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Abstract

:

TiAl alloys have the potential to become a new generation of high-temperature materials due to their lightweight and high-strength properties, while the brittleness at room temperature and microstructure stability at elevated temperature are the key problems. The preparation of composite materials is an effective way to solve these problems, because the mechanical properties of TiAl matrix composites can be improved by the close combination of the reinforced phase and matrix. The preparation methods, microstructure, and mechanical properties of TiAl matrix composites reinforced by carbides are reviewed from the literature in this paper. A comprehensive summary of the effect of C on TiAl alloys can reveal the relationship between the microstructure and mechanical properties and provide guidance for subsequent experimental works. Two forms of C in TiAl matrix composites are reviewed: solid solutions in matrix and carbide precipitations. For TiAl alloys, the minimum carbon content for the carbide precipitation is about 0.5 at.% for low-Nb-containing TiAl alloys and about 0.8 at.% for high-Nb-TiAl alloys. An appropriate amount of C can improve the tensile properties and flexural strength of TiAl alloys. The hardness of the composites is higher than that of pure TiAl due to solution strengthening when the carbon content is low. The minimum creep rate of TiAl alloys can be reduced by one order of magnitude by adding C at the amount near the solubility limit.
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1. Introduction


In recent years, TiAl alloys have gradually developed into a new generation of alloys in the field of high-temperature materials. Its lightweight and high-strength properties, as well as attractive antioxidant properties, make it possible to replace nickel-based superalloys in the temperature range of 650~800 °C. TiAl alloys have been developed to the third generation after decades of involution, including high-Nb-TiAl alloys, block-transformed alloys, and β-solidified alloys [1]. These alloys can be used at temperatures of around 760 °C, such as turbine blades of aeroengines, automobile engines, and exhaust valves of racing cars [2].



The stable phases in Ti-Al intermetallic compounds mainly include Ti3Al, TiAl, and TiAl3, the crystal structures of which are shown in Figure 1. Ti3Al is called an α2 phase with good plasticity at room temperature, which can obviously improve the room-temperature brittleness of Ti-Al alloys; however, its wide production and application are limited by its easy oxidation and greatly reduced strength [3,4]. γ-TiAl has good oxidation resistance and mechanical properties, but the plasticity and toughness at room temperature is relatively poor [5]. TiAl3 has great potential as a high-temperature lightweight material for its lowest density and the best oxidation resistance due to its high Al content. However, its development has been relatively slow because of the room-temperature brittleness [6,7]. At present, the main challenges for Ti-Al alloys are the low-room-temperature ductility (0~2%) and insufficient high-temperature microstructure stability. In view of these shortcomings, the prime ways to improve the microstructure and mechanical properties of Ti-Al alloys can be divided into two categories:



(1) Adding alloying elements to control microstructure, and consequently improving mechanical properties at room temperature and elevated temperature, e.g., Mo, Nb, Cr. The presence of Mo can increase the composition of the β/B2 phase in TiAl alloys, which can improve the high-temperature plasticity of the alloys [8]. The β/B2 phase can prevent the growth of α grains during the cooling process, for it is formed along the grain boundary, and thus refines the grain. However, the resulting reduction in the α phase will reduce the strength of the alloys [9]. Because of the low diffusion rates of Nb and Mo elements, they can delay the climbing process of diffusion-assisted dislocation, improve the creep resistance, and significantly reduce the steady creep rate. At the same time, Mo can also improve the oxidation resistance of TiAl alloys, but excessive doping will form oxides that are difficult to degrade, such as MoO3, which is not conducive to improving the oxidation resistance [10,11]. The addition of Cr (>8 at.%) can promote the formation of an Al2O3 oxide layer and reduce the thermal stress, but such a large amount of Cr will affect the plasticity and fracture toughness [12].



(2) Preparation of the composites in which the TiAl matrix combined with reinforced phases can improve the high-temperature microstructure stability. According to the morphology of the reinforced phases, the composites can be divided into two main types: continuous fiber-reinforced type and noncontinuous particle-reinforced type.



For TiAl matrix composites, noncontinuous particle-reinforced TiAl matrix composites have become an important research direction with the advantages of a simple preparation process, low cost, and controlled performance. The reinforced phases include Y2O3 [13], TiB2 [14], TiC [15], Ti2AlC [16], and B4C [17]. The addition of majority-reinforced phases will inevitably reduce plasticity while improving strength, which has an influence on the practical application of TiAl alloys at elevated temperature. Therefore, it is of great practical significance to understand the existence forms of reinforced phases in TiAl matrix composites and their influence on mechanical properties. In this work, carbide-reinforced TiAl matrix composites are selected as the research object, as the previous studies have shown that an appropriate addition of carbide can increase the strength without seriously deteriorating its plasticity [18]. In addition, the preparation methods are summarized and analyzed from the literature in this field in recent years, in order to provide theoretical guidance for subsequent experiments.




2. The Preparation Methods


2.1. Mechanical Alloying


Mechanical alloying (MA) was proposed by Benjamin [19] in 1970 as a high-energy ball milling technique for the preparation of alloy powders. The MA process is simple and does not go through the melting process. It is suitable for the alloying of refractory metals and the generation of the nonequilibrium phase [20]. Gu et al. [21] prepared nano-composite powders of a Ti(Al) solid solution matrix reinforced by in situ TiC by high-energy MA technology. They found that with the increase in grinding time, the morphology of powder with an irregular initial shape underwent continuous change, and such a microstructure change was determined by the competition between cold welding and particle fracture. Karimi et al. [22] prepared TiAl(Nb)/Ti2AlC composites by MA and hot pressing sintering, and investigated the effect of the Nb element on the microstructure and oxidation resistance of the composites.



At present, the quantitative description and phase transformation process analysis of the MA technology are not clear. Future research could focus on powder deformation mechanics to illustrate the strain–stress process during the ball milling and the changes in microstructure and grain size.




2.2. Spark Plasma Sintering


Spark plasma sintering (SPS) can produce high temperature through the instantaneous discharge between powder particles for material sintering [23], which can greatly shorten the sintering time and reduce the sintering temperature. The prepared materials have fine grains, low pollution, and excellent performance [24]. Yang et al. [25] prepared TiAl matrix composites using SPS technology at different sintering temperatures and studied the phase composition. Mei et al. prepared Ti2AlC/TiAl composites by sintering mixed powders of Ti, A1, and TiC [26]. When the mixed powder contained 7 vol.% TiC, the fracture toughness KIC of the composite sintered at 1200 °C was up to 43 MPa·m1/2, which was 15% higher than that of TiAl alloys sintered by SPS.



At present, SPS technology is widely used and its technological maturity is constantly improving [27]. In the future, it can be studied to improve the versatility of equipment and the capacity of pulse current, so as to prepare large-size products. The development of mold materials with a higher strength than the graphite mold currently used can improve the bearing capacity of the mold and reduce the mold cost.




2.3. Hot Pressing and Hot Isostatic Pressing


Reactive sintering by hot pressing (HP) and hot isostatic pressing (HIP) can effectively eliminate the residual pores of products and obtain materials that are close to complete density [28]. Li et al. [29] prepared TiAl/Ti2AlNb composites by the HP method and revealed the relationship between the deformation behavior and fracture process of composites. The HP method may have thermal stress due to the uneven internal and external temperature distribution in the preparation of large-size samples. The HIP method usually has a higher tensile plasticity and better compactness than the HP method.




2.4. Combustion Synthesis


Combustion synthesis is also known as self-propagating high-temperature synthesis (SHS). The combustion temperature of the SHS method can reach 5000 K, and the reaction time is short the synthesis speed is very fast [30]. The composite materials synthesized by SHS have the advantages of a clean interface, and fast and simple process. Ramaseshana et al. [31] successfully prepared Ti2AlC/γ-TiAl composites by combustion synthesis and casting, the strength of the composite was 800 MPa at room temperature and 400 MPa at 900 °C, the fracture toughness was 17.8 MPa·m1/2, and it had excellent oxidation resistance. Andreev et al. [32] prepared TiAl matrix composites using the spin-casting SHS method and optimized the process parameters. XD technology is a material preparation technology developed on the basis of combustion reaction [33]. It is used to evenly mix the elemental powder of the matrix and reinforced phase, form a blank by cold pressing or hot pressing, and heat it quickly to the temperature above the melting point of the matrix but below the synthesis temperature of reinforcement, and the composite material with a uniform distribution of the reinforced phase is generated by in situ reaction.



It is worth noting that in the process of preparing TiAl matrix composites by powder metallurgy using elemental powders, because Ti is easy to react with O and N, the sintering of TiAl matrix composites generally needs to be carried out in a protective atmosphere, which greatly increases the production cost, and TiH2 may be an effective solution to this problem [34].



Ivasishin et al. [35] found in 1999 that using TiH2 instead of Ti powder to prepare TiAl alloys can reduce the sintering temperature and obtain high-density samples without applying high pressure. Robertson and Schaffer [36] concluded that enhanced densification using TiH2 powders may result from the volume reduction during TiH2 decomposition and finer original particle size, reduced oxygen content in hydride powders, and the enhanced chemical activity of the Ti surface with the release of atomic hydrogen. Wang et al. [37,38] proposed a pretreatment method that can be used in TiH2 and Al powders to obtain a TiAl matrix composite with high-density and satisfactory mechanical properties. Yan et al. [39] prepared a nonspherical pre-alloyed TiAl powder by using TiH2 and Al powder, and prepared Ti-48Al alloys with high density and low oxygen content.



In addition, the casting method is also commonly used in the preparation of composite materials. Lapin et al. [40] studied the effects of centrifugal casting and tilt casting on the microstructure and properties of TiAl matrix composites. It was found that the application of the casting process affects the size of carbide particles and the structure of the intermetallic compound matrix. The alloy made by centrifugal casting has a finer size of carbide particles. The Vickers hardness and matrix Vickers microhardness of the alloy made by centrifugal casting are higher than those made by tilt casting ones.



Liu et al. [41] fabricated Ti-Al-C composites by infiltration in situ reaction. The compound mechanism of the Ti-Al-C system can be described as formation-decomposition-precipitation-oxidation. Zhang et al. [42] prepared cast rods of TiAl alloys with a lamellar microstructure by cold crucible levitation melting, and the effects of carbon content on creep properties and tensile properties at room temperature were investigated. Li et al. [43] prepared a carbide and boride-reinforced TiAl matrix composite by induction skull melting (ISM) with a water-cooled copper crucible, and studied the effect of the addition of B/C on the mechanical properties of the alloy. The results showed that the alloy with B4C addition had finer grains.





3. The effect of C on Microstructure of Composites


3.1. Solubility of C in TiAl Alloys


C has a certain solid solubility in Ti-Al alloys, which is different in α2 and γ phases. From the perspective of crystal structures, it is explained that the appropriate environment occupied by C atoms in the sublattice is related to the surrounding atoms [44]. The preferred octahedral coordination of C atoms in α2 and γ phases is shown in Figure 2, where one C atom is surrounded by six Ti(Al) atoms. Different Ti-Al-C ternary systems are formed in α2 and γ phases: hexagonal-type Ti2AlC for the α2 phase and perovskite-type Ti3AlC for the γ phase.



In the α2 phase with an HCP crystal structure, C atoms are solidly dissolved in the octahedral interstice of the crystal structure and form a coordination octahedron with six Ti atoms [45]. In the L10-type FCC crystal structure of the γ phase, the corner positions of cells, as well as the bottom and top surface center positions, are occupied by Al atoms, and the remaining surface center positions are occupied by Ti atoms. The octahedron has Ti4Al2 and Ti2Al4 atomic occupancies in the L10-lattice, which is not suitable for accommodating an interstice C atom. Therefore, the solubility of C in the γ phase is lower than that in the α2 phase [46], the value of which is about 0.3 at.% in the γ phase, and about 1.2 at.% in the α2 phase [47].



Scheu et al. [48] found that the solid solubility of C in the γ phase could be improved by adding an Nb element. The addition of Nb leads to the formation of Ti anticrystal defects in the crystal. Nb atoms preferentially occupy Ti sites in the L10-lattice, forcing Al atoms to be replaced by Ti atoms in the Al sublattice, thus forming an octahedron surrounded by six Ti(Nb) atoms, which is more suitable for accommodating interstice C atoms. The solubility limit of C in the TiAl alloy is also related to the volume fraction of γ and α2 phases. Perdrix et al. [49] found that for Ti-48Al-based alloys, the solubility limit of C was 3000 wt.pmm, equivalent to 0.86 at.%. Dong et al. [50] found that for the Ti-46Al-2Cr-1.5Nb-0.2Si alloy, carbides began to precipitate when the carbon content reached 0.5 at.%, while no carbides were formed in the Ti-45Al-5Nb-0.5C alloy with the same carbon content of 0.5 at.% [18]. This proves that Nb can improve the solubility of C in TiAl alloys. In the Ti-46Al-8Nb-0.7C alloy with a higher Nb content, no carbides were precipitated, and carbides appeared when the carbon content increased to 1.4 at.% [51].




3.2. Effect of Carbide Precipitation on Microstructure


Cabibbo found that the carbides precipitate when the carbon content is higher than 0.9 at.% in the Ti-46Al-4Nb system [52], while Gabrisch et al. found that the carbides precipitate when the carbon content is higher than 0.75 at.% in the Ti-45Al-5Nb alloy [46]. The minimum carbon content for carbide precipitation is different for TiAl alloys with different addition elements, which is generally in the range of 0.75~1.0 at.% for Nb-containing TiAl alloys. Witusiewicz et al. [53] gave a thermodynamic description of the ternary Al–C–Ti system that used the CALPHAD approach (Thermo-Calc/PARROT). The results showed that H (Ti2AlC), P (Ti3AlC), and N (Ti3AlC2) in the system are thermodynamically stable over a wide range of temperatures. Therefore, the main reinforced phases are H (Ti2AlC), P (Ti3AlC), and N (Ti3AlC2). In addition, TiC usually occurs at the initial stage of the composite preparation reaction. These carbide crystal structures are shown in Figure 3.



3.2.1. Ti2AlC


As shown in Figure 3a, Ti2AlC is a typical compound of the MAX phase [54]. Each cell contains 2 Ti2AlC molecules. According to the literature [55], the crystal structure of Ti2AlC contains mixed bonding types of metallic, covalent, and ionic, which makes it exhibit a MAX phase. Due to the existence of ionic bonds, Ti2AlC has excellent electrical conductivity. The bond between the Ti atom and C atom is a strong covalent bond, which gives the material a high strength and a high elastic modulus. The layered structure results in a very weak bonding between the Ti and Al atomic plane, making the material self-lubricating and anisotropic.



The density and thermal expansion coefficient of Ti2AlC (4.11 g/cm3 and 8.8 × 10−6/K, respectively) are close to those of the TiAl-based alloy (3.8 g/cm3 and 12 × 10−6/K, respectively) [56,57], which can avoid the segregation phenomenon of reinforced particles to a large extent. In addition, the internal stress between the reinforced particles and matrix during the manufacturing process of the composite material is greatly reduced. Research by Yue et al. [58] also verified this statement. They found that the interface between the TiAl and Ti2AlC prepared by SPS technology was neatly bonded and there was no common residual stress layer on the interface, which was beneficial to the preparation of high-strength composites.



Chen et al. [59] carried out phase transformation analysis and a synthesis mechanism study on samples of hot-pressing sintered powders of Ti, Al, TiC and Ti, Al, C elements at 600~1300 °C. The results showed that below 900 °C, Ti reacted with Al to form Ti-Al intermetallic compounds, and above 900 °C, TiAl reacted with TiC to form dense TiAl/Ti2AlC composites. The Ti2AlC particles were evenly distributed in the TiAl matrix after sintering at 1200 °C. Lapin et al. [60] prepared (Ti,Nb)2AlC particle-reinforced TiAl matrix composites using centrifugal casting. As shown in Figure 4, the microstructure of as-cast composites was composed of (Ti,Nb)2AlC particles (1 and 2) distributed in the matrix composed of layered γ + α2 (3), a single γ (4) phase region, and β/B2 (5) particles.



Heat treatment has a significant effect on the microstructure of TiAl matrix composites. Lapin et al. [60] found that after heat treatment, the matrix of the composites containing 1.4 at.% C maintained the microstructure of γ + α2 + β/B2 type, while the matrix of the composites with a carbon content of 3.6 at.% transformed into nearly a γ phase, which is shown in Figure 5. As shown in Figure 6, Ramaseshan [31] found that after heat treatment of Ti2AlC/TiAl matrix composites prepared by SHS technology, the matrix structure changed from layered α2 + γ to near γ, and the precipitation of fine secondary carbide particles Ti2AlC was found along the lamellar direction. This indicates that the α2 phase containing carbon is decomposed into γ-TiAl and Ti2AlC particles during homogenization. Yue et al. [61] also carried out multi-step heat treatment studies on Ti2AlC/TiAl matrix composites, and found that Ti2AlC dispersed in the matrix can pin α and γ grain boundaries, thus hindering grain boundary migration and preventing grain growth. At the same time, γ grains can nucleate out from the Ti2AlC/matrix interface, which increases the nucleation location of γ grains and improves the nucleation rate.




3.2.2. Ti3AlC


As shown in Figure 3d, Ti3AlC has a cubic perovskite structure [62]. Studies on Ti3AlC have mainly focused on the formation mechanism and carbide evolution. Lapin et al. studied the evolution of carbides in TiAl matrix composites with the alloy system of Ti-44.6Al-7.9Nb-3.6C-0.7Mo-0.1B [63]. The carbides in the as-cast samples were mainly coarse H-Ti2AlC phases. A fine secondary P-Ti3AlC phase and H-Ti2AlC phase were precipitated after heat treatment. Zhou et al. [51] found that when the carbon content increased to 1.4 at.%, elongated H-Ti2AlC precipitated with a random distribution in Ti-46A1-8Nb alloys after solution treatment at 1380 °C. After aging at 900 °C for 6 h, acicular P-Ti3AlC precipitated, and the amount of P-Ti3AlC increased with the carbon content. The length of Ti3AlC was about 130 nm, and it precipitated from the γ phase with an orientation relationship with the γ phase: (100)Ti3AlC//(100)γ, <001>Ti3AlC//<001>γ. In addition to the distribution in the γ phase, Ti3AlC also distributed at the grain boundary and lamellar interface.



Mei et al. [64] found that a small amount of Ti3AlC was generated during hot pressing at a temperature above 1200 °C. At the initial stage of reaction, there was a large amount of Ti, Al, and TiC in the green body, and the contact between them was sufficient; therefore, the ratio of reaction products and raw materials was consistent, that is, Ti2AlC was generated. At the later stage of the reaction, the reaction was fully carried out, a large amount of Ti2AlC was formed in the green body, and only a small amount of reactants Ti-Al and TiC were left. In this way, an Al-deficient environment was easily created, and Ti3AlC with a similar layered structure to Ti2AlC but lacking more Al was generated.






4. Effect of C on Mechanical Properties and Its Mechanism


4.1. Tensile Properties


As for the tensile properties of composites, many researchers have conducted studies, as shown in Table 1, which shows a summary of the data of elongation and ultimate tensile strength (UTS) of TiAl matrix composites with different carbon contents. It can be seen that the addition of C can increase the UTS, but generally has little effect or a slight reduction in plasticity. Zhang et al. [42] found that an alloy with 0.05 at.% C, 0.1 at.%C, and 0.2 at.%C could improve the UTS by 7.7%, 9.3%, and 18.0% but reduce the elongation by 8%, 24%, and 52%, respectively. The addition of 0.2 at.% C had the highest degree of improvement on UTS, while the addition of 0.1 at.% C resulted in a good match between strength and plasticity of the alloy. Chlupov´A et al. [65] found that the UTS increased with the carbon content, while the plastic elongation showed a slight decline.



Wang et al. [44] found that the improvement of the tensile strength of TiAl alloys by the addition of C was mainly due to the refinement of interlayer spacing. As shown in Figure 7, the addition of C can reduce the lamellar spacing, and there were more semi-coherent interfaces in the thin lamellar TiAl alloy, which can hinder the dislocation movement. During the tensile process, the dislocations accumulated at the semi-coherent interface, which requires higher stress to drive the dislocations, so the carbide-reinforced TiAl matrix composites had a higher yield tensile strength than pure TiAl. In addition, the volume fraction of the B2 phase is another factor affecting the tensile strength of TiAl-based alloys at room temperature. The researchers noted that the presence of the B2 phase is a common source of cracking, damaging the tensile properties of TiAl matrix composites [67,68,69]. As mentioned above, the addition of C promoted the β→α phase transition, resulting in the decrease in the residual high-temperature β phase. When the temperature dropped to room temperature, the amount of B2 phase in the alloy decreased, and the tensile properties improved.




4.2. Flexural Properties and Fracture Toughness


Flexural strength is a comprehensive reflection of strength and toughness, which has reference value for evaluating the mechanical properties of alloys. Table 2 shows the data of flexural strength and fracture toughness in TiAl matrix composites with the change in carbon content. It can be seen that the flexural strength and fracture toughness have a similar trend with carbon content. Generally, there is a medium carbon content corresponding to the best properties. A higher or lower carbon content will have adverse effects on the flexural properties.



Gong et al. [70] prepared TiAl and TiAl/TiC composites by SPS. The experimental results showed that the flexural strength of TiAl/TiC composites greatly improved compared with that of pure TiAl. The maximum flexural strength was obtained when the amount of TiC was 10 wt.%, equivalent to the carbon content of 7.1 at.%. The flexural strength increased by 22%, from 643 MPa to 784.5 MPa. The fracture toughness of 3.6 at.% C containing TiAl/TiC composites was 16.8 MPa·m1/2, which was 39% higher than that of pure TiAl, and then the fracture toughness of composites reduced with a higher carbon content. The fracture toughness of the composites was lower than that of pure TiAl when the carbon content was over 10.6 at.%. Li et al. [71] found that the flexural strength of Ti2AlC/TiAl matrix composites prepared by vacuum hot pressing sintering could reach 743.84 MPa, during which the formation of Ti2AlC inhibited the abnormal growth of TiAl crystals. It is worth noting that Ruan et al. [72] found that the flexural strength and fracture toughness of the composite decreased with the carbon content in the Ti-(43-48)Al-(0-6.5)C alloy. Agglomeration of the reinforced phases was obvious, and the material structure was loose, as the relative density decreased from 92.7% to 86.8% with the increase in carbon content, which was the main reason for the deterioration in its mechanical properties.



Compared with pure TiAl, the crack propagation is retarded and the fracture energy is increased due to the presence of embedded carbides in composites. The improvement of fracture toughness can be achieved by increasing the strength of the reinforcement [73]. Lapin et al. [74] suggested that the brittle fracture of composites was mainly characterized by crack deviation, carbide fracture, stratification at the interface between the carbide particles and matrix, and carbide particles pulling out of the TiAl matrix, which is shown in Figure 8. During the experiment, they found that TiC particles existed in some coarse Ti2AlC particles, which improved the overall fracture toughness of composites by preventing the crack propagation in Ti2AlC particles.



Yue et al. [61] also studied the influence of the multi-step heat treatment on the fracture toughness of Ti2AlC/TiAl composites. The results showed that the flexural strength and fracture toughness of the composites reached 957.9 MPa and 20.73 MPa·m1/2 after heat treatment at 1390 °C. The fracture mode of the composites changed from the mixed mode of intergranular fracture and transgranular fracture to transgranular cleavage fracture after the multi-step heat treatment. Because the transgranular cleavage fracture consumes a large amount of energy inside the composites and inhibits the crack propagation, the flexural strength and fracture toughness of the composites after heat treatment can be greatly improved.




4.3. Hardness


Table 3 shows the hardness variation of TiAl matrix composites with different carbon contents. It can be seen from Table 3 that the hardness of composites was enhanced with the low addition of C. Zhang et al. [76] found that the hardness of the Ti-47Al-4Nb-2Cr-(0–0.8)C alloy increased by 38.9%, from 2.85 GPa to 3.96 GPa, with the increased carbon content. As shown in Figure 9, Gabrisch et al. [46] believed that this was because of the solid solution strengthening in the matrix by adding an appropriate amount of C, resulting in lattice distortion and increasing hardness. When the carbon content was excessive, the hardness decreased with the carbon content. Ruan et al. [72] found that the hardness of the Ti-(43-48)Al-(0–6.5)C alloy decreased by 18.5% as the carbon content increased from 0 at.% to 6.5 at.%. Yang et al. [75] considered that the main reason for the decrease in hardness was the increase in Ti2AlC formed in the TiAl matrix, which broke the inherent bonding force of the TiAl grain boundary.




4.4. Creep Properties


The improvement of the creep property is very important for improving the service life of TiAl alloys. Table 4 shows the creep test data of some TiAl matrix composites containing C. Zhang et al. [42] found that adding 0.05 at.%~0.2 at.% C reduced the transient creep strain, plastic strain, and creep rate at 200 h of TiAl alloys, and the improvement increased with the carbon content. Among them, adding 0.1 at.% C reduced the plastic creep strain by half. The creep rate under the same strain decreased by more than one order of magnitude. The results from Lapin et al. [78] showed that the creep resistance of Ti-46.4Al-5.1Nb-0.2B-1C was better than that of low-carbon alloy (Ti-47Al-5.2Nb-0.2B-0.2C) at the temperature of 800 °C. This was also confirmed by the results of Zhou et al. [79] and Zhang et al. [80]. For the Ti-(42.0-42.6)Al-8.7Nb-0.3Ta-(2.0-3.6)C alloy [81], the minimum creep rate of the alloy with 2.0 at.% C was lower, indicating that excessive carbon content will adversely affect the creep property. Li et al. [66] found that the precipitation of a large amount of Ti3AlC improved the creep resistance of the high-Nb-TiAl alloys with a trace element of C in the long-term creep process.



Kamyshnykova et al. [82] considered that the deformation structure of composites under low creep strain, which corresponds to the minimum creep rate, was mainly dislocation in the TiAl matrix, and that under high strain was mainly caused by deformation twinning. Worth et al. [83] believed that for the same alloys, the full-lamellar structure has a higher creep resistance than the duplex and equiaxial γ structure, and it is also because the fine lamellar spacing of the lamellar structure reduces the effective slip length of dislocation motion. The presence of carbides is an effective obstacle to dislocation motion, and dislocation bypasses these precipitates by climbing. At the same time, the carbides in the initial microstructure improve the strain hardening capacity of the alloys, and the carbides precipitated at the interrupted γ lamellar step play a dynamic hardening effect during the creep process, which is also the reason why the addition of C improves the homogeneity of creep deformation at high stress in the TiAl alloy with a lamellar microstructure [42].





5. Conclusions


The preparation of TiAl matrix composites can effectively solve the problem of poor microstructure stability of TiAl alloys at elevated temperature, which makes it possible to use TiAl matrix composites at high temperature. In this paper, the microstructure and mechanical properties of TiAl matrix composites are summarized and analyzed from the literature. There are two forms of C in TiAl matrix composites: solid solution in matrix and carbide precipitations. The C solid solubilized in the matrix mainly plays the role of solution strengthening. Carbides can be distributed in the interlamellar or grain boundary to improve the mechanical properties of the alloys due to its good thermal stability. Ti2AlC, one of the MAX phases, is regarded as an ideal reinforcing phase in the composite materials. For high-Nb-TiAl alloys, the minimum carbon content for carbide precipitation is generally between 0.75 and 1.0 at.%. The effects of C on the mechanical properties of TiAl matrix composites are mainly concluded as follows:




	
Proper amount of C can improve the tensile properties of TiAl matrix composites. An optimized tensile properties can be obtained with carbon content of about 0.2 at.%.



	
The flexural strength of the alloys can be greatly improved with addition of C, due to the formation of Ti2AlC, which can hinder the abnormal growth of grain.



	
For TiAl matrix composites, the hardness of the composites is higher due to solution strengthening when the carbon content is low; when superfluous C is added, the carbide precipitates destroy the inherent bonding force of TiAl grain boundary, leading to the decrease of hardness.



	
The minimum creep rate of TiAl can be reduced by one order of magnitude by adding C at about 0.5 at.%.








In general, when the carbon content is near the solubility limit in TiAl matrix composites, the composites show relatively comprehensive mechanical properties.







Author Contributions


Writing—original draft preparation, methodology, investigation, Y.Y.; design guide, writing assistance, funding acquisition, supervision, Y.L.; writing assistance, methodology, data analysis, C.L.; supervision, design guide, funding acquisition, writing assistance, J.L. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by the National Key R&D Program of China [grant number 2021YFB3700501], the National Natural Science Foundation of China [grant number 51831001], the Funds for Creative Research Groups of China [grant number 51921001] and the Fundamental Research Funds for the Central Universities [FRF-MP-20-44].




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Appel, H.F.; Paul, J.; Oehring, M. Gamma Titanium Aluminide Alloys: Science and Technology; Wiley-VCH: Weinheim, Germany, 2011. [Google Scholar]

	



Yang, R. Advances and Challenges of TiAl based Alloys. Acta Metall. Sin. 2015, 51, 129–147. [Google Scholar]

	



He, P.; Feng, J.C.; Zhou, H. Microstructure and strength of brazed joints of Ti3Al-base alloy with different filler metals. Mater. Charact. 2005, 54, 338–346. [Google Scholar] [CrossRef]

	



Xie, Y.Q.; Tao, H.J.; Peng, H.J.; Li, X.B.; Liu, X.B.; Peng, K. Atomic states, potential energies, volumes, stability and brittleness of ordered FCC TiAl2 type alloys. Phys. B Condens. Matter 2005, 366, 17–37. [Google Scholar] [CrossRef]

	



Bieler, T.R.; Fallahi, A.; Ng, B.C.; Kumar, D.; Crimp, M.A.; Simkin, B.A.; Zamiri, A.; Pourboghrat, F.; Mason, D.E. Fracture initiation/propagation parameters for duplex TiAl grain boundaries based on twinning, slip, crystal orientation, and boundary misorientation. Intermetallics 2005, 13, 979–984. [Google Scholar] [CrossRef]

	



Gedevanishvili, S.; Munir, Z.A. The synthesis of TiB2–TiAl3 composites by field-activated combustion. Mater. Sci. Eng. A 1998, 246, 81–85. [Google Scholar] [CrossRef]

	



Wang, P.Y.; Li, H.J.; Qi, L.H.; Zeng, X.H.; Zuo, H.S. Synthesis of Al-TiAl3 compound by reactive deposition of molten Al droplets and Ti powders. Prog. Nat. Sci. 2011, 21, 153–158. [Google Scholar] [CrossRef]

	



Neelam, N.S.; Banumathy, S.; Omprakash, C.M.; Satyanarayana, D.V.V.; Bhattacharjee, A.; Nageswara Rao, G.V.S. Compression and creep behaviour of Ti-46.5Al-xNb-yCr-zMo-0.3B (x = 3.5, 5; y, z = 0, 1, 2) alloys. Mater. Sci. Eng. A 2022, 839, 142769. [Google Scholar] [CrossRef]

	



Zhang, S.Z.; Zhao, Y.B.; Zhang, C.J.; Han, J.C.; Sun, M.J.; Xu, M. The microstructure, mechanical properties, and oxidation behavior of beta-gamma TiAl alloy with excellent hot workability. Mater. Sci. Eng. A 2017, 700, 366–373. [Google Scholar] [CrossRef]

	



Kim, D.; Seo, D.; Huang, X.; Tsawatzky, T.; Saari, H.; Hong, J.; Kim, Y.W. Oxidation behaviour of gamma titanium aluminides with or without protective coatings. Int. Mater. Rev. 2014, 59, 297–325. [Google Scholar]

	



Pérez, P.; Jiménez, J.; Frommeyer, G.; Adeva, P. Oxidation behaviour of a Ti–46Al–1Mo–0.2Si alloy: The effect of Mo addition and alloy microstructure. Mater. Sci. Eng. A 2000, 284, 138–147. [Google Scholar] [CrossRef]

	



Jiang, Z.H.; Zhao, C.Z.; Yu, J.J.; Zhang, H.X.; Li, Z.M. Effect of Cr on microstructure and oxidation behavior of TiAl-based alloy with high Nb. China Foundry 2018, 15, 17–22. [Google Scholar] [CrossRef]

	



Guo, Y.; Chen, Y.; Xiao, S.; Tian, J.; Zheng, Z.; Xu, L. Influence of nano-Y2O3 addition on microstructure and tensile properties of high-Al TiAl alloys. Mater. Sci. Eng. A 2020, 794, 139803. [Google Scholar] [CrossRef]

	



Cui, X.; Zhang, Y.; Yao, Y.; Ding, H.; Geng, L.; Huang, L.; Sun, Y. Synthesis and fracture characteristics of TiB2-TiAl composites with a unique microlaminated architecture. Metall. Mater. Trans. A 2019, 50, 5853–5865. [Google Scholar] [CrossRef]

	



Geng, H.; Cui, C.; Liu, L.; Liang, Y. The microstructures and mechanical properties of hybrid in-situ AlN-TiC-TiN-Al3Ti/Al reinforced Al-Cu-Mn-Ti alloy matrix composites. J. Alloy. Compd. 2022, 903, 163902. [Google Scholar] [CrossRef]

	



Chen, R.; Fang, H.; Chen, X.; Su, Y.; Ding, H.; Guo, J.; Fu, H. Formation of TiC/Ti2AlC and α2+ γ in in-situ TiAl composites with different solidification paths. Intermetallics 2017, 81, 9–15. [Google Scholar] [CrossRef]

	



Tian, T.; He, Q.; Liu, C.; Wang, A.; Hu, L.; Guo, W.; Wang, W.; Wang, H.; Zou, J.; Fu, Z. The effect of B and Ti–Al intermetallics additions on the microstructure and mechanical properties of hot-pressed B4C. Ceram. Int. 2022, 48, 16054–16062. [Google Scholar] [CrossRef]

	



Chen, S.; Beaven, P.A.; Wagner, R. Carbide precipitation in γ-TiAl alloys. Scr. Mater. 1992, 26, 1205–1210. [Google Scholar] [CrossRef]

	



Benjamin, J.S. Dispersion strengthened superalloys by mechanical alloying. Metall. Trans. 1970, 1, 2943–2951. [Google Scholar] [CrossRef]

	



Mei, B.F.; Wu, B.Y. A new process for developing new alloy materials—Mechanical alloying. Mater. Sci. Eng. 1992, 10, 5. [Google Scholar]

	



Gu, D.D.; Wang, Z.; Shen, Y.F.; Li, Q.; Li, Y.F. In-situ TiC particle reinforced Ti–Al matrix composites: Powder preparation by mechanical alloying and Selective Laser Melting behavior. Appl. Surf. Sci. 2009, 255, 9230–9240. [Google Scholar] [CrossRef]

	



Karimi, H.; Ghasemi, A.; Hadi, M. Microstructure and oxidation behaviour of TiAl(Nb)/Ti2AlC composites fabricated by mechanical alloying and hot pressing. Bull. Mater. Sci. 2016, 39, 1263–1272. [Google Scholar] [CrossRef]

	



Chen, Y.Y.; Niu, H.Z.; Tian, J.; Kong, F.T.; Xiao, S.L. Research Progress of Particulates Reinforced TiAl Based Composites. Rare Met. Mater. Eng. 2011, 40, 2060–2064. [Google Scholar]

	



Zhang, J.; Liu, K.; Zhou, M. Development and Application of Spark Plasma Sintering. Powder Metall. Ind. 2002, 20, 129–134. [Google Scholar]

	



Yang, X.; Ma, W.J.; Wang, W.L.; Kkang, X.T.; Gu, W.T.; Liu, S.F.; Tang, H.P. Microstructural Evolution Mechanisms of TiAl Based Alloy Prepared by Spark Plasma Sintering. Rare Met. Mater. Eng. 2019, 48, 2994–3000. [Google Scholar]

	



Mei, B.; Miyamoto, Y. Investigation of TiAl/Ti2AlC composites prepared by spark plasma sintering. Mater. Chem. Phys. 2002, 75, 291–295. [Google Scholar] [CrossRef]

	



Rasa, K.J.; Ragupathy, Y.; Darius, M.; Olha, S.; Vasylovych, L.E.; Serhiiovych, T.A.; Serhiiovych, P.M.; Jaromír, D. Analysis of mechanical properties and microstructure of Ti-Al-C composites after spark plasma sintering. Mach. Technol. Mater. 2022, 16, 70–73. [Google Scholar]

	



Ai, T.T.; Wang, F.; Chen, P. Preparations and Applications of Intermetallic Compounds. Rare Met. Lett. 2006, 25, 5–12. [Google Scholar]

	



Li, D.; Wang, B.; Luo, L.; Li, X.; Yu, J.; Li, B.; Wang, L.; Su, Y.; Guo, J.; Fu, H. Enhanced strength and fracture characteristics of the TiAl/Ti2AlNb laminated composite. Mater. Sci. Eng. A 2022, 835, 142632. [Google Scholar] [CrossRef]

	



Mossino, P. Some aspects in self-propagating high-temperature synthesis. Ceram. Int. 2004, 30, 311–332. [Google Scholar] [CrossRef]

	



Ramaseshan, R.; Kakitsuji, A.; Seshadri, S.; Nair, N.; Mabuchi, H.; Tsuda, H.; Matsui, T.; Morii, K. Microstructure and some properties of TiAl-Ti2AlC composites produced by reactive processing. Intermetallics 1999, 7, 571–577. [Google Scholar] [CrossRef]

	



Andreev, D.E.; Yukhvid, V.I.; Ikornikov, D.M.; Sanin, V.N.; Sachkova, N.V.; Ignat’eva, T.I.; Kovalev, I.D. Autowave Synthesis of TiAl-Based Cast Composite Materials from Thermite-Type Mixtures. Inorg. Mater. 2019, 55, 417–422. [Google Scholar] [CrossRef]

	



Westwood, R.A. New materials for aerospace industry. Mater. Sci. Technol. 1990, 6, 958–961. [Google Scholar] [CrossRef]

	



Rak, Z.S.; Walter, J. Porous titanium foil by tape casting technique. J. Mater. Process. Technol. 2006, 175, 358–363. [Google Scholar] [CrossRef]

	



Ivasishin, O.M.; Demidik, A.N.; Savvakin, D.G. Use of titanium hydride for the synthesis of titanium aluminides from powder materials. Powder Metall. Met Ceram. 1999, 38, 482–487. [Google Scholar] [CrossRef]

	



Robertson, I.M.; Schaffer, G.B. Comparison of sintering of titanium and titanium hydride powders. Powder Metall. 2010, 53, 12–19. [Google Scholar] [CrossRef]

	



Wang, Z.; Shao, H.P.; Ye, Q.; Lin, J.P.; Duan, Q.K.; Lin, T.; Guo, Z.M.; He, X.B. Preparation of TiAl alloy powders by reaction of titanium hydride and aluminum in high vacuum. J. Funct. Mater. 2014, 45, 10045–10048. [Google Scholar]

	



Wang, H.; Zhang, C.; Yang, F.; Cao, P.; Volinsky, A.A. High-density and low-interstitial Ti-23Al-17Nb prepared by vacuum pressureless sintering from blended elemental powders. Vacuum 2019, 164, 62–65. [Google Scholar] [CrossRef]

	



Yan, M.; Yang, F.; Lu, B.; Chen, C.; Guo, Z. Microstructure and Mechanical Properties of High Relative Density γ-TiAl Alloy Using Irregular Pre-Alloyed Powder. Metals 2021, 11, 635. [Google Scholar] [CrossRef]

	



Lapin, J.; Klimová, A. Vacuum induction melting and casting of TiAl-based matrix in-situ composites reinforced by carbide particles using graphite crucibles and moulds. Vacuum 2019, 169, 108930. [Google Scholar] [CrossRef]

	



Liu, Y.; Xiu, Z.; Wu, G.; Jiang, L.; Jiang, G. Microstructure Evolution of Ti-Al-C System Composite. Rare Met. Mater. Eng. 2010, 39, 1152–1156. [Google Scholar]

	



Zhang, X.W.; Wang, H.W.; Zhu, C.L.; Li, S.; Zhang, J. Effect of C content on Microstructure and mechanical properties of cast TiAl Alloy. Rare Met. Mater. Eng. 2020, 49, 138–146. [Google Scholar]

	



Li, M.A.; Xiao, S.L.; Xiao, L.; Xu, L.J.; Tian, J.; Chen, Y.Y. Effects of carbon and boron addition on microstructure and mechanical properties of TiAl alloys. J. Alloy. Compd. 2017, 728, 206–221. [Google Scholar] [CrossRef]

	



Wang, Q.; Ding, H.; Zhang, H.; Chen, R.; Guo, J.; Fu, H. Variations of microstructure and tensile property of γ-TiAl alloys with 0–0.5 at% C additives. Mater. Sci. Eng. A 2017, 700, 198–208. [Google Scholar] [CrossRef]

	



Menand, A.; Huguet, A.; Nérac-Partaix, A. Interstitial solubility in γ and α2 phases of TiAl-based alloys. Acta Mater. 1996, 44, 4729–4737. [Google Scholar] [CrossRef]

	



Gabrisch, H.; Stark, A.; Schimansky, F.P.; Wang, L.; Schell, N.; Lorenz, U.; Pyczak, F. Investigation of carbides in Ti–45Al–5Nb–xC alloys (0 ≤ x ≤ 1) by transmission electron microscopy and high energy-XRD. Intermetallics 2013, 33, 44–53. [Google Scholar] [CrossRef]

	



Klein, T.; Rashkova, B.; Clemens, H.; Mayer, S. Carbon distribution in multi-phase γ-TiAl based alloys and its influence on mechanical properties and phase formation. Acta Mater. 2015, 94, 205–213. [Google Scholar] [CrossRef]

	



Scheu, C.; Stergar, E.; Schober, M.; Cha, L.; Clemens, H.; Bartels, A.; Schimansky, F.P.; Cerezo, A. High carbon solubility in a γ-TiAl-based Ti–45Al–5Nb–0.5C alloy and its effect on hardening. Acta Mater. 2009, 57, 1504–1511. [Google Scholar] [CrossRef]

	



Perdrix, F.; Trichet, M.F.; Bonnentien, J.L.; Cornet, M.; Bigot, J. Relationships between interstitial content, microstructure and mechanical properties in fully lamellar Ti–48Al alloys, with special reference to carbon. Intermetallics 2001, 9, 807–815. [Google Scholar] [CrossRef]

	



Dong, L.M.; Cui, Y.Y.; Yang, R. Effect of B or C on the Macro-and Micro-structures of Cast Near Gamma TiAl Alloys. Acta Metall. Sin. 2002, 38, 643–646. [Google Scholar]

	



Zhou, H.; Zhang, T.B.; Wu, Z.E.; Hu, R.; Kou, H.C.; Li, J.S. Formation and Evolution of Precipitate in TiAl Alloy with Addition of Interstitial Carbon Atom. Acta Metall. Sin. 2014, 50, 7. [Google Scholar]

	



Cabibbo, M. Carbon content driven high temperature γ-α2 interface modifications and stability in Ti–46Al–4Nb intermetallic alloy. Intermetallics 2020, 119, 106718. [Google Scholar] [CrossRef]

	



Witusiewicz, V.T.; Hallstedt, B.; Bondar, A.A.; Hecht, U.; Sleptsov, S.V.; Velikanova, T.Y. Thermodynamic description of the Al–C–Ti system. J. Alloy. Compd. 2015, 623, 480–496. [Google Scholar] [CrossRef]

	



Tsipas, S.A.; Tabares, E.; Weissgaerber, T.; Hutsch, T.; Velasco, B. Thermophysical properties of porous Ti2AlC and Ti3SiC2 produced by powder metallurgy. J. Alloy. Compd. 2020, 857, 158145. [Google Scholar] [CrossRef]

	



Zhou, W.B.; Mei, B.C.; Zhu, J.Q.; Chen, Y.L. Research progress of Machinable Ti2AlC ceramics. J. Wuhan Univ. Technol. Mater. 2002, 24, 22–24. [Google Scholar]

	



Cha, L.; Scheu, C.; Clemens, H.; Chladil, H.F.; Dehm, G.; Gerling, R.; Bartels, A. Nanometer-scaled lamellar microstructures in Ti–45Al–7.5Nb–(0; 0.5)C alloys and their influence on hardness. Intermetallics 2008, 16, 868–875. [Google Scholar] [CrossRef]

	



Song, X.J.; Cui, H.Z.; Hou, N.; Wei, N.; Han, Y.; Tian, J.; Song, Q. Lamellar structure and effect of Ti2AlC on properties of prepared in-situ TiAl matrix composites. Ceram. Int. 2016, 42, 13586–13592. [Google Scholar] [CrossRef]

	



Yue, Y.; Wu, H.; Zhang, L.; Wang, Z.; Zhang, L. Preparation and microstructural analysis of Ti2AlC/TiAl(Nb) composite. J. Wuhan Univ. Technol. Mater. Sci. Ed. 2007, 22, 7–11. [Google Scholar] [CrossRef]

	



Chen, Y.L.; Yan, M.; Sun, Y.M.; Mei, B.C.; Zhu, J.Q. The phase transformation and microstructure of TiAl/Ti2AlC composites caused by hot pressing. Ceram. Int. 2009, 35, 1807–1812. [Google Scholar] [CrossRef]

	



Lapin, J.; Klimová, A.; Gabalcová, Z.; Pelachová, T.; Bajana, O.; Štamborská, M. Microstructure and mechanical properties of cast in-situ TiAl matrix composites reinforced with (Ti,Nb)2AlC particles. Mater. Des. 2017, 133, 404–415. [Google Scholar] [CrossRef]

	



Yue, Y.; Wang, Z.; Wu, H.; Su, T.; Xu, Y. Effect of multi-step heat treatment on Microstructure and properties of Ti2AlC/TiAl Composites. Rare Met. Mater. Eng. 2006, 35, 600–604. [Google Scholar]

	



Kanchana, V. Mechanical properties of Ti3AlX (X = C, N): Ab initio study. Europhys. Lett. 2009, 87, 26006. [Google Scholar] [CrossRef]

	



Lapin, J.; Pelachová, T.; Bajana, O. High temperature deformation behaviour and microstructure of cast in-situ TiAl matrix composite reinforced with carbide particles. J. Alloy. Compd. 2019, 797, 754–765. [Google Scholar] [CrossRef]

	



Mei, B.C.; Hong, X.L.; Zhu, J.Q.; Zhou, W.B. Fabrication of Ti2AlC material by in-situ hot pressing TiC/Ti/Al powder mixtures. Mater. Sci. Technol. 2005, 13, 361–364. [Google Scholar]

	



Chlupová, A.; Heczko, M.; Obrtlík, K.; Polák, J.; Roupcoá, P.; Beran, P.; Kruml, T. Mechanical properties of high niobium TiAl alloys doped with Mo and C. Mate. Des. 2016, 99, 284–292. [Google Scholar] [CrossRef]

	



Li, S.J.; Wang, Y.L.; Li, J.P.; Lin, Z.; Chen, G.L. Influence of C and B Elements on Structures and Mechanical Properties for High Nb Containing TiAl Alloy. Rare Met. Mater. Eng. 2004, 33, 144–148. [Google Scholar]

	



Jung, I.S.; Jang, H.S.; Oh, M.H.; Lee, J.H.; Wee, D.M. Microstructure control of TiAl alloys containing β stabilizers by directional solidification. Mater. Sci. Eng. A 2002, 329, 13–18. [Google Scholar] [CrossRef]

	



Lee, H.N.R.; Johnson, D.; Inui, H. Microstructural control through seeding and directional solidification of TiAl alloys containing Mo and C. Acta Mater. 2000, 48, 3221–3233. [Google Scholar] [CrossRef]

	



Xu, X.J.; Lin, J.P.; Wang, Y.L.; Gao, J.F.; Lin, Z.; Chen, G.L. Microstructure and tensile properties of as-cast Ti–45Al–(8–9)Nb–(W, B, Y) alloy. J. Alloy. Compd. 2006, 414, 131–136. [Google Scholar] [CrossRef]

	



Gong, Y.S. Investigation on the Synthesis and Performance of TiC Particulates Reinforced TiAl Intermetallic Matrix Composite. Master’s Thesis, Jinan University, Jinan, China, 2003. [Google Scholar]

	



Li, Y.; Wang, F.; Liu, N.; Zhu, J. Microstructure and Properties of In-situ Synthesized Ti2AlC/TiAl Composites. Spec. Cast. Nonferrous Alloy. 2008, 28, 145–148. [Google Scholar]

	



Ruan, M.M. The Preparation and Mechanical Properties of Ti3AlC2 and Ti3AlC2/Ti-Al Composites. Master’s Thesis, Shaanxi Institute of Technology, Hanzhong, China, 2015. [Google Scholar]

	



Vendateswara, K.T.; Ritchie, R.O. High-temperature fracture and fatigue resistance of a ductile β-TiNb reinforced γ-TiAl intermetallic composite. Acta Mater. 1998, 46, 4167–4180. [Google Scholar] [CrossRef]

	



Lapin, J.; Štamborská, M.; Kamyshnykova, K.; Pelachová, T.; Klimová, A.; Bajana, O. Room temperature mechanical behaviour of cast in-situ TiAl matrix composite reinforced with carbide particles. Intermetallics 2019, 105, 113–123. [Google Scholar] [CrossRef]

	



Yang, C.H.; Wang, F.; Ai, T.; Zhu, J.F. Microstructure and mechanical properties of in situ TiAl/Ti2AlC composites prepared by reactive hot pressing. Ceram. Int. 2014, 40, 8165–8171. [Google Scholar] [CrossRef]

	



Zhang, Q. Effect of Graphene on Microstructure and Mechanical Properties TiAl-Based Alloy Prepared by Powder Metalliurgy. Master’s Thesis, Harbin Institute of Technology, Harbin, China, 2015. [Google Scholar]

	



He, Y.C. Study on Effect of B or C on Microstructure and Properties of TiAl Composites. Master’s Thesis, Harbin Institute of Technology, Harbin, China, 2014. [Google Scholar]

	



Lapin, J.; Kamyshnykova, K. Enhancing High-Temperature Creep Resistance of In Situ TiAl-Based Matrix Composite by Low Volume Fraction of Ti2AlC Particles. Mater. Sci. Forum 2021, 1016, 792–797. [Google Scholar] [CrossRef]

	



Zhou, C.X.; Liu, B.; Liu, Y.; Qiu, C.Z.; Li, H.Z.; He, Y.H. Effect of carbon on high temperature compressive and creep properties of β-stabilized TiAl alloy. Trans. Nonferrous Met. Soc. 2017, 27, 2400–2405. [Google Scholar] [CrossRef]

	



Zhang, X.W.; Hu, H.T.; Zhu, C.L.; Li, S.; Zhang, J. Effect of C element on high stress creep deformation of lamellar TiAl Alloy. Rare Met. Mater. Eng. 2017, 41, 972–979. [Google Scholar]

	



Lapin, J.; Kamyshnykova, K.; Klimova, A. Comparative Study of Microstructure and Mechanical Properties of Two TiAl-Based Alloys Reinforced with Carbide Particles. Molecules 2020, 25, 3423. [Google Scholar] [CrossRef]

	



Kamyshnykova, K.; Lapin, J. Grain refinement of cast peritectic TiAl-based alloy by solid-state phase transformations. Kov. Mater. 2018, 56, 277–287. [Google Scholar] [CrossRef]

	



Worth, B.D.; Jones, J.W.; Allison, J.E. Creep deformation in near-γ TiAl: Part 1. the influence of microstructure on creep deformation in Ti-49Al-1V. Metall. Mater. Trans. A 1995, 26, 2947–2959. [Google Scholar] [CrossRef]








[image: Metals 12 00790 g001 550] 





Figure 1. The crystal structure of the Ti-Al intermetallic compounds: (a) Ti3Al; (b) TiAl; (c) TiAl3. 
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Figure 2. Atomic occupancy of interstitial C in (a) α2 (Ti3Al) and (b) γ (TiAl). 
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Figure 3. Crystal structure diagram of (a) Ti2AlC; (b) Ti3AlC2; (c) TiC; (d) Ti3AlC. 
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Figure 4. SEM micrographs showing the microstructure of the as-cast composite with various contents of carbon: (a) and (b) C1.4; (c) and (d) C3.6; 1 and 2—(Ti, Nb)2AlC, 3—(γ + α2), 4—γ, 5—(β/B2). Reproduced from [60], with permission from Elsevier, 2017. 
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Figure 5. BSEM micrographs showing the typical microstructure of heat-treated in situ composites: (a) C1.4; (b) C2.5; 1 and 2—(Ti, Nb)2AlC, 3—(γ + α2), 4—γ, 5—(β/B2). Reproduced from [60], with permission from Elsevier, 2017. 
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Figure 6. TEM micrographs of the composite (Ti(Ni)50Al45C5), showing smaller precipitates in place of lamellar disappearance: (a) as cast; (b) homogenized at 1273K. Reproduced from [31], with permission from Elsevier, 1999. 
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Figure 7. TEM images of the lamellar morphologies, (a) TNC, (b) TNC-0.2C, (c) TNC-0.5C. Reproduced from [44], with permission from Elsevier, 2017. 
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Figure 8. SEM images of typical fracture surface of the in-situ composite after three-point bending test, (a) The fracture surface with radial cracks in the vicinity of the tip notch region. (b) Laminated tearing of Ti2AlC particles and fine secondary carbide particles in the γ matrix. Reproduced from [74], with permission from Elsevier, 2019. 
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Figure 9. Section of the diffraction pattern illustrating the peak shift due to the lattice expansion with increasing C contents. Reproduced from [46], with permission from Elsevier, 2013. 
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Table 1. Tensile properties of the TiAl matrix composites.
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Composition

	
Test Temperture/°C

	
Ultimate Tensile Strengh/MPa

	
Elongation/%

	
Reference






	
Ti-47.5Al-3.7(Cr,V,Zr)

	
25

	
569

	
2.5

	
[42]




	
Ti-47.5Al-3.7(Cr,V,Zr)-0.05C

	
603

	
2.3




	
Ti-47.5Al-3.7(Cr,V,Zr)-0.1C

	
612

	
1.9




	
Ti-47.5Al-3.7(Cr,V,Zr)-0.2C

	
661

	
1.2




	
Ti-47Al-2Nb-2Cr

	
25

	
500

	
0.8

	
[44]




	
Ti-47Al-2Nb-2Cr-0.2C

	
560

	
1.05




	
Ti-47Al-2Nb-2Cr-0.5C

	
540

	
1.0




	
Ti-47Al-2Nb-2Cr

	
800

	
400

	
3.7




	
Ti-47Al-2Nb-2Cr-0.2C

	
500

	
5.2




	
Ti-47Al-2Nb-2Cr-0.5C

	
470

	
4.65




	
Ti-46Al-7Nb-2Mo

	
25

	
485

	
0.058

	
[65]




	
Ti-46Al-7Nb-2Mo-0.2C

	
538

	
0.032




	
Ti-46Al-7Nb-2Mo-0.5C

	
601

	
0.008




	
Ti-46Al-7Nb-2Mo

	
750

	
485

	
0.38




	
Ti-46Al-7Nb-2Mo-0.2C

	
499

	
0.28




	
Ti-46Al-7Nb-2Mo-0.5C

	
524

	
0.17




	
Ti-46Al-8.5Nb

	
25

	
797

	
0.28

	
[66]




	
Ti-46Al-8.5Nb-0.1C

	
820

	
0.07




	
Ti-46Al-8.5Nb

	
760

	
681

	
2.78




	
Ti-46Al-8.5Nb-0.1C

	
723

	
0.3
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Table 2. Flexural strength and fracture toughness of the TiAl matrix composites.
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Composition

	
Flexural Strength/MPa

	
Fracture Toughness/MPa·m1/2

	
Reference






	
Ti-50Al

	
643

	
12.1

	
[70]




	
Ti-46.9Al-3.6C

	
725.8

	
16.8




	
Ti-43.9Al-7.1C

	
784.5

	
12.6




	
Ti-41Al-10.6C

	
649.3

	
11.4




	
Ti-38.1Al-14.2C

	
618.8

	
10.1




	
Ti-48Al

	
334

	
6.20

	
[71]




	
Ti-46.3Al-4.7C

	
469.05

	
8.39




	
Ti-41.9Al-9.4C

	
743.84

	
9.17




	
Ti-50Al

	
460

	
7.19

	
[75]




	
Ti-47Al-2Nb-2Cr-0.2C

	
486

	
7.78




	
Ti-47Al-2Nb-2Cr-0.5C

	
446

	
6.36




	
Ti-48Al

	
334.68

	
6.83

	
[72]




	
Ti-46.2Al-2.2C

	
310.68

	
7.07




	
Ti-44.4Al-4.4C

	
252.27

	
5.48




	
Ti-42.7Al-6.5C

	
146.68

	
3.78
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Table 3. Hardness of the TiAl matrix composites.






Table 3. Hardness of the TiAl matrix composites.





	
Composition

	
Hardness/GPa

	
Reference






	
Ti-47Al-4Al-2Cr

	
2.85

	
[76]




	
Ti-46.9Al-4Al-2Cr-0.2C

	
3.59




	
Ti-46.9Al-4Al-2Cr-0.4C

	
3.51




	
Ti-46.9Al-4Al-2Cr-0.6C

	
3.63




	
Ti-46.9Al-4Al-2Cr-0.8C

	
3.96




	
Ti-48Al

	
3.58

	
[77]




	
Ti-47.8Al-0.5C

	
3.73




	
Ti-47.5Al-1C

	
3.71




	
Ti-47Al-2C

	
3.70




	
Ti-48Al

	
2.98

	
[72]




	
Ti-46.2Al-2.2C

	
2.69




	
Ti-44.4Al-4.4C

	
2.59




	
Ti-42.7Al-6.5C

	
2.43




	
Ti-50Al

	
2.93

	
[75]




	
Ti-46.3Al-4.7C

	
2.92




	
Ti-41.9Al-9.4C

	
2.83
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Table 4. Creep properties of TiAl matrix composites.






Table 4. Creep properties of TiAl matrix composites.





	
Composition

	
T/°C

	
Stress/MPa

	
Minimum Creep Rate/s−1

	
Reference






	
Ti-47.5Al-3.7(Cr,V,Zr)

	
760

	
138

	
2.2 × 10−9

	
[42]




	
Ti-47.5Al-3.7(Cr,V,Zr)-0.05C

	
1.2 × 10−9




	
Ti-47.5Al-3.7(Cr,V,Zr)-0.1C

	
9.2 × 10−10




	
Ti-47.5Al-3.7(Cr,V,Zr)-0.2C

	
7.4 × 10−10




	
Ti-46Al-8.5Nb-0.1C-0.2B

	
760

	
300

	
7.9 × 10−9

	
[66]




	
Ti-45Al-3Fe-2Mo

	
750

	
150

	
2.2 × 10−8

	
[79]




	
Ti-45Al-3Fe-2Mo-0.5C

	
7.9 × 10−9




	
Ti-47.5Al-2.5V-1.0Cr-0.2Zr

	
800

	
300

	
1.72 × 10−7

	
[80]




	
Ti-47.5Al-2.5V-1.0Cr-0.2Zr-0.1C

	
2.98 × 10−8




	
Ti-47Al-5.2Nb-0.2B-0.2C

	
800

	
200

	
3.45 × 10−8

	
[78]




	
Ti-46.4Al-5.1Nb-0.2B-1C

	
8.31 × 10−9




	
Ti-42.6Al-8.7Nb-0.3Ta-2.0C

	
800

	
200

	
9.9 × 10−9

	
[81]




	
Ti-41.0Al-8.7Nb-0.3Ta-3.6C

	
3.31 × 10−8
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