary to investigate the possible orientation relationship between various phases, which in turn exposes the recrystallization and coordinate deformation between different phases. Therefore, the interfaces between the γ and α phase, the γ and B2 phase, and the γ and γ phase with specific orientation relationships are calibrated separately, and the results are shown in Figure 5, with large variability of phase interfaces in different regions.



According to the above analysis, the degree of deformation and recrystallization in the edge region is relatively lower. Substructured is the product of grain deformation followed by recovery. According to Figure 3d, 65.25% of the substructured grains are in the edge region, which indicates that the grains suffer a degree of deformation and recovery but maintain a relatively strict orientation relationship between different phases [36]. The γ phase and α2 phase are in the Blackburn orientation relationship (OR), i.e., {111}γ//(0001) α2, [1–10>γ//<11–20>α2, and the OR exists mainly in larger residual lamellar colonies and less in the equiaxed grain region, which is related to the lower volume fraction of the α2 phase in the equiaxed grain region. At the edge region, the interface between the γ and B2 phase is generally dark green, and there is a strict K-S OR, i.e., {111}γ//(1–10)B2, [1–10>γ//<111>B2. The γ phase twin boundary is mainly present in the residual lamellar region. The degree of deformation and recrystallization increases dramatically from the edge to the center of the forging disk, and the phase interface demonstrates an increasing trend, while the length of the individual phase interface is observed to be decreased because of the refined grain. In the fine lamellar colonies of Figure 5b,c, the α2 and γ phases are still in strict Blackburn OR, while the γ and B2 phases deviate from the K-S dislocation to some extent, which is shown as a light green color.



After forging, the α2, γ and B2 phases of the Ti-40Al-6V-1Cr-0.3Ni alloy are recrystallized to a certain extent. The grain is refined, and the density of the phase interface is increased obviously in the equiaxed grain area, as shown in Figure 5. During dynamic recrystallization, the three phases still maintain a relatively strict orientation relationship with low interfacial energy, especially in the core region. There is essentially an orientation relationship between the fine recrystallized grains, and the lattice distortion energy and interfacial energy of the alloy are in a low state.



As known, more fine lamellar colonies can be observed at the center and 1/2r of the forged disk. According to the solidification characteristics of the β-γ TiAl alloy, the decomposition reaction α → (α + γ) occurs in the (α + γ) two-phase region, forming the special lamellar colony. As the temperature decreases, the α phase of the A3 structure undergoes an ordered phase transition to form the α2 phase of the D019 structure. The α2 phase retains the orientation of the parent α phase, i.e., in a single (α2 + γ) lamellar colony, the orientation of all α2 phases is the same. Therefore, the orientation change of the α2 phase can directly reflect the change of the lamellar colonies during the forging process. Figure 6 shows the Euler calibration of the α2 phase in the 1/2r and central areas. It can be seen that the α2 phases inside numerous fine lamellae colonies have the same orientation, as shown by the same color in the Euler diagram. This fully demonstrates that the fine lamellae in Figure 4 are residual lamellar colonies of the as-cast microstructure. Meanwhile, the α2 phase inside the residual lamellar colony in Figure 6b exhibits significantly interrupted and coarsened characteristics. Combined with the phase boundary characteristics in Figure 5c, it indicates that under forging-induced severe plastic deformation, the alloy undergoes significant dynamic recrystallization and relatively gentle α2 → γ phase transformation inside the lamellar colony, i.e., coarsening and discontinuity of the lamellae.



Figure 7 depicts the grain orientation spread (GOS) of the forged microstructure at different locations. The GOS value represents the distribution of the orientation difference angle between a single pixel within a grain and the average orientation of the grain. The GOS graphic accurately shows the orientation difference within each grain. Higher GOS values indicate a greater dislocation density and lattice distortion, also known as deformed grains in the microstructure. Lower GOS values suggest fewer dislocations and lattice distortions within the grain. The degree of lattice distortion after near-isothermal forging deformation can be determined by different colors in the GOS diagram. The area of the blue in the GOS plot at the edge is the lowest, while the area of the blue in the GOS plot at the center is the largest, indicating the smallest lattice distortion at the center position. According to the previous analysis, the degree of recrystallization of the material at the center is highest, and recrystallization is reported to reduce lattice distortion. Therefore, Figure 6 can laterally reflect the more remarkable deformation ability of the material closer to the center. The bent red region is predominantly the B2 phase with a higher degree of dislocation density and lattice distortion, which is generated by the stress concentration remission resulted from the elongation of the β phase during forging deformation [37]. Jiang et al. [38] presented a similar conclusion, where the high-temperature β phase could coordinate plastic deformation of different phases and alleviate stress concentration at grain boundaries, contributing to the excellent thermal-mechanical ability.



The above analysis indicates that the high-temperature softening of the TiAl alloy during the isothermal forging process is dominated by β-phase-coordinated deformation, lamellar structure transformation, decomposition and dynamic recrystallization of the γ phase. The final microstructure is a mixture of residual α2/γ lamellae, equiaxed B2 and γ phases.




3.4. Micro and Nano-Hardness Analysis


The deformation of multiphase materials at room temperature is influenced by several factors, including grain boundary, adjacent grain orientation, and the internal dislocation slip ability of the grains. The γ and α2 phases of the three-phase TiAl alloy are the first to undergo dislocation slip when subjected to stress. Due to the difficulty of dislocation activation in the B2 phase, dislocation pile-up occurs at the phase interface when dislocations move to the B2 phase, causing stress concentration [39], which cause a drop in the tensile properties [40]. This is the reason that the B2 phase reduces the room-temperature plasticity of the TiAl alloy [41]. Different regions of the forging disk will have different degrees of phase distribution, affecting the hardness of microstructures. Nanohardness measures the hardness of each phase, while microhardness measures the hardness of different microstructures. The correlation between the two experiments makes the experimental results more credible. Figure 8a shows the nanohardness of the lamellar(α2/γ), B2, and γ phases at various stages after forging process. The results show that the nanohardness of the (α2/γ) lamellar, B2 and γ phases are 4.75 GPa, 5.19 GPa and 3.83 GPa, respectively.



In order to further analyze the mechanical property performance of the novel three-phase TiAl alloy, the microhardness at different locations of the forging disk was investigated to study the influence of microstructure variations on its hardness, and the findings are presented in Figure 8b. The hardness increases from the core area to the edge of the forging disk. The value of the edge area reaches 385.8 Hv, which is approximately 8% greater than that of the core. This suggests that the variances in the microstructure for different deformation areas cause slight changes in the mechanical characteristics. This is mostly because of the higher hardness of the α2 and B2 phases as shown in Figure 8a. The proportion of the α2 and B2 phases increases from the core to edge area, and the hardness rises considerably.




3.5. Room-Temperature and High-Temperature Tensile Property


Figure 9 shows the tensile properties of the Ti-40Al-6V-1Cr-0.3Ni alloy in both cast and forged states at room and high temperatures. Figure 9a illustrates the room-temperature tensile properties of the cast and forged alloy. The room-temperature tensile properties of the cast three-phase TiAl alloy are poor, with a yield strength only reaching 230 MPa, tensile strength reaching 360 MPa, and elongation reaching 0.35%. After the near-isothermal forging process, the room-temperature tensile characteristics are greatly enhanced, with a yield strength of 550 MPa, tensile strength of 800 MPa, and elongation of 1.2%.



Figure 9b shows the high-temperature tensile properties of the forged alloy at 700 °C, 800 °C, and 900 °C, respectively. As shown in the diagram, the yield strength decreases with increasing test temperature, while the fracture elongation increases. At 700 °C, the tensile strength is tested as 670.95 MPa and the elongation is 68.55%. Compared to the properties at room temperature, the strength decreases, and the elongation increases significantly. This can be mainly ascribed that dislocations and twins can be activated easily at a certain high temperature, contributing to the enhancement of high-temperature deformation capacity [42]. When the temperature rises to 800 °C and 900 °C, the tensile strength decreases significantly while the plasticity increases further. At 800 °C, the tensile strength reaches 333.99 MPa and the elongation is 84.85%. At 900 °C, the tensile strength is 186.64 MPa and the elongation increases to 143.73%. Considering that TiAl alloy is a typically brittle material, elongation that exceeds 100% can be determined as the superplastic state [23]. As a result, at 900 °C, the forged alloy is considered to attain a superplastic deformation ability. In addition, the slope of the tensile curve shows that the modulus of elasticity of the specimen after high-temperature stretching is lower than that of room-temperature stretching. At room temperature, the elastic modulus of the forged alloy is calculated as 162 GPa, while with the increased test temperature, the elastic modulus decreases gradually. When testing at 900 °C, the elastic modulus decreases to 110 GPa, about 32% lower than that of room temperature. According to the research of J Hünecke [43], the elastic modulus was reported to decrease with the increase of tensile temperature, similar to the present study. This phenomenon can be mainly attributed to the interatomic spacing increasing as the temperature increases.



Figure 10 shows the room-temperature and high-temperature tensile fracturing and morphology of the forged Ti-40Al-6V-1Cr-0.3Ni alloy. According to Figure 10a, the tensile fracture at room temperature consists primarily of translamellar, interlamellar, and transgranular fracture features, which represent the typical brittle fracture. Due to the tiny size of the lamellae and the dominance of γ grains, translamellar fracture and interlamellar fracture occupy only a minor fraction of the overall fracture area. Figure 10b–d shows the fracture morphology after high-temperature tensile deformation. The fracture morphology underwent considerable modification, resulting in the appearance of dimples of various sizes. Figure 10b depicts the fracture morphology after testing at 700 °C, which shows a small but dense number of dimples at the fracture surface. A large number of dimples with large size and depth are discovered (Figure 10c), which are typical plastic fracture characteristics, implying significant plastic deformation before fracture at 800 °C. After testing at 900 °C, significant oxidation happens in the fracture, and an oxidation layer covered with a massive number of dense dimples occurs, demonstrating a certain superplasticity deformation.




3.6. Analysis of the High-Strength Plasticity Mechanism of the Three-Phase TiAl Alloy


Numerous studies have demonstrated that the tensile strength of TiAl alloys follows the Hall-Petch relationship with grain size and lamellar spacing. The tensile strength increases with the decreasing of grain size and lamellar spacing. This is mainly because when the fine microstructure is subjected to an external force, the strain may be transfer throughout a greater number of grains, resulting in a lower stress concentration. Moreover, the finer the grain, the larger the total area of grain boundaries, and the more significant the hindrance effect of grain boundaries on dislocation slip, thus increasing the resistance to dislocation slip near the grain boundaries. Therefore, dislocations are more difficult to slip cross grain boundaries, and pile at grain boundaries, ultimately increasing the strength of the alloy. According to the previous section, the forged microstructure is more uniform and refined at the center area, with γ grain and α2/γ lamellar colony sizes of 10 μm and 25 μm, respectively. The size of lamellar colony is much smaller than that of the as-cast alloy (60 μm). The fine microstructure can effectively improve the tensile strength of the alloy as shown in Figure 9.



It is also noted that the forged alloys in this paper exhibit good room-temperature and high-temperature elongation. Some researchers currently believe that the plasticity of a TiAl alloy depends primarily on the homogeneity of the alloy microstructure and chemical composition [28] rather than the grain size. While most studies have shown that the plasticity of polycrystalline alloys is inversely correlated with the grain size [44]. On the one hand, grain refinement can reduce the slip zone, shorten the duration of dislocation movement and accumulation at the slip plane, reduce strain concentration at the slip plane intersection and grain boundaries, and limit the crack nucleation. On the other hand, the coordination of plastic deformation is better for fine grain material, and the greater dislocation density also makes it easier for more slip systems to activate. As a result, grain size substantially influences the plasticity of a TiAl alloy.



In addition, according to the above section the proportional distribution of the α2, B2 and γ phases in the center area are 12.2%, 25.5% and 62.3%, respectively. For the Ti-43Al-2Cr-2Mn-0.2Y alloy studied by Cui [20], the volume fractions of the α2, B2 and γ phases at the center of the forging disk were 3.8%, 4.6% and 91.7%, corresponding to hardnesses of 5.8 GPa and 4.6 GPa for the B2 and γ phases, respectively. The measured room-temperature tensile strength and elongation were 657 MPa and 0.86%, respectively. For Ti-43Al-4Nb-2Mo-0.5B alloy studied by Niu [21], the volume fractions of the α2, B2 and γ phases were 2.1%, 11.7% and 86.1%, corresponding to hardnesses of 8.5 GPa and 5.3 GPa for the B2 and γ phases, respectively. The measured room-temperature tensile strength and elongation were 900 MPa and 0.4%, respectively. This suggests that the B2 phase containing Nb and Mo is harder than the B2 phase containing Cr and Mn. In this paper, the plasticity of the novel three-phase TiAl alloy is better than that of Ti-43Al-2Cr-2Mn-0.2Y and Ti-43Al-4Nb-2Mo-0.5B alloys. It is noteworthy that the nanohardness of the B2 and γ phases for the present study is lower than that of Ti-43Al-2Cr-2Mn-0.2Y and Ti-43Al-4Nb-2Mo-0.5B alloys. Furthermore, the hardness difference between the B2 and γ phases is 1.36 GPa, similar to the Ti-43Al-2Cr-2Mn-0.2Y alloy, while much lower than that of Ti-43Al-4Nb-2Mo-0.5B alloy (3.2 GPa). Small hardness differences promote the coordinated deformation between the B2 and γ phases. Meanwhile, the addition of Cr can improve the thermal stability and electron density at the grain boundaries of TiAl, which will positively influence the room-temperature ductility [45].



As a result, for the forged Ti-40Al-6V-1Cr-0.3Ni alloy, the fine microstructure with more B2 phase and less γ phase, as well as a lower hardness difference between the B2 and γ phases, are the primary reasons for its high strength and plasticity.



More in-depth studies on the high-temperature deformation mechanism of the three-phase TiAl alloy are still needed, which will be investigated in the future work of the authors.





4. Conclusions


The deformation behavior, microstructure, and mechanical properties of a novel three-phase Ti-40Al-6V-1Cr-0.3Ni (at%) alloy after near-isothermal forging were studied, and the following conclusions were reached:




	(1)

	
The high-temperature softening of the Ti-40Al-6V-1Cr-0.3Ni alloy during near-isothermal forging is dominated by coordinated deformation of the β phase, decomposition of lamellar structure, and dynamic recrystallization of the γ phase. The final microstructure is a mixture of residual α2/γ lamellae, equiaxed B2 and γ phases. The as-forged microstructure is fine and consistent, and the grain size at the center of the forging disk is about 10 μm.




	(2)

	
Each phase of the novel three-phase TiAl alloy exhibits low nanohardness and the hardness for α2/γ lamellae, equiaxed B2 and γ phases are 4.75 GPa, 5.19 GPa, and 3.83 GPa, respectively. The soft B2 and γ phases, and the lower hardness difference between the B2 and γ phases contribute to the coordinated plastic deformation.




	(3)

	
The forged Ti-40Al-6V-1Cr-0.3Ni alloy exhibits outstanding tensile properties, with a strength of 800 MPa, an elongation of 1.2%, and an elastic modulus of 162 GPa at room temperature. At high temperatures, the elastic modulus decreases, the elongation increases dramatically, and the deformed alloy achieves superplasticity at 900 °C. The favorable tensile property at room and high temperatures can be attributed to the fine microstructure, soft phase and better coordinated deformation between different phases.
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Figure 1. Macroscopic view of cast ingot and near-isothermal forging disk and location of test specimens for forging disk: (a) Cast ingot; (b) Near-isothermal forging disk, (c) location of test specimens for forging disk. 
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Figure 2. Microstructure of the as-cast and microstructure of forged ingot at different positions along the radius: (a) as-cast; (b) core; (c) 1/4r; (d) 1/2r; (e) 3/4r; (f) edge. 






Figure 2. Microstructure of the as-cast and microstructure of forged ingot at different positions along the radius: (a) as-cast; (b) core; (c) 1/4r; (d) 1/2r; (e) 3/4r; (f) edge.
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Figure 3. Grain boundary map and recrystallized map of Ti-40Al-6V-1Cr-0.3Ni alloy: (a) grain boundary of edge; (b) grain boundary of 1/2r; (c) grain boundary of core; (d) recrystallized of edge; (e) recrystallized of 1/2r; (f) recrystallized of core. 
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Figure 4. Phase map of Ti-40Al-6V-1Cr-0.3Ni alloy: (a) edge; (b) 1/2r; (c) core. 
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Figure 5. Diagrams of the orientation relations between the α2, γ and B2 phases of the Ti-40Al-6V-1Cr-0.3Ni alloy: (a) edge; (b) 1/2r; (c) core. 
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Figure 6. Euler diagram of the α2 phase of the Ti-40Al-6V-1Cr-0.3Ni alloy: (a) 1/2r; (b) core. 
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Figure 7. Grain orientation spread maps of the Ti-40Al-6V-1Cr-0.3Ni alloy: (a) edge; (b) 1/2r; (c) core; (d) GOS value at edge; (e) GOS value at 1/2r; (f) GOS value at core. 
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Figure 8. Hardness statistics of the forged Ti-40Al-6V-1Cr-0.3Ni alloy: (a) nano-hardness of various constituent phases; (b) microhardness. 
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Figure 9. Room- and high-temperature tensile properties and tensile samples of the β-TiAl alloy: (a) room-temperature tensile properties of the cast and forged alloys; (b) high-temperature tensile properties of the forged alloys; (c) initial sample; (d) 700 °C; (e) 800 °C; (f) 900 °C. 
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Figure 10. Room- and high-temperature tensile fracture surface of the forged TiAl Alloy: (a) room temperature; (b) 700 °C; (c) 800 °C; (d) 900 °C. 
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Table 1. EDS detection of experimental materials (at.%).
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	Ti
	Al
	V
	Cr
	Ni





	53.1
	39.9
	6.1
	1.0
	0.3
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Table 2. Statistical results of grain boundary angle at different positions of the forged TiAl disk.
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	2°–5°
	5°–15°





	Edge
	17.46%
	19.94%



	1/2r
	17.59%
	11.14%



	Core
	9.47%
	9.87%
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