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Abstract

:

TiAl alloys can be used in aircraft and high-performance vehicle engines owing to their structural stability at high temperatures and their light weight. Although many studies have focused on developing this alloy material, there is still a lack of information about the changes in the structure of TiAl alloys under tensile and compressive loading. Therefore, we performed molecular dynamics simulations of the tensile and compressive loading of TiAl alloys in the <001> direction at temperatures of 10 and 300 K. From our simulation results, we found that the tensile and compressive strengths of TiAl alloys are significantly affected by temperature. It was found that TiAl alloys can withstand greater compression loading than tensile loading. This is due to the change in the crystal structure of TiAl alloys after being deformed to a strain of 0.4 by compressive loading, according to the analysis of structural changes under loading conditions. From the radial distribution analysis results, there was a change in the orientation of the face-centered cubic-like structure as it reached the maximum compressive stress compared to the initial structure.
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1. Introduction


The mechanical properties of metals and their alloys have been gaining attention in materials science research for a long time [1,2,3,4,5]. Among the mechanical properties that have been widely investigated are the tensile and compressive strengths of metal alloys. For example, Daghfas et al. reported the experimental tensile strength of an Al 7075 alloy, which is widely used in the automotive industry [6]. Zhao et al. proposed a mechanism to calculate the tensile strength of Al alloys under low-cycle fatigue based on experimental and computational results [7]. Recently, Du et al. investigated the effect of cold-rolling reduction on the tensile properties and deformation mechanisms of β-Ti alloys [8].



Intermetallic γ-TiAl alloys, hereinafter referred to as TiAl alloys, are currently being intensively researched and developed because of their potential use in aircraft and automotive components [9]. This material can be found in modern airplane jet engines because of its resistance to high temperatures [10]. It is also used in high-performance vehicle engines [11]. This alloy material has excellent oxidation resistance and good structural stability during long-term thermal exposure [12,13]. Another advantage of TiAl alloys is their light mass, which increases the acceleration [14] and fuel efficiency to reduce CO2 gas emissions in vehicles [15]. In addition, many Ti-based alloy materials are joined with other metals in their applications. Several studies on the mechanical properties of the joining of Ti-based alloys with other materials have been reported recently [16,17]. When the Ti metal laminated with TiN ceramic is subjected to loading, two yield points are found on the stress and strain graph [18]. Other research has been carried out for magnesium-based alloy materials that have the potential to be applied to the automotive and aerospace fields [19,20]. Magnesium-based alloys can also be used in biomedical applications as bone implants. This alloy is claimed to be a very safe biomaterial. The interaction between magnesium implants and protein has been reported by Zhang et al. [20].



Several experimental and theoretical studies on the mechanical properties of TiAl alloys have been published [21,22,23,24,25,26]. Tanaka et al. [21,22] and He et al. [23] experimentally measured the elastic constants of TiAl alloys at various temperatures. Recently, Wu et al. [24] investigated the effect of surface defects on the tensile strength of TiAl alloys by using molecular dynamics (MD) simulations. They reported that these surface defects affect the strength of the TiAl alloy, where dislocations nucleate from edge defects and large surface defects [24]. Furthermore, Wang et al. tested the elastic behavior of pure TiAl alloys [25] and C/O doping [26]. They found that C/O doping of TiAl alloys could increase the hardness of the material while retaining its resistance to external pressures [26]. However, to the best of our knowledge, no previous studies have reported changes in the structure of TiAl alloys at the atomic scale resulting from tensile and compressive loading. This study is essential because the tensile and compressive properties of TiAl alloys are strongly influenced by their atomic structures.



In this study, we used MD simulations to investigate the structural changes in TiAl alloys that were under uniaxial tensile and compressive loading in the <001> direction. To determine the effect of temperature on the tensile and compressive strengths of TiAl alloys, the simulations were run at temperatures of 10 and 300 K, as done by Tschopp et al. for Cu single crystals [27,28].




2. Computational Methods


All calculations in this study were performed in parallel by using the large-scale atomic/molecular massively parallel simulator (LAMMPS) software [29]. The second nearest-neighbor interatomic potential modified embedded-atom method (2NN-MEAM) by Kim et al. [30] was used to define the interactions between Ti and Al atoms. The calculation of the TiAl lattice constant using this potential showed a very high accuracy of 99.5% compared to the experimental value [31], and it differed by 0.95% from recent density functional theory (DFT) calculation results [32]. The c/a ratio of 1.02 of the TiAl lattice that was optimized by using this potential was identical to previous experimental results [31]. A time step of 1 fs was used to run the simulation with an isothermal-isobaric NPT Nosé-Hoover thermostat [33,34]. The initial structure was prepared by optimizing a TiAl structure consisting of 13,500 atoms with an atomic ratio of 50:50 for Ti and Al. Periodic boundary conditions were applied to all sides of the supercell. As shown in Figure 1, the dimensions of the simulation box were 60.27 Å × 60.27 Å × 61.49 Å in the x-, y-, and z-directions, respectively. MD simulations were run at 10 K and 300 K to demonstrate the effect of temperature on the results. Initially, the system was equilibrated for 50 ps at 0 bar of pressure, and a tensile and compression loading simulation in the <001> direction with a stress-free condition for the other two boundaries [27,28,35,36,37] was performed on the system for another 50 ps at a loading rate of 0.01 ps−1. The atomic trajectories during tensile and compression loading simulations were visualized and analyzed using Ovito [38]. Structural changes were identified using the bond-angle method of Ackland and Jones [39] and the centrosymmetry parameter [40]. The Wigner-Seitz analysis was used to investigate defects in the crystal using the initial configuration as a reference.




3. Results


This section presents the results of the tensile and compression tests on TiAl alloys from the MD simulations. Uniaxial tensile and compression tests were only carried out in the <001> direction of loading, which was the z-direction in our simulation system. The effect of temperature was investigated by running simulations at 10 K and 300 K. First, we present the material’s mechanical properties in terms of Young’s modulus and ultimate tensile strength. We then present the structural change data as a function of strain. Finally, we show the radial distribution function of each atomic pair.



3.1. Stress-Strain Relation


The stress-strain relationship curve is commonly presented [41,42,43,44] to show how a material behaves under loading conditions. Using the stress-strain relationship curve, we can calculate Young’s modulus and determine the material’s maximum tensile and compressive strengths.



Figure 2 shows the stress-strain curve for the tensile loading of TiAl alloys in the <001> direction. The highest peak stress at a temperature of 10 K is much higher than that at 300 K. The peak value corresponds to the maximum tensile stress of the material. In Table 1, it can be seen that the maximum stress values of TiAl alloys at 10 and 300 K are 25.8 and 17.7 GPa, respectively, which are located at strains of 0.17 and 0.12, respectively, indicating the significant effect of temperature on the strength and ductility of the material. It is observed that the slope of the curve before the peak is slightly different at 10 and 300 K. By calculating the gradient of the curve, the values of Young’s modulus in the <001> direction of tensile loading were found to be 180 and 168.5 GPa at temperatures of 10 and 300 K, respectively (see Table 1). This result is close to the previous experimental results of 182 and 178 GPa at 0 (extrapolation) and 298 K [21], respectively. From recently reported first-principles calculation results, values of 172.2 and 157.8 GPa [25] were obtained at 0 and 300 K, respectively. The effect of temperature on Young’s modulus in our results, which decreases with increasing temperature, is consistent with the results of the first-principles calculations [25] and previous experiments [21,23]. In contrast, Wang et al. [25] and He et al. [23] have also found that the value of the elastic constant C13 increases with increasing temperature.



Figure 3 shows the stress-strain curve for compressive loading in the <001> direction. In the case of compression, the material became shorter, resulting in a negative strain value. In this case, the compressive stress was negative. However, compressive stresses and strains can normally be plotted on the positive axis for straightforward interpretation and analysis. From Figure 3, we can see that the characteristics of the stress-strain curve under compression are different from those of the tensile stress curve. The yield point is obvious, after which the compressive stress value decreases significantly and then increases again until it reaches the highest peak. In Table 1, we can see that the maximum compressive stress values of the TiAl alloys in the <001> direction were 39.2 and 31.3 GPa at temperatures of 10 and 300 K, respectively, at strains of 0.39–0.4. These values are approximately 52–77% higher than the maximum tensile strength of the material. The Young’s modulus values for compression of TiAl alloys at 10 and 300 K were 145.9 and 89.2 GPa, respectively. This value is approximately 23–89% lower than Young’s modulus under tensile loading. From these results, we can conclude that TiAl alloys are more resistant to compressive loading than tensile loading in the <001> direction. However, they are stiffer under tensile loading than under compression. In the case of compressive testing for systems with porosity, the compressive strength decreases in materials with greater porosity, as was the result of a previous study by Xu et al. [45] and Galimzyanov and Mokshin [46] for the NiTi alloy system.




3.2. Structural Change


In this study, the structure of the TiAl alloy was identified based on the analysis of the distribution of angles formed on the neighboring pairs of reference atoms, which is a method developed by Ackland and Jones [39]. Only crystal structures consisting of one species of an atom such as face-centered cubic (fcc), body-centered cubic (bcc), and hexagonal close packed (hcp) can be identified using this method; thus, in this case, we did not distinguish the type of atom. For example, if the identified structure in the TiAl system is fcc, then the actual structure may be an L10 intermetallic structure or something similar. Here, we refer to the structures as fcc-like, bcc-like, or hcp-like. From Figure 4, we can see that at the beginning of the simulation (T = 10 K) up to the strain position at the maximum tensile stress, the TiAl alloy maintained an fcc-like structure. Subsequently, some of the structures changed to bcc-like and other structures. The simulation results at 300 K showed that 100% of the identified structures were fcc-like at the beginning of the simulation until near the maximum stress condition. A bcc-like structure and other structures were observed at the maximum tensile stress (strain of 0.12). Subsequently, the number of hcp-like structures increased significantly.



Figure 5 shows the dislocation nucleation of TiAl alloys that was determined based on the centrosymmetry values that correspond to tensile loading in the <001> orientation. The number of neighbors used as a reference was 12 for fcc-like crystals. Atoms in blue indicate that they belong to the centrosymmetric environment. Atoms with other colors are in the non-centrosymmetric environment, indicating dislocations. From Figure 5a,b we can compare the dislocation nucleation from the simulation results at 10 (see Video S1 in the Supplementary Material) and 300 K, respectively. In Figure 5a, the dislocation nucleation at the strain values of 0.2 and 0.5 looks more significant than the dislocation nucleation that was found in the simulation results at 300 K (Figure 5b). These findings are consistent with those shown in Figure 4, where the number of fcc-like structures in the tensile test results at 300 K is smaller than that at 10 K at the end of the simulation.



The number of vacancies vs. strain is plotted for the tensile loading of TiAl alloys in the <001> direction in Figure 6. It can be observed that vacancies become identifiable when the TiAl alloy is stretched by a strain of 0.06. The number of vacancies from the simulation results at 10 and 300 K was similar up to the strain value of 0.12. Subsequently, the number of vacancies at 10 K was higher than that at 300 K. From Figure 2, it can be seen that the maximum tensile stress is at the strain value of 0.12, after which the value begins to restructure from the fcc-like structure to form other crystal structures and amorphous structures (see Figure 3). A different situation occurs in the system with an initial temperature of 10 K, where at a strain value of 0.12, it retains an fcc-like structure up to a strain of 0.17. Due to tensile loading, the fcc-like structure is stretched which causes an increase in the number of vacancies. At strain values of 0.2–0.5, the number of vacancies at 300 K exceeded that at 10 K. The process of structural change due to loading occurs through several stages. In the elastic region, the work done by the surroundings is converted into potential energy of the system, at which point the system can return to its original structure when the load is released. After achieving the elastic limit, the work done by the surroundings will be accumulated at a certain value until it reaches the maximum limit. In this condition, there are a few changes in the structure. If work continues to be done by the environment, the system is no longer able to accommodate it which causes massive dislocations [43].



The results of the bond-angle analysis under compressive loading (Figure 7) show the characteristics of the structural changes that are different from those of tensile loading. At temperatures of 10 and 300 K, the number of fcc-like structures in TiAl alloys at strain values of 0.14–0.16 decreased significantly, and many hcp-like structures were identified. Then, starting at a strain value of 0.28, the number of fcc-like structures increased significantly. This condition continued until the maximum stress was reached (strain values of 0.39–0.4). From there until the end of the simulation, there was no dominant structure in the stretched TiAl alloy. The multiple risings and fallings in the curve observed in Figure 3 occur due to a phase change from the initial TiAl (fcc-like) structure, which changes to an hcp-like structure immediately after the stress peak, then changes again to a bcc-like structure with a different orientation from the initial conditions. The stress value drops at the point where there is a change from one crystal structure to another.



Figure 8a,b show that most of the atoms were included in the centrosymmetric environment when the compressive stress was maximum, based on the centrosymmetry analysis for the fcc-like structure (see Video S2 in the Supplementary Material). Some of the dislocations formed two vertical planes that may have had an hcp-like structure, as shown in Figure 7. Furthermore, dislocations were observed in almost all of the TiAl alloys, starting at a strain value of 0.42. The last two results explain the transformation of the crystal structure in the compressive loading of TiAl alloy materials.



Figure 9 shows the number of vacancies in TiAl alloys as a result of compressive loading in the <001> direction. Vacancies are initially observed at a strain value of 0.06, and the number increases monotonically as a function of strain. In contrast to the results in the case of tensile loading (Figure 6), the curves of the number of vacancies under compressive loading at temperatures of 10 and 300 K coincided with each other (Figure 9). In this case, the temperature difference did not affect the number of observed vacancies.




3.3. Radial Distribution Function


Figure 10 shows the partial radial distribution function under tensile and compressive loading of TiAl alloys in the <001> direction. From Figure 10a, it can be seen that at the initial moment before tensile loading at 10 K, the TiAl alloy retains its original crystal structure, and the first peaks (first nearest-neighbor distribution) for the TiTi, TiAl, and AlAl pairs are located in the same position. Then, when the TiAl alloy is loaded toward <001> with a strain value of 0.17 (at maximum stress), the first peak of the TiAl pair shifts to the right, indicating that the distance between the Ti and Al atoms had increased. These results were obtained because the Ti and Al atoms are in different layers in the <001> direction, so the distance between them stretches when under tensile loading. At this stage, the pattern of the radial distribution function still shows a crystal structure. At the end of the MD simulation (strain of 0.5), the structure of the TiAl alloy changed to amorphous. This change occurred after the point of maximum tensile stress, which was indicated by the subsequent decrease in the stress value (see Figure 2).



In Figure 10b, it can be seen that when the maximum compressive loading is applied to a strain of 0.4, the first peak of the radial distribution function of the TiTi and AlAl pairs shifts to the left, indicating that the distance between the atoms in the pair decreases. Figure 7 and Figure 8 show that the fcc-like structure still dominates at this stage, which indicates a change in the orientation of the crystal direction from the initial condition owing to compression. Finally, at the end of the simulation (strain of 0.5), the structure changed to amorphous.





4. Discussion


From the results presented in this study, it can be concluded that temperature affects the tensile and compressive strength of TiAl alloy materials in the <001> direction. The values of the tensile and compressive strengths of the material decreased significantly with increasing temperature. The decrease in the strength of this material occurs because the thermal energy facilitates the dislocation nucleation process, as has been observed in previous experimental [21,22] and computational studies [27,28]. In addition, with increasing thermal energy, TiAl alloys deform more easily, as indicated by the decrease in Young’s modulus at higher temperatures. One of the interesting topics to be studied in the future is the effect of porosity on the mechanical properties of TiAl alloys. In the research results that have been reported recently, the mechanical properties of the NiTi alloy biomaterial were affected by the porosity of the material [46]. Xu et al. [45] reported that the higher the porosity of the material, the lower the compressive strength and modulus of elasticity of the material, which indicates that the mechanical properties of the NiTi alloy biomaterial can be adjusted to the supported bone by tuning the porosity of the material [45]. The same conclusion was reported by Galimzyanov and Mokshin [46], who carried out a computational study to investigate the effect of porosity on the mechanical properties of NiTi alloys. Through shear, tensile, and compression tests, it can be concluded that the increasing porosity of NiTi alloys causes a decrease in the modulus of elasticity and strength of the NiTi alloy [46]. Similar studies may need to be carried out on TiAl alloys to inspire potential wider applications in the future.



From the MD simulation results, it was found that the TiAl alloys exhibited different mechanical behaviors when tensile and compressive loads were applied in the <001> direction. When subjected to tensile loading, the material had a very high stiffness with only slight deformation until it reached maximum stress. In contrast, the TiAl alloys deformed significantly with strains reaching 0.4 at the maximum stress under compressive loading. In fact, it took two phase changes to reach the maximum stress, that is, from an initial fcc-like structure to an hcp-like structure and finally back to an fcc-like structure with a change in crystal orientation. The magnitude of the deformation that occurred caused the number of vacancies under compression loading to be 1.4 times higher than that under tensile loading. Finally, the results of this study reveal the structural changes and their correlation with the mechanical behavior of TiAl alloys owing to tensile and compressive loading in the <001> direction. In future research, it will be necessary to observe the factors that affect the mechanical properties of TiAl alloys, such as the effects of increasing the temperature to the maximum limit, of crystal defects, and of partial substitution of Ti or Al atoms by other atoms.




5. Conclusions


We performed molecular dynamics simulations of the tensile and compressive loading of TiAl alloys in the <001> direction at temperatures of 10 and 300 K. The values of Young’s modulus obtained from the simulation results were in good agreement with the values obtained from previous experimental measurements. The tensile and compressive strengths of the TiAl alloys were significantly affected by the temperature. From the results obtained, it can be concluded that TiAl alloys can withstand greater compression loading than tensile loading owing to the change in their crystal structure after being deformed to a strain of 0.4 upon compressive loading, according to the analysis of structural changes under loading conditions. From the radial distribution analysis results, it was observed that, compared to the initial structure, there was a change in the orientation of the fcc-like structure as it reached the maximum compressive stress value.
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Figure 1. Initial configuration of TiAl alloy. Gray and pink balls represent Ti and Al atoms, respectively. 
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Figure 2. Engineering strain-stress curve for uniaxial tensile loading of TiAl alloy in the <001> direction. The black and red circles represent the loading process at 10 and 300 K, respectively. 
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Figure 3. Engineering strain-stress curve for uniaxial compressive loading of TiAl alloy in the <001> direction. The black and red circles represent the loading process at 10 and 300 K, respectively. 
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Figure 4. Structural evolution for uniaxial tensile loading of TiAl alloy in the <001> direction. The black and red circles represent the loading process at 10 and 300 K, respectively. 
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Figure 5. Atomic configuration for uniaxial tensile loading of TiAl alloy in the <001> direction at (a) 10 K and (b) 300 K. The atoms are colored according to the centrosymmetry parameter values calculated for the fcc crystal structure. 
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Figure 6. Vacancy number for uniaxial tensile loading of TiAl alloy in the <001> direction. The black and red circles represent the loading process at 10 and 300 K, respectively. 
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Figure 7. Structural evolution for uniaxial compressive loading of TiAl alloy in the <001> direction. The black and red circles represent the loading process at 10 and 300 K, respectively. 






Figure 7. Structural evolution for uniaxial compressive loading of TiAl alloy in the <001> direction. The black and red circles represent the loading process at 10 and 300 K, respectively.



[image: Metals 11 01760 g007]







[image: Metals 11 01760 g008 550] 





Figure 8. Atomic configuration for uniaxial compressive loading of TiAl alloy in the <001> direction at (a) 10 K and (b) 300 K. The atoms are colored according to the centrosymmetry parameter values calculated for the fcc crystal structure. 
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Figure 9. Vacancy number for uniaxial compressive loading of TiAl alloy in the <001> direction. The black and red circles represent the loading process at 10 and 300 K, respectively. 
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Figure 10. Partial radial distribution function gij for uniaxial (a) tensile and (b) compressive loading of TiAl alloy in the <001> direction. The black, red, and green lines represent the TiTi, TiAl, and AlAl pairs, respectively. 
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Table 1. The Young’s Modulus E and ultimate strength σmax for uniaxial tensile and compressive loading of TiAl alloy in the <001> direction at 10 and 300 K.
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Loading

	
T (K)

	
E (GPa)

	
σmax (GPa)






	
Tensile

	
10

	
180.0 a; 182.0 b; 172.2 c

	
25.8 a




	
300

	
168.5 a; 178 b; 157.8 c

	
17.7 a




	
Compression

	
10

	
145.9 a

	
39.2 a




	
300

	
89.2 a

	
31.3 a








a this calculation; b from ref. [21]; c from ref. [25].
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